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OVERVIEW OF DOE FOSSIL ENERGY PROGRAMS AND PLANS 

- E. A. Lloyd, Manager 
Process & Program Management 
Fossil Fuel Processing Division 
Department of E n e r w  

-R,,-. D. C. 20545 
* - 

It is a pleasure and an honor to be here today. I want to share an 
overview of DOE fossil energy programs and planning, with special attention 
to the conversion of coal into synthetic fuels. It's perhaps an understate- 
ment to say that synthetic fuels have captured the imagination of nlany 
citizens since the President's proposals in mid-July. I will focus on the 
DOE major synthetic fuel projects for which I am responsible but I will 
touch on vther aspects of the fossil energy program that can benefit from 
the development of better instrumentation and controls. 

'The President's energy program proposes a broad range of initiatives 
to reduce oil imports by 4.5 million barrels per day, by 1990 (Figure 1). 
Of this total, approximately 1.5 to 2 million barrels would be produced 
through development of synthetic fuels. 

To achieve this goal, two new institutional mechanisms are proposed. 
The first is the establishment of the Energy Security Corporation to coor- 
dinate and finance development of synfuels, primarily through revenues from 
a windfall profits tax. Second, the President has proposed the establish- 
ment of an Energy Mobilization Board to insure that critical energy facili- 
ties do not get bogged down in Federal, State and local pern~it.ting. .This 
Board does not change current environmental and other regulations but seeks 
to minimize the time required. 

There should be a clear understanding that our energy future rests in 
the hands of competitive American industry - the Government is not going to 
build the hueecomercial facilities required. Neither does our energy 
future lie. with any one source. Coal, shale oil, enhanced recovery of 
natural gas and oil, solar and nuclear will all have roles to play in our 
energy supply mix. In short, there are no panaceas, and we face a critical 
decade of - industry cooperation before these technologies can . 
be commercialized to produce significant amounts of energy from U. S. 
domestic reso.urces . 

I'd like to discuss the slate of technologies in the fossil energy . 
programs, briefly reviewing the status of major projects to help us focus on 
the role and importance of instrumentation and control in the design of 
these plants. 

The fossil energy budget is divided into three major - - 
direct use of coal and magnetohydrodynamics; extraction; and synfuels 
(Figure 2). In this discussion, emphasis,first will be placed upon those 
technologies for converting coal into synthetic liquids and gases - - 
techniques that industry either has today or will soon have as we move into 
the 1980's. 



This synfuels program represents about 42 percent of the fossil energy 
budget. Funding is split roughly in half between gasification and liquefac- 
tion, with a smaller component for advanced research (Figure 3). 

Synthetic fuel technologies - - either gasification or liquefaction 
- - have a common thread. One ton of coal is equivalent to one and a half 
to three barrels of crude oil, depending on the efficiency of the process. 

We have made considerable progress, particularly in the last few 
,years. Our program has resulted in the construction and operation of sev- 
eral pilot plants to test - - at an intermediate scale - - advances in coal 
conversion processes - - such as the IGT HyGas pilot plant which has been 
under test in Chicago for almost five years (Figures 4 and 5). 

The gas industry has been a prime partner in the construction and 
operation of many of these plants. 

We now believe we are ready to move to the next step - - the, demon- 
stration plant; as shown in an artist's drawing of the Conoco High Btu 
Project (Figure 6), A demonstration plant will be the last step before con- 
struction of a commercial production plant. It will operate using 
components of commercial or near-commercial scale. 

We are supporting two competitive designs of a demonstration plant 
that will produce pipeline-quality high BTU gas - - one by Conoco Coal 
Development Company, a subsidiary of Conoco, Inc. and the other by the 
Illinois Coal Gasification Group, a consortium of 5 Illinois gas utilities 
(Figure 7). 

And we have two contractors designing large demonstration plants to 
produce medium BTU, or synthesis gas. - W. R. Grace of New York, and a mu- 
nicipal utility in Memphis, Teanessee. 

Next year, we will be in a position to determine the technical, 
economic and environmental feasibility of these designs, and whether to 
proceed with final design and construction of the plants. On our current 
schedule, we will have the first demonstration plant operacfng In 1982 or 
1983, and follow-on commercial plants at the same sites may be possible as 
early as 1985 or 86. 

To review the coal conversion process in an elementary way, we can 
make gas from coal (Figure 8). The two High Btu projects use technologies 
that produce methane from synthesis gas; the Grace and Memphis projects are 
designed to produce medium BTU or synthesis gas. All four of these plants 
could be modified to produce methanol (Figure 9). 

This is called "indirect liquefaction" - - synthesis gas can be 
chemically recombined to form a variety of liquihs. The first commercial 
liquids-from-coal plants will probably.use the indirect method, which is 
basically commercfil and bears minimal risk. 



To recombine s y n t h e s i s  gas t o  form methanol is  r e l a t i v e l y  easy ;  we've 
been doing t h a t  f o r  yea r s  us ing  n a t u r a l  gas  a s  t he  ch ief  feeds tock .  

Methanol can be  used d i r e c t l y  - - i n  t u r b i n e s ,  f o r  example, o r  i t  can 
be  added t o  gaso l ine ,  much a s  e thano l  is used today i n  gasahol .  O r  aga in ,  
i t  can be  converted d i r e c t l y  t o  high oc t ane  gaso l ine .  

This  last s t e p  has  been developed under DOE'S program wi th  t h e  Mobil 
O i l  Corporat ion and appears  t o  be  an  extremely promising op t ion  f o r  u se  i n  
coimnercial p l a n t s  - - cons t ruc t ion  of which could s t a r t  w i t h i n  t h e  next  
few yea r s .  

The ~ u r g i l ~ i s c h e r - T r o p s c h  d i r e c t  l i q u e f a c t i o n  process  provided 
l i q u i d s  f o r  t h e  Germans i n  World War I1 and has  been i n  commercial produc- 
t i o n  f o r  over 20 yea r s  i n  South Af r i ca .  It w i l l  wvrk un some Western U. S. 
coa l s ,  bu t  t h e  v a s t  Eas te rn  c o a l  resource  - near  our  i n d u s t r i a l  hea r t l and  - 
is  no t  s u i t a b l e  f o r  t h e  LurgiIFischer-Tropsch process .  

Therefore,  our  research  and development program has  focused on 
l i q u e f a c t i o n  techniques t h a t  a r e  s u i t a b l e  f o r  Eas t e rn  coa l s .  These pro- 
ce s ses  add hydrogen d i r e c t l y  t o  t h e  c o a l  and convert  i t  i n t o  a l i q u i d  
(F igure  10 ) .  

The Germans a l s o . u s e d  t h i s  technique i n  t h e i r  product ion of s y n t h e t i c  
l i q u i d  f u e l  i n  World War 11. Yet, t h e  processes  they used were bulky,  
troublesome t o  opera te ,  and cons iderably  out  of toda.yls economic b a l l p a r k .  

I n  developing t h e  d i r e c t  l i q u e f a c t i o n  processes ,  we have made s ig -  
n i f i c a n t  s t r i d e s .  

Today, fou r  new l i q u e f a c t i o n  technologies  a r e  near ing  demonstrat ion 
of commercial p o t e n t i a l  f o r  t h e  l a t e  1980's (F igure  11 ) .  

Working wi th  t h e  Exxon Company, we a r e  cons t ruc t ing  a l a r g e  Exxon 
Donor Solvent P l a n t  o u t s i d e  of Baytown, Texas (F igure  12) .  It w i l l  process  
over 200 tons  of c o a l  per  day - - conver t ing  each ton  i n t o  2.5 o r  3 b a r r e l s  
of o i l .  The p l a n t  should go i n t o  ope ra t ion  by t h e  middle of next  yea r .  
F igure  12 shows t h e  s t a t u s  of cons t ruc t ion  a s  of February 1979. 

Also, we a r e  i n  t h e  f i n a l  s t a g e s  of cons t ruc t ion  of a second very  
l a r g e  p i l o t  p l a n t  i n  Ca t l e t t sbu rg ;  Kentucky (F igure  13 ) .  Depending on how 
we run t h e  ope ra t ion ,  t h i s  H-Coal P l an t  could process  from 200 t o  600 tons  
of c o a l  each day. This  p r o j e c t  i s  sponsored by Ashland O i l ,  Hydrocarbon 
Research, and o t h e r s .  

Like t h e  Exxon P l a n t ,  t h e  Kentucky P l a n t  could go i n t o  i n i t i a l  opera- 
t i o n  next  yea r .  While t h e s e  f a c i l i t i e s  a r e  c l a s s i f i e d  a s  p i l o t s ,  they a r e  
l a r g e  enough s o  t h a t  when we achieve  s a t i s f a c t o r y  ope ra t ion  - - and wi th  t h e  
s c a l e  up experience of t h e  SRC demonstrat ion p l a n t s  - - we b e l i e v e  t h e s e  
processes  can  be  sca l ed  d i r e c t l y  t o  commercial s i z e  f a c i l i t i e s ,  l eapf rogging  
t h e  demonstrat ion p l a n t  s t a g e .  



Two of t h e  d i r e c t  l i q u e f a c t i o n  technologies  evolved from t h e  same 
r o o t  - - t h e  so lvent - re f ined-coa l  process  which has  been developed a t  
government expense over  t h e  p a s t  1 5  y e a r s  (F igure  14 ) .  We've come t o  t h e  
p o i n t  where a 50-ton per  day p i l o t  p l a n t  a t  Fo r t  Lewis, Washington (F igure  
15) has  opera ted  f o r  over  four  y e a r s  and a smal l  p l a n t  i n  Wi l sonv i l l e ,  
Alabama, f o r  almosL f i v e .  

And, a s  i n  g a s i f i c a t i o n ,  we have taken t h e  next  s t e p .  

S l i g h t l y  over  a . y e a r  ago, we s igned  c o n t r a c t s  t o  begin t h e  des ign  of 
commercial-scale modules of t h e  SRC process  - - as shown i n  an a r t i s t ' s  
concept. (Figure 1.6) . 

Southern Company Serv ices ,  a long  wi th  A i r  Products  and Wheelabrator- 
Frye, t h e i r  i n d u s t r i a l  p a r t n e r s  - - is designing a . v a r i a t i o n  of t h e  process  
t h a t  produces a clean-burning s o l i d  f u e l ,  SRC I. The Gulf O i l  Corporat ion 
is des igning  a n  SRC I1 p l a n t  t o  produce a l i q u i d  f u e l .  

Cons t ruc t ion  of one o r  bo th  of t h e s e  p l a n t s  would begin i n  1981 - - 
nea r  Morgantown, West Vi rg in i a ,  f o r  t h e  Gulf P l a n t ;  o r  near  Owensboro, 
Kentucky, f o r  t h e  s o l i d  ve r s ion .  Operat ion could begin a s  soon a s  l a t e  1983 
o r  e a r l y  1.984. 

These demons t r a t ion 'p l an t  s i t e s  a r e  s u i t a b l e  f o r  commercial product ion 
p l a n t s  t h a t  would have t h e  capac i ty  of a s  many a s  f i v e  of t h e s e  f i r s t  
modules. A s i n g l e  module w l l l  proc-ess 6,000 tons  of c o a l  each day, pro- 
ducing t h e  equ iva l en t  of 20,000 b a r r e l s  of o i l .  A c.ommercia1 f a c i l i t y  would 
process  30,000 tons  of c o a l ,  producing t h e  equiva len t  of 100,000 b a r r e l s  of 
o i l  pe r  day. 

Thus, wirh EDS, H-Coal and t h e  two SKC P r o j e c t s ,  f o u r  d i r e c t  l ique-  
faccfon processes  have reached a major s c a l e  of development (F igure  17 ) .  

Together w i th  t h e  c u r r e n t l y  commercial Lurg i  and t h e  f o u r  nea r  term 
g a s i f i c a t i o n  processes  . t h a t  could produce s y n t h e s i s  gas f o r  i n d i r e c t  
s y n t h e t i c  l i q u i d  product ion ,  t h e s e  foui d i r e c t  l i q u e f a c t i o n  f a c i l i t i e s  w i l l  
be ready f o r  widespread commercial izat ion i n  t h e  l a t e  1980's o r  e a r l y  90 ' s .  

Thus f a r ,  we have reviewed t h e  s t a t u s  of t h e  major g a s i f i c a t i o n  and 
l i q u e f a c t i o n  s y n f u e l s  p r o j e c t s .  The f o s s i l  energy programs al.so i.nc111rle 
d i r e c t  combustion, underground c o a l  conversion,  o i l  from s h a l e ,  and 
nlaglle ~~Eiydrodynarnics . 

The demand f o r  c o a l  i n  1985 is  p ro j ec t ed  t o  range from 1 t o  1.2 
b i l l i o n  tons.  Most of t h e  coa l  consumed i n  t h i s  country is  and w i l l  con- 
t i n u e  t o  be  burned d i r e c t l y .  Any program t o  i n c r e a s e  c o a l  u t i l i z a t i o n  must 
p l ace  primary emphasis on promot ing .d i rec t  c o a l  combustion. 

A technology f o r  us ing  t h e  coun t ry ' s  v a s t  supply of c o a l  t o  produce 
energy by d i r e c t  combustion i s  t h e  f luidized-bed process .  ~ t m o s p h e r i c  



fluidized-bed combustion will play a major role in utility applications be- 
cause of its simplicity and economics. We have such a project underway in 
Rivesville, West Virginia (Figure 18). 

In underground coal conversion, development of an in-situ gasifica- 
tion process for bituminous coal is important (Figure 19). This process 
can use resources located within or near regions of high population density 
and enkgy use. Primary ob j ect ives include demonstration of a reliable 
method of igniting bituminous coal at depth, and evaluating the need for 
surface and sub-surface instrumentation and process equipment for effective 
process control. Instrument design work is in progress and development of 
the underground coal conversion process is encouraging. 

Next to coal, oil shale is the nation's largest fossil fuel resource 
(Figure 20). Available technology shows promise of being competitive. 
Either underground or surface mining can be used, depending on the extent 
and richness of the formation. Vast deposits in Colorado-Wyoming-Utah 
could provide up to 700 billion barrels of recoverable oil (Figure 21.). Two 
tons of shale - about the volume of an office desk - would yield more than 
a barrel of oil. Large, lower-grade formations exist in the Eastern U. S. 

As an incentive to stimulate private industry production, the ~dmini- 
stration has proposed a $3.00 tax credit for each barrel of oil produced 
from shale. This could provide 300,000 barrels a day in the 1990's, with 
initial commercial implementation by 1985. Four major in-situ government/ 
industry cost-sharing contracts, plus other research and development 
projects, are in progress. 

In the Eastern - Gas Shales, there are.hundreds of trillions of cubic 
feet of natural gas. Currently, there exists no accurate estimate of gas in 
place, nor can we predict what fraction of the gas can be recovered.' 

Once the zones of highest potential are identified, the problem of 
maximum recovery still remains. Natural or induced fracturing of the shale 
reservoir is important for obtaining commercial gas flows (Figure 22). 
Laboratory studies are currently in progress to identify which fracturing 
methods are the most effective. 

Magnetohydrodynamics (or MHD for short) can be a future source of 
low-cost, central station, electric power. MHD power generation is based on 
the direct conversion of heat to electricity by passing a high-temperature, 
high velocity, electrically conducting gas through a magnetic field 
(Figure 23). We have a cooperative program underway with the Soviets: They 
have a natural gas-MHD plant on line. We are interested in using coal in 
an MHD plant. 

The program utilizes facilities in 15 States, with two government 
test facilities located in Tullahoma, Tennessee, and Butte, Montana. 
Progress is exceeding expectations. 



Long-term i n e x h a u s t i b l e  Cen t r a l  Power Generation technologies ,  such 
as nuc lea r  f u s i o n  and breeder  r e a c t o r s ,  w i l l  no t  be  i n  widespread commercial 
u s e  u n t i l  w e l l  a f t e r  t h e  t u r n  of t h e  century.  

With a n  es t imated  17 hundred b i l l i o n  tons  of proven domestic 
c o a l  r e se rves ,  a s  shown on t h e  map (Figure  24) ,  and another  23 hundred 
b i l l i o n  tons  t h a t  may l i e  undiscovered, t h e r e  a r e  ample c o a l  resources .  It 
is our  job t o  develop economical and environmental ly  accep tab le  e x t r a c t i o n ,  
d i r e c t  combustion, g a s i f i c a t i o n  and l i q u e f a c t i o n  technologies  t o  reduce our  
dependence on imported o i l .  But r e g a r d l e s s  of t h e  process  f o r  u t i l i z i n g  our 
c o a l  r e sou rces ,  f u t u r e  commercial p l a n t s  f o r  t h e  conversion of c o a l  t o  more 
accep tab le  forms of energy w i l l  b e  expensive,  For example, t o  achieve  t h e  
g o a l  of d i s p l a c i n g  two m i l l i o n  b a r r e l s  of imported o i l  w i l l  r e q u i r e  massive 
f i n a n c i a l  commitments by e i t h e r  government o r  p r i v a t e  companies, o r  both.  
To g e t  t h a t  amount of f u e l  from g a s i f i c a t i o n  o r  l i q u e f a c t i o n  technology 
w i l l  r e q u i r e  twenty p l a n t s  c o s t i n g  $40 b i l l i o n  and each producing 100,000 
b a r r e l s  a day. Massive funding and many massive phys i ca l  p l a n t s  w i l l  b e  
necessary  t o  ach ieve  our  n a t i o n a l  goa l s .  Also, mass product ion f a c i l i t i e s  
must b e  b u i l t  t o  produce t h e  equipment needed: f o r  t h e  new mines t h a t  must 
b e  opened, f o r  t h e  p l a n t s ,  and t o  g e t  t h e  product t o  t he  markets.  Develop- 
ment of adequate  ins t ruments  and c o n t r o l s  i s  a n  e s s e n t i a l  p a r t  of t h e  
even tua l  s u c c e s s f u l  commercial product ion of s y n t h e t i c  f u e l s .  New i n s t r u -  
ments and c o n t r o l  devices  a r e  r equ i r ed  t o  c o n t r o l  t h e s e  new processes ,  
a s s u r e  s a f e  o p e r a t i o n  of new p l a n t s ,  and achieve  economic "on stream" times. 

Costs  are h igh ,  b u t  t h e  c o s t  of no t  making t h e s e  investments  could be  
h ighe r  s t i l l  through our  v u l n e r a b i l i t y  t o  fore ign sources  of supply. The 
major determinant  of t h e  competi t iveness  of most new technologies  w i l l  b e  
t h e  world p r i c e  of o i l .  P l a n t s  w i l l  c o s t  b i l l i o n s ,  and t h e  c a p i t a l  i nves t -  
ment i n  t h e s e  p l a n t s  is  t h e  major f a c t o r  i n t h e  c o s t  of the s y n t h e t i c  fuels 
they  produce. I f  t h e  p r i c e  of o i l  cont inues  t o  r i s e  a t  t h e  pace of t h e  
p a s t  few yea r s ,  t h e r e  w i l l  soon be a c o s t  cross-over t h a t  w i l l  make t h e  
economics of b u i l d i n g  commercial s i z e d  p l a n t s  a t t r a c t i v e  t o  p r i v a t e  
i ndus t ry .  The c o s t  of imported o i l  on t h e  s p o t  market i n  r ecen t  weeks has  
a l r e a d y  exceeded our  e s t ima te  of t h e  equ iva l en t  va lue  of s y n t h e t i c  f u e l s .  

Most p r i v a t e  s e c t o r  expe r t s  ag ree  t h a t  t h e  impetus f o r  commercializa- 
t i o n  w i l l  have t o  come from t h e  Fede ra l  Government. The Fede ra l  s y n t h e t i c s  
program rece ived  a hea l thy  boost  when t h e  White House endorsed a congres- 
s i o n a l  p lan  t o  have t h e  Federa l  Government buy a cons ide rab le  amount of 
s y n t h e t i c  f u e l s .  Current  admin i s t r a t i on  and congress iona l  proposa ls  a r e  
rllcuur aglng . 

I would l i k e  t o  m a k e . t h i s  .key po in t :  d e s p i t e  t h e  r e c e n t  f l u r r y  of 
syn fue l - r e l a t ed  a c t i o n ,  w e  a r e  no t  plunging i n t o  un te s t ed  waters .  This  map 
(Figure  25) summarizes our  major on-going p r o j e c t s  and I t h i n k ~ i t  shows 
t h a t  t h e r e  is hardware ope ra t ing ,  being b u i l t  o r  being designed - - only 
some of which I have descr ibed .  



Moreover, p r i v a t e  i ndus t ry  is  an  i n t e g r a l  p a r t  of t h e s e  e f f o r t s  - - 
and t h i s  i s  e s s e n t i a l .  Our e i g h t  l a r g e s t  p r o j e c t s  - fou r  g a s i f i c a t i o n  . 
demonstrations (two h igh  BTU and two medium BTU), and fou r  l i q u e f a c t i o n .  
(two SRC, EDS and H-Coal), a r e  sponsored and w i l l  b e  s i g n i f i c a n t l y  f inanced 
by e i g h t  d i f f e r e n t  U. S .  f i rms .  A number of o the r  p r i v a t e  e n t e r p r i s e s  a r e  
involved i n  o the r  p r o j e c t s .  Only by i n i t i a t i n g  and encouraging competi t ion 
between t h e s e  and o t h e r  p r i v a t e  f i rms  can we hope t o  meet t h e  syn fue l  pro- 
duc t ion  goa ls .  

P r i v a t e  i ndus t ry  i s  t h e  u l t i m a t e  customer f o r  t h e  technologies  t h a t  
emerge from t h e s e  programs. U. S.  companies must b e  encouraged t o  f i nance ,  
b u i l d  and ope ra t e  many, b i g  commercial c o a l  conversion p l a n t s ,  based on 
t h e  technologies  they  understand and those  techniques t h a t  b e s t  s u i t  t h e i r  
needs and markets.  

If  p r i v a t e  i n d u s t r y  can corrvert o r  u t i l i z e  c o a l  i n  acceptab ly  c l e a n  
and economic processes ,  our  dependence on f o r e i g n  o i l  can be  s i g n i f i c a n t l y  
reduced. 

Likewise, t h e  f u l l  support  of t hose  who understand t h e  importance of 
a ins t rumenta t ion  and c o n t r o l  i s  v i t a l  i n  a t t a i n i n g  t h e s e  goa l s .  Manpower and 

manufacturing c a p a b i l i t y  t o  develop and supply t h e  ins t rumenta t ion  and con- 
t r o l  equipment is  a g r e a t  cha l lenge .  A l l  components.and ins t rumenta t ion  i n  
t h e  e a r l y  demonstration p l a n t s  w i l l . b e  such t h a t  subsequent expansion t o  
commercial product ion can b e  expedi ted.  The demonstrat ion p l a n t s  w i l l  have 
l imi t ed  capac i ty  w i th  f u l l - s c a l e  commercial equipment and ins t rumenta t ion  
t h a t  can b e  expanded r e a d i l y  o r  r e p l i c a t e d  t o  produce a  commercial p l a n t  of 
any des i r ed  s i z e .  

.. . Timing p r i o r i t i e s  demand t h a t  wherever poss ib l e ,  "off- the-shelf"  
hardware must be  used in s t ead  of wa i t i ng  f o r  f u r t h e r  development. We must 
a c t  now t o  employ t h e  b e s t  a v a i l a b l e  technology i n  achiev ing  commercial 
opera t ion .  We w i l l  cont inue  an  aggres s ive  development program f o r  f u t u r e  
improvement i n  technology: c e r t a i n l y  inc lud ing  in s t rumen ta t ion  and c o n t r o l  
a s  v i t a l  concerns.  We in t end  t o  seek  t h e  counsel  of i ndus t ry  p a r t n e r  
r ep rcaen ta t ives  and t e c h n i c a l  expe r t s  t o  i d e n t i f y  and d e f i n e  t h e  most urgent  
ins t rumenta t ion  and c o n t r o l  requirements and t o  guide t h e  ins t rumenta t ion  
and c o n t r o l  program funded by t h e  DOE F o s s i l  Fue l  Processing Div is ion .  Your 
own program p lans ,  p rovid ing  f o r  s p e c i f i c  i n s t rumen ta t ion  and c o n t r o l  needs, 
w i l l  be  descr ibed  f u l l y  i n  o t h e r  p r e s e n t a t i o n s  a t  t h i s  meeting. 

Together,  we must look outward a t  t h e  broader  i s s u e s  and needs, 
r a t h e r  Lhan looking inward a t  our i n d i v i d u a l  problems and i n d i v i d u a l  con- 
t r i b u t i o n s .  No d i f f i c u l t y  - - such a s  manufacturing product ion c a p a b i l i t y ,  
ins t ru luenta l iun  and c o n t r o l ,  o r  government r e g u l a t i o n s  - - can be  permit ted 
t o  become show s toppers .  We must proceed wi th  t h e  t o o l s  a t  hand t o  demon- 
s t r a t e  t h e  p r a c t i c a l i t y  of syn fue l  product ion wh i l e  s imultaneously and 
u rgen t ly  developing t h e  hardware, and p a r t i c u l a r l y  t h e  ins t ruments  and con- 
t r o l  equipment t h a t  w i l l  be  requi red  t o  e f f e c t i v e l y  o p e r a t e  t h e  b i g  com- 
merc ia l  p l a n t s .  



With coope ra t ive  p a r t i c i p a t i o n  of a l l  segments of American p r i v a t e  
i n d u s t r y  and t h e  government, a. s y n t h e t i c  f u e l s  i n d u s t r y  can develop quick ly  
enough t o  meet t h e  n a t i o n a l  requirement.  With t h i s  p a r t i c i p a t i o n ,  s y n t h e t i c  
f u e l s  w i l l  t a k e  us  a  v i t a l  s t e p  away from our  over - re l iance  on f o r e i g n  o i l .  

By dea l ing  pragmat ica l ly  wi th  c u r r e n t  " r e a l  world" problems, i ndus t ry  
and government working toge the r  w i l l  succeed i n  our  commitment t o  become, 
once aga in ,  independent of .  f o r e i g n  c o n t r o l  of our  d e s t i n y .  



PRESIDENT'S ENERGY PROGRAM 

BBLID 

UTILITIES-CONVERT FROM OIL 750,000 
HEAVY CRUDE OIL 500,000 
CONSERVATION 500,000 
MASS TRANSIT, BETTER AUTO EFFICIENCY 250,000 
"UNCONVENTIONAL" NATURAL GAS 500,000-1,000,000 
SOLAR - 

SUB-TOTAL 

SYN FUELS FROM COAL 
SHALE OIL 1 
METHANOL, ETHANOL 

TOTAL 

Figure  1 

Figure 2 



FOSSIL ENERGY 
FY 79 BUDGET 

(DOLLARS IN THOUSANDS) 

Figu re  3 

Figure  4 - IGT G a s i f i c a t i o n  P i l o t  P l a n t  
a t  Ci icago,  I l l i n o i s  



Figure 6 - Artist's Drawing, Conoco 
High Btu Demonstration Plant  

Figure 5 - HyGas P i l o t  Plant  a t  
Chicago, I l l i n o i s  



MAJOR GASIFICATION PROJECTS 

EARLIEST 
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PRODUCT 
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;AS 
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SPONSOR SITE - DEMO - 1st COMMERCIAL 
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OHIO 
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GASIFICAT l f iN  GP lLLlNOlS 

W.R. GRACE BASKETT 1982 
KENTUCKY 

MEMPHIS MEMPHIS 1982 
TENNESSEE 

Figure 7 

SYNTHEEIS 
GAS 

HIGH BTU PIPELINE GAS 

INDUSTRIAL rUEL GAS 

RAW COAL 

Figure 8 - Coal Conversion Process 



HlGH BTU PIPELINE GAS 

INDUSTRIAL FUEL GAS 

INDIRECT LIQUEFACTION 

GASOLINE METHANOL - 
/ RAW COAL 

FISCHER-TROPSCH CHEMICALS & 
OTHER PRODUCTS 

Figure  9 - I n d i r e c t  ~ i ~ u e f a c t i o n  - Synthes is  Gas t o  Liquid 
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DISTILLATES A- 
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SOLID FUELS 

GASOLINE-DIESEL ALL 
PETROLEUM PRODUCTS 

Figure  10 - Direc t  Liquefac t ion  Process  



MAJOR LIQUEFA(MI0N PROJECTS 

EAFLIEST 

PRBDUCTION 

PROJECT SPONSOR SITE - DEMO COMME3CIAL - 
DONOR SOLVENT 

PILOT PLANT 
(200 TID) 

H-COAL PILOT 
PLANT (200 TIC) 

SRC I (SOLID) 
DEMONSTR4TION 
PLANT (6000 TIO) 

SRC II (LIQUID) 
DEMONSTRATION 
PLANT (6000 TtD) 

ASHLAND 
OIL CO. 
SOUTHERN CO. 
AIR PRODUCTS 
W4EELABR4TOR 
FRYE 

GIJLF OIL 

BPYTOWN 1980 1986 
TEXAS [NEW SITE) 

CkTLETTSBURG 1980 19s 
KENTUCKY 1 [NEW SITE) 

OWENSBORC 1987 19% 
KENTUCKY 

MORGANTOWN 198: 19E6 
W 3 T  VA. 

Figure 11 

Figure 12 - Earxon Donor Solvent  P i l o t  
I -> 

P l a n t  a t  Baytown, Texas -' , is - 



Figure 13 - H-Coal P i l o t  Plant a t  Catlettsburg, Kentucky 

MAJOR LIQUEFACTION PROJECTS 

EARLIEST 

PRODUCTION 

SPONSOR SITE - DtMO - COMMERCIAL 

DONORSOLVENT EXXON BAYTOWN 1980 1986 
PILOT PLANT TEXAS (NEW SITE) 
(200 TID) 

H-COAL PI LOT ASHLAND CATLETTSBURG 1980 1986 
PLANT (200 T/D) OIL CO. KENTUCKY (NEW SITE) 

SRC I (SOLID) SOUTHERN CO. OWENSBORO 1983 1986 
DEMONSTRATION AIR PRODUCTS KENTUCKY 
PLANT (6000 TID) WHEE LABRATOR- 

FRYE 
SRC II (LIQUID) GULF OIL MORGANTOWN 1983 

DEMONSTRATION WEST VA. 
PLANT (6000 T/D) 

Figure 14 - Solvent Refined Coal (SRC) Processes 



Figure 15 - SRC I1 P i l o t  Plant a t  Fort Lewis, Washington 

Figure 16 - A r t i s t ' s  Concept, SRC Commercial Scale Modules 
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Figure 17 
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Figure 18 - Atmos~heric Fluidized-Bed 
Combustion Proi e c t  a t  
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Rivesv i l l e  , ~ e s  t Vdrginia 
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Distribution of United States Coal Resources 

Source: Bureau of Land Management, Draft  Environmental Impact Statement: 
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SYNTHETIC FUELS TECHNOLOGY FROM THE INDUSTRIAL POINT OF VIEW 

Bernard S. Lee, Institute of Gas Technology 
Chicago, Illinois 

I am very pleased to be back with you today, two years after I 

addressed this Symposium in July 1977 in Chicago. Technological aspects 

of instrumentation and control will-be well covered in the excellent 

program and the previous speaker has prceanted an overview from the 

government viewpoint of RD&D on fossil fuel technology. Therefore, I 

will try to examine some of the basic policy and economic issues which 

will affect: the development of syntheilc fuels from an iduatriel 

viewpoint. 

I am dismayed by the lack of a national commitment to develop 

secure domestic energy supplies. While we sit on huge domestic fossil 

energy resources which, if utilized, would last us hundreds of years, we 

continue to allow our nation to suffer the increasing burden of dependence 

0x1 insecure oil imports. 

Despite a gasoline shortage this summer, tight heating oil supply 

for the cnnring winter, and the mounting trade deficits, compounded by a 

hiatus in adding to our refinery capacity and building aew power plants, 

W P  have vet to see the first shovel in the ground to build commercial 

synfuel plants based on our nation's bountiful domestic energy resaurces. 

While countries with lesser resources have moved and arc doing what they 

can to increase energy supplies, our policymakers are still mired in 

arguments as to whether synthetic fuels are cuupetitivo with impnrtted 

oil and whether we should wait for solutions that won't cost money or, 

hard effort. Well, thcrc urun't any ~uch free snli~tions! Many people 

stir up public opposition by shouting that the President's synthetic 

fuels program is too costly because of its $88 billion price tag over 

Llle period of 1979 to 1990. Yet do these people tell the public that 

for each million barrels of oil we import per day, and today we import 

8 times that, at a constant cost of $20 per barrel, the price to Americans 

is $88 billion over the same 12-year period? Opponents to synthetic 
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f u e l s  p ious ly  poknt t h e i r  f i n g e r s  a t  t h e  p o s s i b i l i t y  t h a t  s y n t h e t i c  

f u e l s  development may c o s t  more because of i n f l a t i o n  and c o s t  overruns.  

But do they remind t h e  pub l i c  t h a t  imported o i l  has  no t  exac t ly  s tood 

s t i l l ,  t h a t  i t  has gone from $14 t o  $21 per  b a r r e l  i n  t h e  f i r s t  s i x  

months of t h i s  year  a lone?  

We a r e  n o t  yef i n  a  p o s i t i o n  t o  apply marginal  c o s t  economics a s  a 

c r i t e r i o n  f o r  s e l e c t i n g  energy opt ions .  We can apply marginal  c o s t  

economics and a f r e e  market approach t o  i n t e r n a t i o n a l  t r a d e  i n  t e l e v i s i o n  

s e t s ,  automobiles,  s t e e l  and machinery, f o r  a l l  of which we have commercial 

product ion ca .pabi l i ty  i n  t h i s  country,  s o  t h a t  wi th  r e spec t  t o  t hese  

commodities we a r e . i n  a  pos tu re  of " p o t e n t i a l  independence" from imports .  

A t  any time, i f  dependence on imports becomes unacceptable ,  we have the  

f u l l  c a p a b i l i t y  of producing these  goods domest ica l ly .  But t h e  same 

c a p a b i l i t y  has  no t  y e t  been developed wi th  r e s p e c t  t o  energy, and u n t i l  

i t  i s ,  we w i l l  have only worsening energy dependence and growing t r a d e  

d e f i c i t s  and i n f l a t i o n ,  lead ing  not  only t o  economic chaos bu t  a l s o  t o  

a  l o s s  of n a t i o n a l  s e c u r i t y .  

The impor ta t ion  of o i l  from OPEC coun t r i e s  does no t  f a l l  under t h e  

r u l e s  of a  normal f r e e  market approach. Not only i s  t h e  demand j u s t  

moderately p r i c e - e l a s t i c ,  bu t  more impor tan t ly ,  t h e  supply i s  determined 

by t h e  product ion p o l i c i e s  of t h e  OPEC members and n o t  by normal economic 

cons idera t ions .  Therefore,  as t h e  p r i c e  of o i l  r i s e s ,  t h e  supply n o t  

only may no t  i nc rease ,  but ,may i n  f a c t  decrease  t o  r e t u r n  t h e  same 

revenue t o  t h e  OPEC coun t r i e s .  This  t rend  is  a l r eady .e s t ab1 i shed  i n  t h e  

c u r r e n t  a c t i o n s  by t h e  OPEC na t ions  of a d j u s t i n g  product ion t o  keep t h e  

market t i g h t  and t h e  p r i c e  high.  Thus, i t  i s  t o t a l l y  ou t  of p l ace  t o  

u s e  a  free-market approach t o  determine t h e  app ropr i a t e  time f o r  launching 

a s y n t h e t i c  f u e l s  i ndus t ry  when t h e r e  i s  no f r e e  market. 

I mentioned a  moment ago t h e  widely p reva len t  b e l i e f  t h a t  s y n t h e t i c  

f u e l s  a r e  n o t  competi t ive wi th  imported o i l .  T h i ~  would seem t o  be t r u e  

when t h e  posted p r i c e  of imported o i l ,  say $20 pe r  b a r r e l ,  i s  compared 

wi th  t h e  es t imated  c o s t  of s y n t h e t i c  f u e l s ,  gene ra l ly  i n  t h e  range of 

$25 t o  $50 per  b a r r e l  o i l  equiva len t .  However, t h e  r e s u l t s  of pre l iminary  

s t u d i e s  c a r r i e d  out  a t  IGT i n d i c a t e  t h a t  reasoning based on t h i s  r e l a t i o n s h i p  
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is fallacious. We took a look at the major external costs associated 

with oil imports. Before proceeding, let me define the meaning and role 

of externalities. When a cost or benefit is incurred by someone other 

than the producer or buyer, it occurs outside the market transaction and 

is thus an externality. An external cost occurs when part of the cost 

of producing or using a good must be paid by someone other'than the firm 

which produced it or the individual who consumed it: Prices, thus, do 

not always reflect all the cost incurred in producing or using a product. 

For example, manufacturers poured smoke relatively freely into the air 

when they did not have to pay the cost of environmental clean-up. 

Externalities create the case for govrrluue~~t intervention to either set 

standards to end the externalities or to set payments on the market 

transaction such that those who incur external costs are compensated or 

those who incur external benefits contribute in a market transaction. 

The United States in largely the last decade has passed series ol 

environmental protection laws which have lessened the externalities of 

indigenous energy supplies. The external costs are now part of the 

firm's production costs and are reflected in the market price or the 

direct cost. For example, the price of coal from strip mines now includes 

a charge to cover the cost of reclaiming the land.   and reclamation has 
been made part of the firm's costs by publiccpolicy. The externalities, 

in the .jargon of the economist, have been internalized. 'Many new energy 

technologies such as SNG from coal have had many of the externalities 

associated with air, water, or land pollution made part of the production 

costs. Thus, the U.S. has seen the direct cost of these energy sources 

rise rapidly while the external costs have largely disappeared. 

The consumer of imported oil is largely spared the external costs, 

and the external costs are not felt: by the consuuler when he malcco his 

market transaction. Thus, the cost of imported oil is lower thau it the 

cost reflected associated externalities of inflation, unemployment, and 

national risks. This causes a biased cost comparison leading the 

consumer to overconsume oil imports in 111uc1i the same faohion that the 

manufacturer once polluted the air. The United States needs to expand 

the principle of externalities to include foreign oil imports. 
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To summarize the study, I ~ T  estimated the externalities of reducing 

oil imports: improved trade balance, lower oil prices,.added real 

dollar output through decreased dollar leakages to foreign countries and 

decreased supply disruption costs due to less dependence on imported 

oil. These externalities, when added to the base cost of the imported 

oil, indicate a true cost of imported oil between $40 and $55 per 

barrel, or about $7 to $9.50 per million Btu. On this basis, practically 

all of the alternate fuel technologies available and under development 

would be cost effective immediately. 

The President has proposed'a program to reduce substantially the 

nation's dependence on oil'j.mports by 1990. The program is ambitious, 

but, in my opinion, achievable, if the nation approaches this program 

with a total commitment'and mobilization of its human, technical and 

financial resources. I believe the American people understand the 

energy crisis and are ready to respond to the challenge of solving the 

energy problem on a permanent basis through the developuent of domestic 

energy resources. 

The two mainstays of a realistic energy policy are expanded energy 

supply and increased energy conservation. The nation needs both. Those 

who claim that conservation alone can solve the energy problem for the 

long term mislead the public and do themselves and the nation irreparable 

disservice. 

It is imperative to begin immediately the energy supply options, 

especially synthetic fuels, because it takes long lead-times p lus  largo 

capital to develop these.options. The gaining of several years of time 

by concerted action now can more than pay for the cost of development, 

given the true cost of imported oil and recognition of the fact that it 

will cost even more in the future. 

Although the President's program deals with large-scale , commercial . 

deployment of various technologies to achieve a substantial oil import 

reduction, it is also imperative that well-planned programs for research, 

development and demonstration be continued to maintain the flow of 

technological innovations and improvements. The President's program 

establishes the mechanism for launching the synthetic fuels industry on 
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a broad front. This vital step in no way diminishes, and in fact 

demands greater emphasis upon, the need for solid research and development 

to support the massive commercialization effort. 

The supply segment of the President's program contains two major 

elements which I wish to address. These are (1) the development of 2.5 

million barrels per day of oil substitutes with liquids ,and gases from 

coal, peat, oil shale, biomass and unconventional gas; and (2) the 

requirement to cut utility consumption of oil by 0.75 million barrels 

per day. 

I have outlined a program that would achieve these targets through 

two waves of deployment. The first wave consists of deploying several 

commercial plants using currently available technologies, while simultaneously 

deploying demonstration plants for a number of advanced technologies to 

establish their commercial viability. The second wave will then come 

in the mid-80's for deploying commercial plants based an deu~ol~s.Lrated 

advanced technologies. Those first-wave commercial plants will continue 

to be feasible because of the cost escalation during the time period 

while advanced technologies are being demonstrated.' These plants will 

also provide a real reference for production cost, performance and 

environmental data. The second-wave commercial plants will be more 

efficient and econ6mlcnl Lliaii the f irot wave and wi.1~1 be the basis for 

the cnmpetitive growth of the synthetic fuels industry. 

In my prugrcrlu, I havc indicated the nuxube~ of demonstration and 

commercial-size plants needed as well as when and where these should be 

deployed. The number of plants represents the number of commercial-size 

units. Some.locations may support more than one unit. Similarly, a 

demonstration plant can be expanded to a commercial-size plant at the 

same site. Specifically: 

o AS to the split between gaseous and liquid fuels, since (1) 
gaseous fuels can be substituted directly for oil in essentially 
all stationary applications, (2) gas represents a finished 
product of high form value, and (3) the cost of gas production 
is lower than that of liquids, IGT recommends that at least 
half of the target goal be synthetic gases. 

o IGT recommends that the fossil resources in the East be 
strongly emphasized because: 
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a. the recoverable bituminous coal resource in the East is 
at least as great as that of lignite or subbituminous , 

coal in the West, and similarly for Eastern shale relative 
to Western shale. 

b. water is much more available in the East. 

c. markets are much closer to the points of production in 
the East . 

d. the skilled manpower pool and manufacturing resources are 
greater in the East. 

o To fully utilize coal, both high- and medium-Btu gasification 
plants should be on-stream. Medium-Btu gas plants can economically 
serve industrial users concentrated within a relatively small 
radius, while high-Btu gas plants can be connected to the 
existing natural gas transmission and distribution network to 
serve residential, commercial and industrial users. 

o In the area of oil shale, the President's target of 0.4 MMB/D 
oil equivalent by 1990 can be achieved by simultaneously 
developing shale resources both in the West and in the East to 
produce both high-Btu gas and liquids. The Eastern shale 
resources,, in addition to being close to the population centers, 
with much more water availability, have a more favorable shale 
chemical composition that minimizes leaching, and s11ould be 
developed via advanced hydrogen retorting technologies. 

o The President's targets for biomass and unconventiona1,gas 
appear reasonable. 

o To achieve a 50%reductionof oiluseinutilityboilers, a 
logical approach is to replace oil with clean fuel gas from 
Eastern coal, since many of these boilers are concentrated in 
the East. At least half o f  the Presi.dentls target should be 
met by making use of advanced gasification and combined-cycle 
technology that not only provides clean fuel but also higher 
efficiency of power generation. 

111 summary, total synthetic gases, both high- and medium-Btu, to 

provide oil substitutes and to reduce the use of oil in utility boilers 

amounts to 1.15 MMB/D oil equivalent by 1990. The total synthetic 

liquids - from coal, oil shale, and biomass - amounts ro 1.0 MMB/D uil 

equivalent. Table 1 summarizes the 1990 synfuels plant deployment I 

have outlined. The capital investment, in 1979 dollars, excluding 

mining investment, would be about $90 billion for synthetic fuels production. 

'I'his figure is very close tu t11aL propused by President Carter for the 

Energy Security Corporation. 
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A massive commitment of financial and human resources will be 

necessary to carry out this ambitious program. Since time is short, 

action must start immediately to resolve the regulatory and institutional 

constraints. A rational and workable balance between environmental and 

energy goals must be established and maintained. The adversary stance 

of government and private industry must be reversed to one of mutual 

cooperation. If we can accomplish these objectives and start developing 

a synthetic fuels industry, the benefits will increase commensurately 

with the commitment. The securit.~ o f  energy supply will increase, our 

national defense posture will be strengthened, the price rise of imported 

energy will be moderated, and the U.S. can formulate and implement 

national and international policy free of the constraints imposed by 

overdependence on foreign energy supplies. 

Let me close by citing what; Astronaut (now Senatnr)  .John Glenn said 

during an address to a joint session of Congress in 1962: "People are 

afraid of the future, of the unknown. If a man faces up to it and takes 

the dare of the future, he can have some control over his destiny. This 

is an exciting idea to me, better than waiting to see what's going to 

happen. " 

We as a nation must take this attitude and make the mnvp to synthetic 

fuels now. 
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Iniplementation of Two Elements of P re s iden t  C a r t e r ' s  Program 

A) Target :  2.5.MMB/D o i l  s u b s t i t u t e s  w i th  gases  and l i q u i d s  from 
c o a l ,  p e a t ,  o i l  sha l e ,  biomass, and unconvent ional  gas  by 1990 

O i l  Equivalent ,  MMB/D 

1 )  Coal Gases and Liquids 1.25 

o 15  high-Btu gas  commercial-size p l a  ts, tf 
6 i n  West,, 9 i n  Eas t ,  each 250 X 10 Btu/D 

T o t a l  0.6 MMB/D 

i )  Deploy now 3 Lurgi  commercial p l a n t s  
, i n  West 

i i )  Deploy now 3 demo p l a n t s  
i n  Eas t  f o r  advanced 
technologies  

i i i )  Deploy i n  1986 us ing  advanced technologies:  

3 commercial p l a n t s  i n  West 

9 commercial p l a n t s  i n  Eas t  
( inc luding  2 us ing  pea t )  

o 5 m e d i u m - B t u i n d u s t r i 1 f u e l c o m m e r c i a l  Q 
p l a n t s ,  each 100 X 10 B ~ U / D  

T o t a l  0 . 1  MMB/D 

i )  Deploy now 2 demo p l a n t s  
i n  Eas t  

i i )  Deploy i n  1985, 5 commercial , 

p l a n t s  i n  .East 

o 11 c o a l  l i q u i d s  p l a n t s ,  each 50,000 B I D  
T o t a l  0.55 MMB/D 

i )  Deploy now 3 SASOL-type p l a n t s  
i n  West 

i i )  Deploy now 3 demo p l a n t s  f o r  advanced 
technologies ,  2 i n  Eas t ,  1 i n  West 

i i i )  Deploy i n  1986 us ing  advanced technologies:  

3 commercial p l a n t s  i n  West 

5 commercial p l a n t s  i n  Eas t  
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Oil Equivalent, MMB/D 

2) Oil Shale 

o 7 shale liquids commercial plants, 
5 in West, 2 in East; 1 Eastern 
shale, high-~tu gas commercial plant 

i) Deploy now 5 Western 
shale liquids commercial 
plants, each 50,000 BID 

Total 0.25 MMB/D 

ii) Deploy now 1 Eastern 
shale demo plant 

iii) Deploy in 1986, 2 Eastern 
shale liquids commercial 
planto, cach 50,000 BID, and 
1 Eastern shale, high-Btu 
gas comm rcial plant, 5 3.m x I n  ~ t l l / n  

Total 0.15 MMB/D 

3) Biomass 0.1 

4) Unconventional Gas 0.75 
- 

Prorl~ir.tion Capacity Total 1990 . , 2.5 MMB/D 

B) Target: 0.7b MMB/U oil reduction in 
u ~ i l i c y  b o i l e r s  by 1990. 

1) Coal Gasification in Combined Cycle. 

20 come cia1 plants, each 4 100 X 10 B~U/D or 500 MW 

i) Deploy now.3 demo plants in East 

I Depioy i n  1986, 20 commercial 
plants, mostly in East 

2) Other Oil Displacements, e.g., Fluidized Coal 
Combustors, Direct Coal Combustion with Stack 
Gas Cleanup 

I N S T I T U T E  

Reduction Total 1990 
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TABLE 1 

1990 SYNFUELS PLANT DEPLOYMENT 

EASTERN ' WESTERN ' ENERGY OUTPUT 
STATES STATES 100 Eltu/DAY 108 BDOE 

7 6 3260 0.6 COAL-TO-SNG 

2 600 0.1 PEAT-TO-SNG - 
. . 

COAL-TO-FUEL GAS 6 - 600 ' 0.1 

OIL SHALE-TO-SNG 1 - 260 0.06 

OIL SHALE-TO-OIL 2 6 - 0.36 

COAL-TO-LIQUIDS 6 6 - 0.66 

COAL-TO-COMBINED . . . .  * 

CYCLE 
(Barrels of Oil ~isplaced) 14 

....................... OTHER POWER PLANT DISPLACEMENTS 0.36 

BIOMASS ....................................................... 0.1 

....................................... UNCONVENTIONAL GAS 0.76 

TOTAL 3.26 

' 9  . ' 
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PROGRESS SINCE THE 1976 SYMPOSIUM, AND 
FUTURE NEEDS I N  IHSTRUMENTATION AND COlJTROL 

FOR FOSSIL ENERGY 

T. K. LAU 
Department o  f  Energy 

INTRODUCTION 

I would l i k e  t o  add t o  t h e  warm welcomes a l r e a d y  ex tended  t o  you 
t h i s  morning. It i s  a lways  a  p l e a s u r e  t o  s e e  such  an a t t e n d a n c e  
a t  a  g a t h e r i n g  o f  t h i s  t y p e .  More t h a n  t h a t ,  I am p l e a s e d  t o  welcome 
you t o  t h e  t h i r d  i n  this s e i i e s  o f  symposia.  Many o f  you may r e c a l l  
our f i r s t  r n r ~ t i n g  i n  Chicago.  Our main purpose a t  t h a t  t ime  was t o  
f a m i l i a r i z e  a s  many a s  p o s s i b l e  w i t h  t h e  iiatul-e o f  o u r  t a s k  and t h c  
scope o f  o u r  c h a l l e n g e .  A t  . t h e  o u t s e t  we had no a s s u r a n c e  t h a t  t h e r e  
would be a  second symposium. Those o f  you who a t t e n d e d  t h e  meet ing 
a t  Newport Beach l a s t  y e a r  may r e c a l l  t h a t  a  number o f  t h e  
p r e s e n t a t i o n s  were i n  t h e  n a t u r e  o f  p r o g r e s s  r e p o r t s .  The s u c c e s s  
o f  t h a t  mee t ing  was l a r g e l y  due t o  your p a r t i c i p a t i o n  and s u p p o r t .  

. A s  a  r e s u l t ,  we a r e  b e g i n n i n g  o u r  symposium and a g a i n  a n  u n d e r l y i n g  
theme i s .  p r o g r e s s .  Those who have preceeded me t h i s  morning have 
e l o q u e n t l y  s t a t e d  t h e  c a s e  f o r  o u r  b e i n g  h e r e .  One p o i n t  might w e l l  
d e s e r v e  some r e i n f o r c e m e n t .  Many o f  you have been c o n f r o n t e d  w i t h  
t h e  i d e a  t h a t  t h e  i n s t r u m e n t a t i o n  c h a l l e n g e s  c a n  e a s i l y  be  handled 
sometime downstream. A s  we w e l l  know, i n  t e r m s  o f  t o d a y ' s  emerging 
t e c h n o l o g i e s  n o t h i n g  c o u l d  b e  f u r t h e r  from t h e  t r u t h .  At no t i m e  i n  
h i s t o r y  have t h e  i n s t r u m e n t a t i o n  d e s i g n e r s  and m a n u f a c t u r e r s  been 
faced  wi th  such  a  tremendous c h a l l e n g e .  During t h e  l a s t  two d e c a d e s  
o u r  c o l l e a g u e s  i n  t h e  n u c l e a r  f i e l d  have been c o n f r o n t e d  w i t h  
a lmos t  overpowering c h a l l e n g e s  t o  meet t h e  r e l i a b i l i t y ,  s a f e t y ,  and 
env i ronmenta l  r e q u i r e m e n t s  o f  s o c i e t y .  There  i s  no  t e a s o n . t o  
b e l i e v e  t h a t  o u r  c h a l l e n g e  wi l .1 ,  he an.y less .  

The v e r y  n a t u r e  o f  t h e  programs i n  which we a r e  about  t o  . p a r t i c i p a t e  
i s  a l s o  t e s t i m o n y  t h a t  t h e r e  a r e  i n s t r u m e n t a t i o n  and c o n t r o l  problems 
f o r  which s o l u t i o n s  a r e  u r g e n t l y  needed.  

During t h e  remainder  o f  t h i s  day  we w i l l  h e a r  s e v e r a l  papers  which 
d e s c r i b e  some p r o c e s s  e x p e r i e n c e s  which t end  t o  b r i n g  i n t o  focus  some 
of  t.he c h a l l e n g e s  f a c i n g  us. Tomorrow t h e r e  w i l l  be  r e p o r t s  o u t l i n i n g  
our  p r o g r e s s  i n  t h e  a r e a s  o f  f l o w  measurement and sampl ing and a n a l y s i s .  
Tomorrow a f t e r n o o n  we w i l l  once  a g a i n  have a  p r o c e s s  c l i n i c ,  Th i s  
f e a t u r e  h a s  been i n c l u d e d  i n  t h e  program by p o p u l a r  demand. There  
was a  s e s s i o n  o f  t h i s  t y p e  i n c l u d e d  i n  t h e  f i r s t  yea r .  So many o f  
you found i t  v a l u a b l e  t h a t  we have i n c l u d e d  i t  a g a i n  t h i s  y e a r .  



The p r o c e s s  c l i n i c  w i l l  be fo l lowed by t h e  annual  show and t e l l  
s e s s i o n  which h i g h l i g h t s  problems and s o l u t i o n s .  We encourage  ' a l l  
o f  you t o  t a k e  advan tage  o f  t h i s  o p p o r t u n i t y  t o  e i t h e r  c e l e b r a t e  
o r  commiserate w i t h  your c o l l e a g u e s  who have f r o n t  l i n e  e x p e r i e n c e  
wi th  problems. 

On Wednesday t h e  major  themes w i l l  be a n a l y s i s  o n  c o n t r o l ,  a i d  on 
t e m p e r a t u r e ,  l e v e l  and p r e s s u r e  i n s t r u m e n t a t i o n .  I n  a d d i t i o n ,  
a n  I n s t r u m e n t a t i o n  and Equipment E x p o s i t i o n  w i l l  be h e l d  f o r  2  1 / 2  
d a y s  i n  t h e  Rocky Mountain Ballroom. We u r g e ' y o u  t o  t a k e  f u l l  advantage 
of  t h e s e  s e s s i o n s  and e x p o s i t i o n s .  To t h e  f u l l e s t  e x t e n t  p o s s i b l e ,  
l e t  us  s h a r e  your e x p e r i e n c e  and i n s i g h t .  

PROCESS AND ACCOMPLISHMENT 

What have we accomplished s i n c e  l a s t  y e a r ?  I n  t h e  Argonne N a t i o n a l  
Labora to ry  (ANL), o u r  major  I6C program s u p p o r t e r  s i n c e  1475,  t h e  
two phase ,  s o l i d  and g a s ,  mass f low t e s t  f a c i l i t y  (S/G ETP) was 
completed ( F i g u r e s  1 , 2 , 3 ) .  Th i s  f a c i l i t y  p r o v i d e s  s e p a r a t e l y  measured 
a i r  f low up t o  200 CEM and s e p a r a t e l y  c o n t r o l l e d  s o l i d  f low up t o  
about  one pounds pe r  second. Although mi.nor irnprovement.~ a r e  s t i l l  
be ing made, t h e  f a c i l i t y  w i l l  be used t o  t e s t  t h e  f e a s i b i l i t y  o f  
in-house developed p r o t o t y p e  i n s t r u m e n t s  a s  w e l l  a s  t o  e v a l u a t e  
t h e  performance o f  commerc ia l ly  a v a i l a b l e  i n s t r u m e n t s .  For  example,  
t h e  ANL developed c a p a c i t i v e  mass f low p r n t n t y p e  ins t rument  
( F i g u r e  4 1 ,  t h e  Auburn I n t e r n a t i o n a l  p a t e n t e d  t h r e e  phase  e l e c t r i c  
c a p a c i t i v e  t r a n s d u c e r  f o r  d e n s i t y  component o f  mass f1,ow measurement,  
t h e  d u a l  Gamma Ray Dens i ty  V e l o c i t y  mete r  f o r  dense  phase  mass f low 
measurement ( F i g u r e  51, and t h e  o p t i c a l  p a r t i c u l a t e  moni to r  developed 
by t h e  S p e c t r o n  Development L a b o r a t o r i e s  ( F i g u r e  61, a r e  scheduled 
f o r  e v a l u a t i o n  i n  t h i s  f a c i l i t y .  

An a c o u s t i c  f low/no-flow d e v i c e  was b u i l t  f o r  t h e  Bi-Gas P i l o t  P l a n t  
a t  t h e  steam-char r e t u r n  l i n e  a t  t h e  r e q u e s t  o f  p l a n t  pe r sonne l  
( ~ i g u r e s  7 , d , 9 , 1 0 ) .  The d e v i c e  was i n s t a l l e d  and t e s t e d  d u r i n g  a  
r e g u l a r  p e r i o d  o f  p l a n t  o p e r a t i o n .  The r e s u l t s  were s u c c e s s f u l ,  so  
t h a t  i n v e s t i g a t i o n  f o r  q u a n t i t a t i v e  f low measurement i s  now underway. 
On t h e  s l u r r y  feed l i n e  o f  t h e  HYGAS P i l o t  P l a n t  where an  a c o u s t i c  
t e s t  r i g  was i n s t a l l e d  ( F i g u r e s  1 1 , 1 2 ) ,  i n i t i a l  t e s t s  i n d i c a t e  
t h a t  t h e  n o i s e '  background and a t t e n u a t i o n  a r e  s u f f i c i e n t l y .  low i n  
t h e  a p p r o p r i a t e  f r equency  r a n g e  t h a t  a n  u l t r a s o n i c  f low d e v i c e  w i l l  
be f e a s i b l e  f o r  s l u r r i e s  w i t h  h igh  s o l i d  c o n c e n t r a t i o n s .  A c a p a c i t i v e  
d e v i c e  was b u i l t  and i n s t a l l e d  i n  t h e  HYGAS s l u r r y  l i n e  t o  measure  
d e n s i t y  and ,  v i a  c r o s s - c o r r e l a t i o n ,  f l o w  v e l o c i t y .  I n i t i a l  t e s t s  
i n d i c a t e  q u a l i t a t i v e  agreement o f  t h e  i n d i c a t e d  d e n s i t y  w i t h  measured 
d e n s i t y  o f  samples.  V e l o c i t y  measurements which cor respond  w e l l  w i t h  
c a l c u l a t i o n s  were o b t a i n e d  i n  a  few seconds .  T e s t s  o f  t h i s  d e v i c e  
a s  w e l l  a s  t h e ' a c o u s t i c  t e s t s  a r e  c o n t i n u i n g  a t  t h e  HYGAS P i l o t  P l a n t  



The s o n i c  Doppler s h i f t  p r i n c i p l e  i s  a l s o  i n v e s t i g a t e d  f o r  t h e  measurement 
o f  h i g h  c o n c e n t r a t i o n  c o a l  s l u r r i e s  (5-402 s o l i d )  ( F i g u r e s  13,141.  A 
n o n i n v a s i v e  sys tem hav ing  a  t r a n s d u c e r  on t h e  o u t s i d e  o f  t h e  p i p e  i s  
e s s e n t i a l l y  a t t r a c t i v e  f o r  s a f e t y  and convenience  i n  o p e r a t i o n  and 
main tenance .  The i d e a l  s i n g l e  f requency  s c a t t e r e d  energy  i s  n o t  r e a l i z e d  
i n  p r a c t i c e  b u t  a  broad band o f  s c a t t e r e d  energy  i s  observed.  The spect rum 
h a s  a  d e f i n i t e  maximum v a l u e  c l o s e  t o  t h e  expec ted  Doppler f r equency .  
F u r t h e r  d e t a i l s  o n  t h e  a c o u s t i c  and c a p a c i t i v e  mass f low measurements 
w i l l  be p r e s e n t e d  on Tuesday morning under S e s s i o n  A - Plow I n s t r u -  
menta t  ion  C o n t r o l .  

I n  t h e  a r e a  o f  proccoo a n a l y o i o  a s o f t w a r e  package f o r  q u a n t i f y i n g  
i n s t r u m e n t  r e q u i r e m e n t s  w i t h i n  a c c e p t a b l e  l i m i t s  was developed 
s u f f i c i e n t l y  f o r  t e s t i n g  on a model o f  a  me thana t ion  u n i t .  T e s t s  o n  two 
oimplc eyotcmo wcrc  made a t  i n t c r m c d i a t c  s t a g e s  o f  development of t h e  
computer code  , 

S i n c e  t h e  1978 Symposium, p e r s o n n e l  o f  t h e  N a t i o n a l  Bureau o f  S tandard  
(NBS) Measurements D i v i s i o n  have been working w i t h  t h e  Bi-Gas . P i l o t  P l a n t  
p e r s o n n e l ,  under  a  c o o p e r a t i v e  DOE c o n t r a c t  , t o  deve lop  more d u r a b l e  
thermocouple  a s s e m b l i e s  f o r  t h e  t e m p e r a t u r e  measurements.  Pleasuring 
t h e  t e m p e r a t u r e  i n  t h e  s l a g g i n g  s e c t i o n  ( S t a g e  1 )  o f  t h e  Bi-Gas P i l o t  
P l a n t  g a s i f i e r  on a  c o n t i n u o u s  b . a s i s  h a s  been a  p e r s i s t e n t  problem f o r  
p i l o t  p l a n t  p e r s o n n e l  ( F i g u r e  1 5 ) .  The l i f e  o f  thermocouple  a s s e m b l i e s  
used for  s u c h  measurements ' h a s  t y p i c a l l y  been l e s s  than  100 h o u r s  owing 
t o  f a i l u r e  o f  t h e  p r o t e c t i v e  thermowelld by c o r r o s i o n  o r  e r o s i o n ,  o r  bo th .  

I n  t h i s  p r o i e c t  . t h r e e  t y p e s  o f  p r o t o t y p e  thennocoup le  a s s e m b l i e s  have 
been des igned  and c o n s t r u c t e d  by NBS p e r s o n n e l  f o r  use  i n  t h e  s l a g g i n g  
s e c t i o n  o f  t h e  g a s i - f i e r  , where t e m p e r a t u r e s  range from L50U t o  3 0 ~ 0 ~ ~ .  
A l l  t h r e e  t y p e s  employ commercia l ly  b u i l t  M-5% Re v e r s u s  M-262 Re 
thermocouples  t h a t  a r e  shea thed  w i t h  molybdenum t u b e s  hav ing  a 
molybdenum d e s e l i c i d e  c o a t i n g .  The thermocouple  i s  c o n t a i n e d  w i t h i n  a  
p r o t e c t i v e  thermowel l .  Each t y p e  o f  assembly u s e s  a  d i f f e r e n t  m a t e r i a l  
f o r  t h e  thermowel l .  The t h r e e  thermowell  m a t e r i a l s  selecte 'd f o r  use  w i t h  
t h e  i n i t i a l  p r o t o t y p e s  a r e :  

1. Chemica l ly  vapor  deposited s i l i c o n  c o i l i d e .  

2. High p u r i t y  s i n t e r e d  b e r y l l i u m  o x i d e ,  and 

3 .  A molybedenum-zirconia ce rmet .  

Pho tos  o f  t h e s e  thermocouple  a s s e m b l i e s  a r e  shown o n  F i g u r e s  16 ,17 .  



NBS personnel  have a l s o  cons t ruc ted  thermocouple assembl ies  f o r  t h e  
e n t r a i n e d  bed s e c t i o n  of t h e  g a s i f i e r  (S tage  2)  where temperatures  
range 1500 t o  2000%. Pos t - t e s t  examinations by NBS of t h e  thermo- 
couple  assemblies  p re sen t ly  used i n  t h i s  s e c t i o n  of t h e  g a s i f i e r  
revea led  t h a t  t he  s t e e l  thermocouples used exper ience  very l i t t l e  
co r ros ion  o r  e r o s i o n  but  t h a t  t h e  type  K thermocouples contained 
i n  thermowells e x h i b i t  changes i n  t he rmoe lec t r i c  ou tput  equ iva l en t  
t o  more t han  400F a f t e r  only 200 hours  of g a s i f i e r  opera t ion .  These 
changes were found t o  be t h e  r e s u l t  of p r e f e r e n t i a l  ox ida t ion  of 
chromium i n  t h e  nickel-9.5% chromium l e g  of t h e  thermocouple. The 
replacement thermocouple assemblies  cons t ruc t ed  a t  NBS f o r  t h e  
e n t r a i n e d  s e c t i o n  of t h e  g a s i f i e r  c o n s i s t  of s t a i n l e s s  s teel  sheathed 
n i c r o s i l  ve r sus  m i s i l  thermocouples contained i n  a lon i zed  Type 310 
s t a i n l e s s  steel thermowells. 

The f i r s t  group of NBS p ro to type . a s sembl i e s  were de l ive red  t o  t h e  Bi-Gas 
p l a n t  e a r l y  t h i s  year  and a r e  p r e s e n t l y  undergoing e v a l u a t i o n  i n  t h e  

. g a s i f i e r .  It i s  planned t h a t  t h i s  p r o j e c t  of h igh  temperature  thermocouple 
.. assembl ies  e v a l u a t i o n  w i l l  be expanded t o  o t h e r  p i l o t  p l a n t s  and demon- 

s t r a t i o n  p l a n t s .  Fur ther  in format ion  about  t h e  NBS work can be ob ta ined  
a t  t h e  NBS d i s p l a y  a t  t h e  Show and T e l l  Session.  I n  a d d i t i o n ,  a  paper 
by NBS desc r ib ing  t h i s  program w i l l  be presen ted  Wednesday af ternoon.  

FUTURE NEEDS 

Now I would l i k e  t o  look i n t o  t h e  f u t u r e  needs i n  i n s t rumen ta t i on  and 
c o n t r o l  f o r  f o s s i l  energy process .  Development of second and t h i r d  gene- 
r a t i o n  conversion processes  f o r  f o s s i l  f u e l s  has  c r e a t e d  an urgent  need 
f o r  ins t ruments  f o r  measurement and c o n t r o l  t h a t  i s  not g e n e r a l l y  being 
m e t  by t h e  usua l  commercial equipment s u p p l i e r s .  There a r e  requirements  
c r e a t e d  by t h e  emerging energy technologies  f o r  which t h e r e  a r e  c u r r e n t l y  
no s a t i s f a c t o r y  s o l u t i o n s .  This  s i t u a t i o n  has  been recognized,  and s i n c e  
1975, t h e  Argonne Nat iona l  Laboratory has  been conduct ing an instrument  
development program t o  meet some of t h e s e  needs. 

I n  J u l y  1978, a t  t h e  r eques t  of t h e  Department of Energy, t h e  J e t  
Propuls ion  Laboratory (JPL) began work on a  gene ra l  p lan  f o r  t he  
development of needed c o n t r o l  i n s t rumen ta t i on  over  a f i v e  year  per iod.  
The purpose of t h i s  p l an  i s  t o  provide a  Reference Document t h a t  t h e  
DOE can use t o  e s t a b l i s h  gu ide l ines  f o r  d e f i n i n g ,  schedul ing ,  and . 
funding an instrument  development program. Such a  program would be a  
con t inua t ion  and expansion of t h c  work now going on. The program goa l  
i s  t o  provide developers  of f o s s i l  energy processes  w i th  t h e  t imely 
commercial a v a i l a b i l i t y  of t h e  measurement and c o n t r o l  ins t ruments  which 
a r e  requi red  f o r  t h e  e f f i c i e n t ,  r e l i a b l e ,  and long l i f e  ope ra t i on  of 
f o s s i l  f u e l  conversion p l an t s .  This  t imely a v a i l a b i l i t y  i s  not  expected 
t o  be r e a l i z e d  wi thout  stepped-up government encouragement and coo rd ina t ion  
a s  i n c e n t i v e s  in the high r i s k  a r e a s  of ins t rument  development. This  i s  a  
p lan  which i s  not  p r e sen t ly  matched by a c t u a l  budget. 



Measurement .and c o n t r o l  problems i n  advanced f o s s i l  f u e l  p r o c e s s i n g  a r e  
c o n c e n t r a t e d  i n  t h e  a r e a s  o f  new c o n v e r s i o n  t echno logy ,  i n v o l v i n g  mixed- 
phase c o n d i t i o n s  i n  and around t h e  r e a c t o r .  F i g u r e  Id  s e t s  t h e  boundary 
f o r  ma jor  i n s t r u m e n t a t i o n  and t h e  c o n t r o l  problem a r e a .  Needs have 
been i d e n t i f i e d  i n  a l l  advanced f o s s i l  f u e l  c o n v e r s i o n  p r o c e s s e s ,  
i n c l u d i n g  c o a l  l i q u e f a c t i o n ,  c o a l  g a s i f i c a t i o n ,  f l u i d i z e d  bed combust ion,  
o i l  s h a l e  p r o c e s s i n g ,  and coa l -  f i r e d  MHD. Fur the rmore ,  t h e  most c r i t i c a l  
development n e e d s  a r e  a t  t h e  component l e v e l :  Those o n - l i n e  end i n s t r u -  
ments  and c o n t r o l  d e v i c e s  o p e r a t i n g  i n  t h e  a c t u a l  p r o c e s s  s t r e a m s .  
The emphasis o f  t h l s  program p l a n  ' i s  t h e r e f o r e  l i m i t e d  t o  h i g h  r i s k  
component development i n  s p e c i f c  a r e a s .  Although n o t  s p e c i f i c a l l y  
d i s c u s s e d ,  a p p l i c a t i o n  t o  o t h e r  f u e l  c o n v e r s i o n  p r o c e s s e s  i n c l u d i n g  
s o l i d  w a s t e s ,  b iomass ,  wood c h i p s ,  formcoke,  and p e a t  w i l l  a l s o  be  
i n c l u d e d .  

The p r o g r d  f o r  development o f  i n s t r u m e n t s ,  a s  provided by J Y L ,  a d d r e s s e s  
f i v e  s p e c i f i c  c u r r e n t  needs :  

a )  Mixed-pnase m a s s .  f low measurement 

b )  Leve l  measurement 

c )  R e a c t o r  t e m p e r a t u r e  measurement 

d )  On-stream compos i t ion  a n a l y s i s  

e )  P a r t i c l e  d e t e c t i o n  

G e n e r a l l y ,  development o f  a  new i n s t r u m e n t  may proceed i n  f o u r  steps : 

1. E o t a b l i o h  . t h c  Requirements and s p e c i f i c a t i o n s  

2. C o n t r a c t  f o r  P r o t o t y p e  Component Development f o r  Commercial 
Sourc e  

3.  Yrovidc A l t c r n a t c  Dcvclopmcnt such as f c u ~ u  a NaLiuual 
Labora to ry  -- should  i n d u s t r y  respond t o  p r o t o t y p e  
development b e  u n s a t i s f a c t o r y .  

4. .Perform T e s t i n g  and Performance Q u a l i f i c a t i o n .  

The accep ted  components w i l l  become t h e  b a s i s  f o r  e s t a b l i s h i n g  
q u a l i f i e d  commercial  s o u r c e s  f o r  t h e s e  i n s t r u m e n t s  and . c o n t r o l  d e v i c e s .  



Technology t r a n s f e r  i s  a n  impor tan t  a s p e c t  o f  t echno logy  development.  
T h i s  i s  t h e  means by which new and deve lop ing  t echno logy  i n  component 
d e s i g n  and t e s t i n g  i s  r e p o r t e d  t o  ~ o t e n t i a l  equipment s u p p l i e r s  and 
u s e r s .  The d i s s e m i n a t i o n  o f  measurement and c o n t r o l  i n f o r m a t i o n  and 
t h e  t r a n s f e r  o f  t echno logy  among p a r t i c i p a t i n g  a g e n c i e s  and i n d u s t r i a l  
o r g a n i z a t i o n s  i s  c r i t i c a l  t o  an  e f f i c i e n t  development program. Suppor t  
o f  major symposia on i n s t r u m e n t a t i o n  and c o n t r o l s  i s  a  p a r t  o f  t h e  
proposed program p l a n .  Commitment f o r  an  u n i n t e r r u p t e d  s e r i e s  o f  annua l  

,symposia on I n s t r u m e n t a t i o n  and C o n t r o l  f o r  F o s s i l  Energy P r o c e s s e s ,  o f  
which t h i s  i s  t h e  t h i r d ,  i s  recommended. Funding i s  c a l l e d  f o r  as  w e l l  
f o r  an Ins t rument  and C o n t r o l s  Newle t t e r  t o  be p u b l i s h e d  p e r i o d i c a l l y .  

Involvement by component m a n u f a c t u r e r s  would b e  a c t i v e l y  promoted i n  
ins t rument  development conducted under t h e  JYL proposed program p l a n .  
A l i s t  o f  q u a l i f i e d  and i n t e r e s t e d  vendors  would be m a i n t a i n e d ,  and 
r e g u l a r  c o n t a c t s  made w i t h  d e s i g n  and marke t ing  p e r s o n n e l .  Requirements 
and s p e c i f i c a t i o n s  f o r  components would be  d r a f t e d  w i t h  i n d u s t r y  p a r t i c i -  
p a t i o n ,  t o  m a i n t a i n  i n t e r e s t  by m a n u f a c t u r e r s  i n  t h i s  a c t i v i t y ,  and s o  
t h a t  r e q u i r e m e n t s  r e f l e c t  a  r e a l i s t i c  b a l a n c e  between needs  and capa- 
b i l i t i e s .  Manufac tu re r s  w i l l  p a r t i c i p a t e  i n  e s t a b l i s h i n g  t e s t  r e q u i r e -  
ments and e v a l u a t i o n  c r i t e r i a .  R e s u l t s  o f  t e s t s  w i l l  be wide ly  r e p o r t e d ,  
and m a n u f a c t u r e r s '  comments s o l i c i t e d  and reviewed.  

The JPL program p lan  a l s o  proposes  t h e  e s t a b l i s h m e n t  o f  a n  i n d u s t r i a l  
a d v i s o r y  g roup ,  comprised o f  r e p r e s e n t a t i v e s  from t h e  u s e r  community. 
T h i s  group would rev iew t h e  i n s t r u m e n t a t i o n  and c o n t r o l  program per iod-  
i c a l l y ,  p r o v i d e  g u i d a n c e  and recommendat i o n s  t o  improve t h e  program, and 
a s s i s t  i n  i n t e g r a t i n g  new i n s t r u m e n t  and c o n t r o l  sys tems  i n t o  f o s s i l  f u e l  
p l a n t s .  Through t h i s  g roup  i n d u s t r y  shou ld  g a i n  i n s i g h t  i n t o  t h e  govern- 
ment program, i n f l u e n c e  t h e  government program t o  meet t h e  needs  o f  
i n d u s t r y ,  and have t h e  o p p o r t u n i t y  t o  promote e a r l y  i n t r o d u c t i o n  o f  new 
technology.  Membership o f  t h i s  g roup  would b e  drawn from p l a n t  ' d e s i g n e r s ,  
ins t rument  m a n u f a c t u r e r s ,  u t i l i t y  companies,  and a s s o c i a t i o n s  such  a s  E P K I  
and G K I ,  and government a g e n c i e s .  

A major  p a r t  o f  t h e  i n s t r u m e n t a t i o n  and c o n t r o l  program p l a n  i s  a  sup- 
p o r t i n g  t echno logy  a c t i v i t y  which would p rov ide  t h e  s p e c i f i c  and advanced 
t echno logy  base  f o r  i n s t r u m e n t  development.  Suppor t ing  t echno logy  
i n c l u d e s  measurement s t u d i e s  and e v a l u a t i o n ,  p r o c e s s  c o n t r o l  r ev iew,  
env i ronmenta l  and s a f e t y  s t u d i e s ,  advanced concept  development ,  and - 
c o o r d i n a t i o n  wi th  c o s t  sha red  i n d u s t r i a l  p a r t n e r s  o f  t h e  f o s s i l  f u e l  
d e m o n s t r a t i o n  p l a n t s .  



Process  modeling and e r r o r  a n a l y s i s  make up t h e  measurement s t u d i e s  
a c t i v i t y .  Ex i s t i ng  process  modeling programs would be expanded t o  
i nc lude  measurement r e l a t i o n s h i p s .  Modeling would be used t o  de te r -  
mine the  c o m p a t i b i l i t y  o f  va r ious  measurement/control schemes f o r  
e f f e c t i v e n e s s  , seeking a l t e r n a t i v e s  t o  t r a d i t i o n a l  b u t  d i f f i c u l t  
measurement methods. The e f f e c t  o f  instrument  e r r o r  and response on 
process  ope ra t ion  would be s tud ied ,  with t h e  o b j e c t i v e  o f  e s t a b l i s h -  
ing  r e a l i s t i c  and appropr i a t e  component accuracy requirements .  

I n  t h e  p lan ,  emphasis on  conceptual  s t u d i e s  and advanced development 
i s  equal  t o  t h a t  placed on c u r r e n t  technology development. Work 
would be  on t h e  new technology of  today. Examples of  such a c t i v i t y  
a l r e a d y  underway a r e  t he  p r o j e c t s  a t  ANL and SAI t 6  measure mixed- 
phase mass flow by neut ron  a c t i v a t i o n  and by gamma r a y  c o r r e l a t i o n .  
S i g n i f i c a n t  support  would be g iven  t o  instrument  innovators  by 

- sponsoring f e a s i b i l i t y  s t u d i e s  and concept development c o n t r a c t s .  
It i s  expected t h a t  t h i s  a c t i v i t y  w i l l  provide a  foundat ion f o r  
commercial instrument  a v a i l a b i l i t y  fo r  t h e  f u t u r e .  

Extensive t e s t i n g  w i l l  be requi red  t o  support new equipment development. 
It i s  expected t h a t  much of t h e  new des ign  information w i l l  come from the 
r e s u l t s  of experimental  t e s t i n g .  Purchased prototype hardware must be 
q u a l i f i e d  through a  formal t e s t  program. Add i t iona l ly ,  i t  w i l l  be neces- 
s a r y  t o  demonstrate new concepts  and equipment t o  p l an t  des igne r s  and 
o p e r a t o r s ,  not  o r ~ l y  i n  t e s t  f a c i l i t i e s ,  bu t  i n  p i l o t  p l an t s .  However, 
t h e r e  i s  today a  s e r i o u s  shor tage  of adequate t e s t  f a c i l i t i e s  f o r  i n s t r u -  
mentat ion and c o n t r o l  components. I n d u s t r i a l  manufacturers  do not have 
the  l a r g e  s c a l e a t e s t  c a p a b i l i t y  requi red  t o  t e s t  ins t ruments  with mixed- 
phase flow, high temperaturers  , high p re s su res ,  and s u f f i c i e n t  flow 
capac i ty .  Ecveral govc~nmcnt-owncd f a c i l i t i c o  a r c  doing t e s t i n g  now, 
but  i n  one o r  more o f  t h e  above a r e a s  they  a r e  d e f i c i e n t .  P i  lot .  p l an t s  
f i l l  a  need f o r  component demonstrat ion,  but  t e s t i n g  i s  hampered by 
belng on a  non ln t e r f e rence  b a s i s  w i t h  proCeSs 6peracioi1, and t h e  absence 
of c o n t r o l l e d ,  known ope ra t ing  cond i t i ons .  The ins t rumenta t ion  and 
c o n t r o l  program plan provides fo r  t h e  d e f i n i t i o n ,  bui ldup and ope ra t ion  
of major component t e s t  systems. 

The advancement o f  insturnentat ion and con t ro l  technology i s  bas ic  t o  
t h e  development, demonstrat ion,  and eva lua t ion  o f  t h e  va r ious  f o s s i l  
f ue l  u t i l i z a t i o n  processes  Because i t  a f f e c t s  no t  on ly  process  
ope ra t ion  and c o n t r o l ,  but  p l a n t  e f f i c i e n c y ,  p l a n t  r c l i  abi l i t y ,  p l a n t  
s a f e t y ,  p rocess  performance eva lua t ion ,  and p o l l u t i o n  c o n t r o l .  Benef i t s  
i n  t hese  a r e a s  w i l l  r e s u l t  from t h i s  proposed program plan f o r  t h e  
improvement of  ins t ruments  f o r  measurement and c o n t r o l .  



An example o f  the  t ang ib le  b e n e f i t s  t o  be expected i s  the  p o t e n t i a l  
r e t u r n  from improved instrument r e l i a b i l i t y .  An inopera t ive  o r  
malfunctioning instrument can c l o s e  down an e n t i r e  process l ine .  More 
re1  i a b l e  instruments mean reduced operat ing c o s t s  , based on fewer 
unscheduled process shutdowns. Assuming a 5% savings i n  downtime due t o  
enhanced r e l i a b i l i t y ,  the  savings from t h i s  s i n g l e  benef i t  alone could 
almost repay t h e  e n t i r e  instrumentat ion program c o s t  by the  year 2010 
(Figure 191,  i or t h i s  example, coa l  use p ro jec t ions  and estimated 
downtime c o s t s  were taken from EPRI s tudies .  (Improvements were assumed 
t o  a f f e c t  a l l  new capac i ty  and t o  accumulate a t  8% per year f o r  e x i s t i n g  
capaci ty ,  beginning i n  1985. Benef i t s  were discounted a t  12Z per 
year.) Even g r e a t e r  savings could be rea l i zed  through improvements 
i n  p lant  e f f i c i e n c y  through b e t t e r  process con t ro l  from t h e  a v a i l a b i l i t y  
o f  more adequate instrumentat ion (Figure  2 0 ) .  I f  a conservative saving 
of 4% i n  operat ing c o s t s  i s  assumed a s  t h e  average for  a l l  f o s s i l  
energy conversion p l a n t s ,  t he  accumulated savings during the  next 
generat ion o f  p lant  opera t ion  would be astounding, 

SUMMARY 

We must not make the  e r r o r  of  underestimating the  importance of  f u t u r e  
needs for  instrumentat ion and con t ro l  fo r  f o s s i l  energy processes. 
Those o f  us who work i n  the  energy technology a r e a  a r e  so c lose  t o  
many of  t h e  problems, from an engineering and developmentelry point  
of view, t h a t  we tend t o  lose  s igh t  o f  our r e a l  goal .  Ultimately our 
purpose i s  t o  develop measurement and con t ro l  systems t h a t  w i l l  provide 
an extremely high degree of confidence i n  the  performance of  a process. 
Making the  process work i s  j u s t  a p a r t  o f  t h e  problem. Our job w i l l  be 
f in ished when the  process works so well  t h a t  i t  w i l l  be accepted by the  
responsible members o f  t h e  community i n  which i t  i s  t o  be i n s t a l l e d .  
And, perhaps more important,  some insurance underwriter w i l l  be wi l l ing  
t o  assume t h e  l i a b i l i t y  r i s k  a t  a reasonable c o s t  t o  the  operator .  
Without t h i s  degree o f  confideace, t h c  necessary a p p r ~ v a l s  and financing 
w i l l  be impossible t o  obtain.  These processes w i l l  become p r a c t i c a l ,  
f i n a n c i a l ,  and insurable  only when we have done our t a s k  very well.  



Figure 1 - Solid/Gas Mass Flow Instrument Test F a c i n t y  

Figure 2 - Power Plant Section of Test Fac i l i ty  



Figure 3 - Test Facility Instrumentation Panel 

Figure 4 - ANL Capacitive Prototype Flow Instrument 



Figure 5 - Dual Gamma Ray Density Velocity Meter 

Figure 6 - SDL Optical Part iculate  Monitor System 



- 
Figure 7 - B i  Gas P i l o t  Plant  

Figure 8 - Acoustic ~low/~o-Flow Instrument Panel 



Figure 9 - Flow/No-Flow M e t e r  installation 

Figure 10 - Acoustic Sensor of ~low/No-Flow M e t e r  



Figure 11 - HPGAS P i l o t  Plant 

Figure 12 - Slur ry  Mass Flow Instrument In s t a l l a t i on  



Figure 13 - Sonic Doppler Shift Flow Meter Installation 

Figure 14 - Component of Doppler Shift Flow Meter 



Figure 15 - B i  Gas P i l o t  P lan t  Reactor 



Figure 16 - Assembling Thermocouples 

Figure 17 - High Temperature Thermocouples 
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Figure 18 - Scope of I&C System Development Program 



Figure 19 - Cost Saving from Increased Reliability/Reduced Downtime' 

Figure 20 - Process Efficiency Improvement Cost Savings 



INSTRUMENTATION PROBLEMS & POTENTIAL SOLUTIONS ASSOCIATED 
WITH THE SRC-11 (SOLVENT REFINED COAL) PROJECT 
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SRC-I1 P r o j e c t  
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ABSTRACT 

A 6,000 ton/day Coal L i q u e f a c t i o n  P lan t  i s  being planned t o  demon- 
s t r a t e  the  f e a s i b i l i t y  o f  t h i s  technology. The p l a n t  w i l l  be comprised 
o f  several d i f f e r e n t  processes which, due t o  t h e i r  i nhe ren t  c h i r a c t e r -  
i s t i c s ,  w i l l  r e q u i r e  ins t rumenta t ion  t h a t ,  i s  some areas, does n o t  appear 
t o  be r e a d i l y  ava i l ab le .  

Th is  paper w i l l  examine some o f  t h e  problem areas and the  parameters 
t h a t  make t h e i r  t reatment  d i f f i c u l t .  I n  some areas p o t e n t i a l  so lu t i ons  
w i l l  a l s o  be presented. 

The problems addressed w i l l  i nc lude  bu t  no t  be 1 i m i t e d  t o  t h e  
f o l l o w i n g :  

High Pressure S l u r r y  Flow Measurement 
Letdown valves f o r  High Pressure S l u r r y  Serv ice 
Composit ion ana lys i s  f o r  Recycle S l u r r y  
L e v e l l i n t e r f a c e  Detec t ion  Problems 

There a re  many reasons f o r  present ing a "Paper". Probably the  most 
common i s  f o r  t he  d isseminat ion o f  problem s o l u t i o n  in fo rmat ion .  That i s  
probably o f  secondary concern i n  f h i  s p resenta t ion .  

One o f  our  major d i f f i c u l t i e s  du r ing  the  pas t  few years has been i n  
keeping up w i t h  our  r a p i d l y  developing technology. There a r e  numerous 
development programs, which a r e  both government and p r i v a t e  i n d u s t r y  
funded. Becoming aware o f  and s tay ing  c u r r e n t  w i t h  a l l  r e l e v a n t  ones i s  
very  d i f f i c u l t .  I t  was f e l t  t h a t  t h i s  symposium would be an e x c e l l e n t  
forum t o  more w ide ly  pub1 i c i z e  our  problems. Hopeful l y  i t  w i l l  a1 so 
t r i g g e r  a response from areas t h a t  we have n o t  p rev ious l y  explored.   his 
i s  t he  pr imary reason f o r  p resen ta t i on  o f  t h i s  paper. 

I t  should be po in ted  o u t  t h a t  a l though the  l e v e l  o f  ou r  e f f o r t s  has 
been s i g n i f i c a n t l y  d i f f e r e n t  from one problem t o  another;  nowhere i n  t h e  
area o f  ins t rumenta t ion  and measurement have we found anyth ing t h a t  w i l l  
prevent  us from opera t ing  the  p l a n t .  Also t h i s  paper does n o t  address 
contro l lab49 i ty  o f  the  o v e r a l l  coi~ipl ex o r  any u n i t  t he reo f .  



OVERVIEW OF SRC-I1 PROJECT 

- The SRC-I1 P r o j e c t  i s  a  complex of  some twenty o r  more h i g h l y  i n t e r -  
a c t i v e  process u n i t s .  

The f a c i l i t y  i s  a  demonstrat ion p l a n t  f o r  l i q u e f y i n g  coal  us ing  the  
S R C - I 1  process. The p l a n t  i s  designed t o  process 6700 tons per  stream 
day ( tpsd ) ,  o f  P i t t s b u r g h  seam-coal. P r i n c i p a l  products from the  p l a n t  
a r e  l o w - s u l f u r  f u e l  o i l ,  pipe1 ine-qua1 i t y  gas, 1  i q u e f i e d  propane and butane 
gases, and naphtha, as w e l l  as s u l f u r ,  ammonia and t a r  a c i d  by-products. 
The heat ing  va lue  o f  the  hydrocarbon products produced i n  t h e  p l a n t  i s  
approximate ly  equ iva len t  t o  t h e  product ion  from a  20,000 b a r r e l  per day 
petroleui l l  r 'er i r iery.  F i g .  I i s  a  much simp1 i f i e d  Block Diagram o f  t he  
Project . 

The pr imary processing sec t ions  c o n s i s t  o f  c o a l - s l u r r y  p repara t ion ,  
d i s s o l v e r ,  r e f i n i n g ,  r e c y c l e  gas t r e a t i n g  and compression, hydrogen 
recovery  and hydrodesu l fu r iza t ion .  Other sec t ions  i nc lude  hydrogen pro-  
duc t ion ,  gas p lan ts ,  and secondary recovery systems. The p l a n t  i s  designed 
as a  grass- roo ts  i n s t a l  l a t i o n  w i t h  u t i l  i t i e s  inc luded except e l e c t r i c  power 
which i s  purchased from a  l o c a l  u t i l i t y .  

The feed coal  i s  pu l ve r i zed  and mixed w i t h  a  r e c y c l e  s l u r r y  stream 
from the  process and then i s  pumped, together  w i t h  hydrogen, through a  
preheater  t o  a  r e a c t o r  o r  d i s s o l v e r  operated a t  h igh  pressure and tempera- 
t u r e .  The coal  i s  f i r s t  d isso lved i n  t he  l i q u i d  p o r t i o n  o f  the r e c y c l e  
s l u r r y  then i s  l a r g e l y  hydrocracked t o  l i q u i d s  and gases. Much o f  the  
s u l f u r ,  oxygen, and n i t r o g e n  i n  t h e  o r i g i n a l  coal  i s  hydrogenated t o  H S, 
H 0 and NH respec t i ve l y .  The r a t e s  o f  these reac t i ons  a r e  increased g y 
t6e  c a t a l y $ i c  a c t i v i t y  o f  the  undicsolved minera l  res idues.  Recycle o f  
a p o r t i o n  o f  t h e  product  s l u r r y  con t r i bu tes  s u b s t a n t i a l l y  t o  t h e  process 
by increas ing  the  concen t ra t i on  o f  c a t a l y t i c  minera l  res idue i n  t h e  r e a c t o r .  

The d i s s o l v e r  e f f l  ucn t  i s  separated irlt;o yas , 1 ighs: hjldrocarbon l i q u i d  
and s l u r r y  streams us ing  convent ional  f l a s h i n g  and f r a c t i o n a t i o n  techniques. 
A p o r t i o n  o f  t he  minera l  res idue slurry and hydrnmrbon l i q u i d  from t h e  
separa t ion  area i s  recyc led  t o  blend w i t h  the  feed coal  i n  t he  s l u r r y  
p repa ra t i on  p l a n t .  The balance of t he  minera l  res idue s l u r r y  i s  vacuum 
f lashed t o  recovery the  fuel  o i l  product and t h e  r e s u l t i n g  heavy f r a c t i o n  
i s  sent  t o  g a s i f i c a t i o n  t o  produce hydrogen f o r  t h e  d i s s o l v e r  reac t i on .  

The ins t rumenta t ion  problems so f a r  cncn1.1ntered w i t h  t h e  S R C - I 1  P r o j e c t  
a r e  ma in l y  i n  and around t h e  d i s s o l v e r  area. They a r e  due p r i m a r i l y  t o  the  
h igh  e r o s i v i t y  of t he  ash con ta in ing  streams, combined w i t h  the  h igh  temp- 
e r a t u r e  requirements f o r  t he  d i s s o l v e r  r e a c t i o n  and changing dens i t y  o f  
t h e  s l u r r y  i t s e l f .  The f a c t  t h a t  t h e  phys ica l  c h a r a c t e r i s t i c s  o f  the s l u r r y  
a r e  n o t  as well-known as those o f  o the r  more common f l u i d s ,  a l so  adds t o  
t h e  p rob l  ems. 



INSTRUMENTATION DESIGN PHILOSOPHY 

Our approach.has been t o  p rov ide  redundancy i n  any area t h a t  we a r e  
unsure o f .  I n  many ways t h i s  p l a n t  represen ts  t h e  f i r s t  o p p o r t u n i t y  t o  
demonstrate, under a c t u a l  cond i t i ons ,  some o f  t h e  i ns t rumen ta t i on  techno- 
l o g y  we envisage being requ i red .  

OVERVIEW OF PROBLEMS 

F igu re  I 1  i s  a  c h a r t  o f  t he  problems t h a t  a r e  be ing worked on, and should 
be r e f e r r e d  t o  w h i l e  f o l l o w i n g  t h i s  p a r t  o f  t h e  t e x t .  

Onstream compos i t ion  a n a l y s i s  o f  t.hese streams appears t o  be beyond 
c u r r e n t  technology.  However, an  a l t e r n a t i v e  t o  t h i s  i n  some p laces would 
be a r e p r o d u c i b l e  percen t  so l  i d s  measurement. 

Mo i s tu re  con ten t  o f  t h e  coa l  i s  something we would l i k e  t o  measure b u t  can 
opera te  w i t h o u t .  Microwave and i n f r a r e d . t e c h n i q u e s  appear t o  ho ld  some promise. 

Ph measurement a t  1990 p s i g  and h i g h  temperatures may be a  problem b u t  
more work i s  r e q u i r e d  t o  f u r t h e r  d e f i n e  and c l a r i f y  t h i s .  

A  r a p i d  a n a l y s i s  o f  Btu con ten t  a t  t h i s  p o i n t  w i l l  be requ i red .  We a r e  
a w a i t i n g  f u r t h e r  d e f i n i t i o n  be fo re  proceeding w i t h  any i nves t i ga t i on , .  

The measurement o f  t he  s l u r r y  v i s c o s i t y  may be r e q u i r e d  a t  h i g h  temper- 
a tu res .  Rep roduc t i b i l  i t y  w i l l  be impo r tan t  b u t  accuracy i s  s t i l l  a  d e s i r -  

: a b l e  f e a t u r e .  Measurement o f  t he  v i s c o s i t y  o f  t h i s  e r o s i v e  s l u r r y ,  i n  some 
--places, may prove t o  be i m p r a c t i c a l  w i t h  c u r r e n t  technology b u t  i n  these 
cases we w i l l  a t tempt  t o  use a  percen t  s o l i d s  measurement as an i n d i r e c t  
reading o f  v i s c o s i t y .  

The a b i l i t y  t o  be a b l e  t o  measure t h e  f l o w s  of coa l  and r e c y c l e  s l u r r y ,  
i s  one e s s e n t i a l  i n g r e d i e n t  f o r  success fu l  c o n t r o l  o f  the  SRC-I1 process. 
These measurements must be repea tab le  and i t  i s  d e s i r a b l e  t h a t  they  a l s o  be 
accurate.  

Pressures o f  2000 p s i g  and temperature o f  800°F i n  t h e  SRC-I1 process 
t oge the r  w i t h  cok ing  and/or cak ing  e f f e c t s  o f  t he  s l u r r y  combine t o  c r e a t e  
problems f o r  i ns t rumen ta t i on  i n  s l u r r y  1  eve1 measurement se rv i ce .  Capaci tance 
probes and/or  nuc lear  dev ices a r e  be ing  used i n  s i m i l a r  low p ressure  and 
temperature se rv i ces .  D i f f e r e n t i a l  p ressure  ins t ruments  a r e  be ing used a t  
h i ghe r  temperatures/pressures . 

Temperature measurement problems a r e  a n t i c i p a t e d  by reason o f  one o r  
more o f  t h e  f o l l o w i n g  phenomena - eros ion ,  cak ing  and cok ing .  Temperatures 
measuring as h i gh  as 2800°F w i l l  be r e q u i r e d  i n  these  h o s t i l e  environments.  
Measurement o f  t he  Temperature p r o f  i 1  e  i n  t h e  d i s s o l  ve r  i t s e l f  

(2850 p s i g )  poses problems due t o  i t s  H p  environment and i t s  e f f e c t  on t h e  
thermocouple w i r e  and sheath m a t e r i a l s .  Problems assoc ia ted  w i t h  phys i ca l  - 
l y  l o c a t i n g  t he  thermocnuples where t hey  are needed a r e  a1 so o f  concern. 
The d i s s o l v e r  vessel  i t s e l f  i s  ve ry  l a r g e  w i t h  12" t h i c k  w a l l s .  



S l u r r y  le tdown va l ves  w i l l  be d iscussed a t  l e n g t h  l a t e r  i n  t h i s  paper. 

Lockhopper va l ves  do n o t  now appear t o  be a  problem j n  t h e  s i z e  ranges 
r e q u i r e d .  They a r e  expensive b u t  r e a d i l y  a v a i l a b l e ,  and accep tab ly  r e 1  i a b l  e. 

Pressure re1  i e f  dev ices  i n  s l u r r y  s e r v i c e  a r e  a  v e r y  r e a l  problem. One 
of t h e  main concerns i s  t h a t  o f  cok ing  o f  t he  i n l e t  t o  t h e  dev ice,  thus  
p reven t i ng  t h e  dev i ce  from o p e r a t i n g .  The use o f  r u p t u r e  d i s c s  under t he  
va l ves  and/or  purg ing  w i l l  most l i k e l y  a l l e v i a t e  t h i s  t o  some ex ten t .  I t 
would be an understatement  t o  say t h a t ,  we a n t i c i p a t e  t h a t  t h e  passage 
o f  s l u r r y  f l u i d s  th rough a  r e l i e f  v a l v e  du r i ng  overpressure c o n d i t i o n s ,  . 
wi 11 seve re l y  damage t h e  v a l v e  i n t e r n a l  s. However, n o t  a1 1  nverprpssures 
w i l l  r e s u l t  i n  passage o f  s l u r r y  f l u i d s .  Dur ing m ino r  process u  s e t  
r e l i e v i n g  c o n d i l i u ~ ~ ~ ,  u r t l y  yaseous f l u l d s  w i l  l be re leased  and t 1 e v a l v e  . 
can be expected t o  r e s e a t .  

DISCUSSION 

S l  u r r y  Flow Measurement . . - .. - . . . 

As has been po in ted  o u t  previousl .y,  t h e  measurement o f  s111rry  f l o w s  
i s  c r i t i c a l  t o  successful  c o n t r o l  o f  t h e  p l a n t .  S l u r r y  f l o w  must be 
measured a t  pressures o f  2200 p s i g  and h i g h  temperatures. 

The p i l o t  p l a n t  has operated i n  t h e  pas t  by e s t i m a t i n g  s l u r r y  pre-  
hea te r  feed f l o w  r a t e s  by t he  speed o f  t h e  r e c i p r o c a t i n g  charge pumps and 
"check ing"  t h i s  w i t h  a  read ing  f rom a  quadrant  edged o r i f i c e  plate1D.P. 
c e l l  i n s t a l l a t i o n .  Both o f  these methods a r e  s u b j e c t  t o  i naccu rac ies  ~ I I F !  

to pros ion ,  e t c .  

Howcver, w i t h  r e c e n t  m o d i f i c a t i o n s  t h e  performance o f  t h e  s l u r r y  f low 
meter  has improved s t e a d i l y .  It has improved t o  a  p o i n t  where i t  i s  used 
f o r  p r imary  measuremenr and t h e  pump read ing  i s  used t o  check i t s  r e a l  i a -  
b i l i t y .  The meter ,  a t  t h e  t ime  o f  w r i t i n g ,  had been i n  s e r v i c e o r  apprnx- 
l m a t e l y  e i g h t  months and i s  e x h i b i t i n g  no s igns  o f  wear. .  

The i n s t a l l a t i o n  c o n s i s t s  o f  a  6K s t e l l i t e  quadrant edged o r i f i c e  p l a t e .  
Th i s  i s  i n s t a l l e d  i n  a  v e r t i c a l  l i n e ,  w i t h  downward f l ow ,  and connected 
t o  a  d i f f e r e n t i a l  p ressure  t r a n s m i t t e r  v i a  s o l v e n t  purged impulse l i n e s .  

Gal i h ra t . i nn  t ~ s t s  have been cot'~clucLed 111~11 show t h a t  rbeSponse i s  i n -  
dependent o f  Reynolds number and t h a t  t h e  t h e o r e t i c a l  and a c t u a l  f l ow co- 
e f f i c i e n t s  a r e  comparable. Recent t e s t s  suggest t h a t  accuracy o f  approx i -  
t i la te ly  two percen t  can be achieved. Fu r the r  improvements a r e  planned. I n  
f a c t ,  a  s l u r r y  f l o w  me te r i ng  t e s t  - f a c i l  i t y  i s  planned and should be i n  
s e r v i c e  a t  t h e  F o r t  Lewis p i l o t  p l a n t  b e f o r e  t h e  end o f  1979. P lans i n c l u d e  
t h e  t e s t i n g  of  t h e  f o l l  owing dev ices:  . e l  bow me.ter, segmental wedge, thermal 
f l ow  meter ,  t a r g e t  meter,  v e n t u r i  tube and a  mass f l o w  meter,  u t i l i z i n g  t h e  
c o r i ' o l  i s  a c c e l e r a t i o n  p r i n c i p l e .  



There a r e  o t h e r  programs a t  p laces such as Argonne Nat iona l  Labora tor ies  
t o  develop o t h e r  types o f  f low meter ing  devices. Papers a r e  being presented 
on some o f  these a t  t h i s  symposium. 

PRESSURE LETDOWN, SAFETY RELIEF, LEVEL MEASUREMENT I N  THE 

H.P. SLURRY LETDOWN SYSTEM 

The S l u r r y  Depressuring System i s  one of t he  most c r i t i c a l  problems i n  
t h e  whole P r o j e c t .  I n  o rde r  t o  address a l l  facets of  the  problem, t h e  work 
i n  t h i s  area has been performed on a system bas i s  i n v o l v i n g  a mu1 ti- 
d i s c i p l i n e  Team o f  Engineers. 

I n  s imple terms, t he  problem . i s  one of reducing t h e  High Pressure o f  
t he  s l u r r y  i n  t h e  d i s s o l v e r  e f f l u e n t  separator  t o  t h a t  o f  approx imate ly  
atmospheric. The i d e a l  approach t o  t h i s  problem would seem t o  be t h e  use 
of a  power recovery dev ice  o f  some k ind.  Present technology does n o t  pe rm i t  
t h i s .  I n  t he  absence o f  any o t h e r  a1ternat iv .e we have se lec ted  an approach 
which i s  based on t h e  use o f  Pressure Letdown Valves. Th is  approach i s  
i l l u s t r a t e d  i n  F ig .  111. I t  i s  a three-stage Letdown System w i t h  t h e  f l e x i -  
b i l j t y  o f  ope ra t i ng  w i t h  o n l y  two stages. The system can a l s o  operate 
w i t h  e i t h e r  a balanced o r  a. cons tan t  pressure drop between each stage. There 
a r e  th ree  p a r a l l e l  va lves per  stage. These valves w i l l  be used consecu t i ve l y  
t o  i n s u r e  a reasonab1e:run t ime, s i nce  P l a n t  turnarounds a r e  t h e  o n l y  per- 

m i s s i b l e  t ime f o r  maintenance t o  be performed. Adequate purg ing  w i l l  be 
prov ided t o  prevent t h e  s l u r r y  f rom p lugg ing  off  1 ines  t h a t  a re  no t  I n  
serv ice .  Double b lock  va lves  a r e  prov ided upstream o f  t he  Letdown Valve, 
t o  p rov ide  . t i g h t  shut o f f  capab i l  i t y .  

Letdown Val ve Sel e c t i o n  

An ex tens ive  survey o f  v a l v e  manufacturers has been made and a s h o r t  l i s t  o f  
promising candidates has been prepared. Vendor i n t e r e s t  has ranged f rom 
" n o t  i n t e r e s t e d M t o  one o r  two who a r e  i n t e r e s t e d  i n  des ign ing  a new va l ve  
f o r  t h i s  serv ice .  The more common approach i s  t o  mod i fy  a standard v a l v e  
design. 

The bes t  experience a t  t he  F o r t  Lewis P i l o t  P l a n t  f o r  t h i s  se rv i ce  has 
been w i t h  a F isher  angle va l ve  us ing  tungsten ca rb ide  t r i m ,  The maximum 
l i f e  achieved t o  date, i s  i n  t he  o rde r  o f  two months. However, t r i m  break- 
age has been as b i g  a problem as t r i m  e ros ion .  Some advantages a r e  expected 
t o  be gained from the  sca le  up from p o r t  s i zes  i n  t h e  p i l o t  p l a n t  o f  around 
118" i l i a .  t o  1-112" t o  2" d i a .  i n  t h e  Demonstration P lan t .  

Another problem i s  t h a t  t h e r e  i s  so 1 i t t l e  pub1 ished data t h a t  can 
be used t o  accu ra te l y  s i z e  va lves f o r  these cond i t ions ;  and o f  course, an 
i n c o r r e c t l y  s ized  v a l v e  i s  n o t  conducive t o  optimum t r i m  1 i f e .  

A t  t he  t ime of w r i t i n g ,  we a re  n o t  aware .of  any f a c i l i t y ,  o r  any p lans  
f o r  a f a c i l i t y ,  where f u l l  s i z e  va lves can be tes ted  i n  t h i s  serv ice .  



Our p lans a r e  t o  l eave  t h e  s e l e c t i o n  as l a t e  as poss ib le ,  compatible 
w i t h  t h e  p r o j e c t  schedule. We w i l l  be c o n t i n u a l l y  encouraging and moni tor-  
i n g  developments i n  t h i s  f i e l d ;  and a t  t h e  predetemined p o i n t  we w i l l  
make a s e l e c t i o n  based on our op in ion  o f  what holds the  most promise a t  t h a t  
p a r t i c u l a r  t ime. C e r t a i n l y  we w i l l  n o t  r e s t r i c t  t he  s e l e c t i o n  t o  one type 
and/or vendor. Th i s  i s  too  c r i t i c a l  a  se rv i ce  t o  have a l l  o f  our  eggs i n  
one basket. Espec ia l l y  s ince  we do n o t  a n t i c i p a t e  having a p r i o r  oppor tun i t y  
t o  r u n  f u l l  sca le  t e s t s  as mentioned p rev ious l y .  

M a t e r i a l s  o f  c o n s t r u c t i o n  w i l l  a l so  be se lec ted  a t  t h i s  l a t e  date. How- 
ever  i f  we had t o  decide today, ou r  s e l e c t i o n  f o r  m a t e r i a l s  would be s t a i n -  
l e s s  s tee l  f o r  v a l v e  bodies and tungsten carb ide  f a c i n g  f o r  the t r i m .  

Level Measurement 

Dual l e v e l  devices w i l l  be prov ided f o r  redundancy. We a r e  p resen t l y  
cons ider ing  purged d i f f e r e n t i a l  pressure inst ruments and capacitance probes 
a&  ho ld ing  t h c  most promisc; The purg ing o f  t hc  D.P. c e l l  i s  something 
t h a t  we would r a t h e r  avo id  and we a re  a c t i v e l y  searching f o r  a l t e r n a t i v e s .  
The th ickness  o f  t he  vessel w a l l  precludes the  use o f  nuclear.  devices. 

Safe ty  Re1 i e f  Devices 

Our approach t o  pressure r e l i e f  p r o t e c t i o n  i s  t o  p rov ide  a r e l i e f  va l ve  
s i zed  t o  s a t i s f y  A.S.M.E. codes requirements. Th i s  v a i v e  may be prov ided 
w i t h  a r u p t u r e  d i sc ,  however, i t  i s  intended t h a t  t h i s  va l ve  re1  i eve  o n l y  
gaseous vapours r e s u l t i n g  from minor  upsets. Under. these circumstances 
we can expect t he  va l ve  t o  reseat .  A l t e r n a t e  p rov i s ions  must be a l lowed f o r  
t he  ca tas t roph ic  over  pressure which would r e s u l t  i n  passage o f  s l u r r y  
f l u i d s .  I t  i s  expected t h a t  t h e  passage o f  these s l u r r y  f l u i d s  a t  these 
d i f f e r e n t i a l  pressures would complete ly  erode the  i n t e r n a l s  o f  a convent ion- 
a l  r e l i e f  va lve.  By a l s o  p rov id ing  a va lve  s i m i l a r  i n  design and construc-  
t i o n  t o  the Letdown Valve, and s e t  s l i g h t l y  below the  convent ional  r e l i e f  
va lve,  we hope t o  min imize t h i s  e f f e c t ?  

The Letdown System d e s c r i p t i o n  above i s  a good example o f  our  t y p i c a l  
approach t o  the  s o l u t i o n  o f  ins t rumenta t ion  and measurement problems. I n  
those cases where the  prob lem/so lu t ion  i s  determined t o  be beyond t h e  s t a t e  
o f  the  a r t ,  we a r e  developing e i t h e r  p r a c t i c a l  a l t e r n a t i v e s  f o r  ob ta in ing  
the  requ i red  i n fo rma t ion  o r  sources o f  a1 t e r n a t i v e  i n f o r m a t i  on t h a t  w i l l  
s t i l l  a l l o w  us t o  operate the  p l a n t .  

Other examples o f  t h i s  would perhaps be s l u r r y  v i s c o s i t y  and % s o l i d s  
measurements. Both o f  these have been found t o  be beyond t h e  c u r r e n t  
s t a t e  o f  the  a r t ,  due t o  f a i r l y  h igh  process temperatures, s o l i d s  p a r t i c l e  
s i zes  o f  up t o  1/8" d i a .  and changing s p e c i f i c  g r a v i t y .  



It does appear, f o r  some a p p l i c a t i o n s ,  t h a t  t h e  readings f rom a  t r u e  
horsepower t r a n s m i t t e r  on the  pump motor o r  mixer  cou ld  be used. The 
to rque requ i red  t o  d r i v e  the  pump o r  m ixe r  would be a  f u n c t i o n  o f  t h e  
d e n s i t y  o f  t h e  s l u r r y  a t  a  p a r t i c u l a r  temperature. Th is  then w i l l  enable 
us t o  opera te  t he  p l a n t .  

Many ins t rument  readings a r e  d e n s i t y  dependent. Where t h i s  i s  a  
problem we may have t o  mon i to r  d e n s i t y  and compensate f o r  any change. 
Depending on t h e  r a t e  o f  f requency o f  t he  change, the  d e n s i t y  readings 
may be ob ta ined au tomat i ca l l y  o r  by l a b o r a t o r y  ana l ys i s .  Wi th the  use o f  
t h e  micro-processor based c o n t r o l  system, t h e  compensation can be e a s i l y  
e f f ec ted .  

CONCLUSION 

To da te  we have n o t  i d e n t i f i e d  any problem area t h a t  would p revent  us 
from ope ra t i ng  the  p l a n t .  We have been abl'e t o  e i t h e r  f i n d  a  s o l u t i o n  
o r  an acceptable a l t e r n a t e  arrangement. Our f u t u r e  p lans a r e  t o  con t inue 
our  i n v e s t i g a t i o n s  i n t o  c u r r e n t  technology and t o  work w i t h  establ ishments 
t h a t  a r e  developing new technology. 

The Author wishes t o  acknowledge the valua-ble c o n t r i b u t i o n  made by 
o t h e r  members o f  the  SRC-I1 P r o j e c t  Team i n  t h e  p repa ra t i on  o f  t h i s  paper.. 
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FIGURE I 

SIMPLIFIED SRC-II PROCESS 
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FIGURE II 

POTENTIAL INSTRUMENTATION/MEASUREMENT PROBLEMS 
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INSTRUMENTATION AND CONTROLS EXPERIENCE AT THE IGT U-GAS@ PILOT PLANT 
BY 

Amir Rehmat, Manu K. Vora, and William A. Sandstrom 
Institute of Gas Technology 
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ABSTRACT 

At the Institute of Gas Technology (IGT); several coal and char 

gasification pilot plant programs to produce low-and medium-Btu gas have 

been successfully conducted during the last 6 years. The U-GAS 
@ 

process consists of a single-stage fluidized-bed gasifier containing an 

ash agglomerator that achieves selective removal of high-ash-bearing 

material (agglomerates) and high carbon conversions. The three foot 

(0.91 m) diameter pilot plant reactor has produced quality medium-Btu ' 

gas at atmospheric pressure, over an operating temperature range of 

1500~-1950~~ (816°-10660~). 

This paper reviews the instrumentation techniques utilized for 

measurement and control of process variables for successful start-up, 

steady-state operation, and upset recovery in the U-GAS Pilot Plant. 

These variables include fluid bed level, density, temperature, pressure 

. and process gas input and product gas flow rates. Emphasis is placed on 

the instrumentation and control methods pertaining to the gasifier (bed 

height, temperature and pressure), selective ash removal and elutriated 

fines reinjection. The need for additional control features on demon- 

stration-scale plants is also stipulated. 

To date, gasification tests have been successfully conducted using 

metallurgical coke breeze, bituminous coal chars, Montana subbituminous, 

Illinois No. 6, and washed and unwashed Western Kentucky No. 9 bituminous 

coals. U-GAS process tests have been completed to produce design data 

at 60 psia (413 kPa) for an Industrial Fuel Gas   em on strati on Plant. 

INTRODUCTION 

The U-GAS'process has been developed by the lnstitute of Gas 

Technology (IGT) to produce low- and medium-Btu (150-300 Btu/SCF, 5588 

to 11,175 k~/m') fuel gas from coal that when burned does not need a 

stack gas cleanup system (1-6). This gas can be used for industrial 

heat furnances, proc&ss steam boilers, in electrici~y generation in 



combined-cycle power p l a n t s ,  and i n  i n d u s t r i a l  parks  a s  a  l o c a l  s u b s t i t u t e  

f o r  n a t u r a l ' g a s .  It can  a l s o  be converted t o  a  chemical feeds tock  f o r  

product ion  of hydrogen, ammonia, a l coho l  o r  methane (SNG). . . 

The U-GAS process  conver t s  more than 90% of t h e  carbon and hydrogen 

i n  t h e  f eeds tocks  t o  a  medium-Btu gas.  I n  f a c t ,  t h e  U-GAS process  

accomplishes fou r  important  func t ions  i n  a  s i n g l e  s t age ;  i t  handles  

caking c o a l ,  d e v o l a t a l i z e s  and g a s i f i e s  t h e  c o a l  and agglomerates t h e  

a s h  from t h e  f l u i d  bed. Other c h a r a c t e r i s t . i c s  of t h e  process  i nc lude  

t h e  c a p a b i l i t y  t o  g a s i f y  a l l  ranks  of c o a l ,  and t o . p r o c e s s  crushed c o a l  

i nc lud ing  t h e  f i n e s .  The process  has  a  s imple des ign  which provides  a 

r e l i a b l e ,  c o n t r o l l a b l e  o p e r a t i o n  a b l e  t o  wi ths tand  upse t s .  The product  

gas  i s  s i g n i f i c a n t l y  low i n  t a r  and i s  environmental ly  accep tab le  wi th  a  

minimum of t rea tment .  

This paper  b r i e t l y  desc r ibes  t h e  p r i n c i p a l  f e a t u r e s  of t h e  U-GAS 

p rocess  and d i s c u s s e s  t h e  ins t rumenta t ion  techniques u t i l i z e d  f o r  

measurement and c o n t r o l  of t h i s  important  s y n t h e t i c  f u e l  process .  

U-GAS PROCESS DESCRIPTION 

111 the U-GAS p rocess ,  c o a l ,  gene ra l ly  1 / 4  inch  X 0,  i s  s u r f a c e  

- d r i e d  f o r  handl ing  purposes and pneumatical ly  i n j e c t e d  i n t o  t h e  g a s i f i e r  

through a  lockhopper s c a l e  system. Within t h c  f l u i d i z e d  Led, cual 

r e a c t s  wi th  steam and oxygen ( a i r  can be s u b s t i t u t e d  f o r  oxygen) a t  

tcmpcratures  of 1750'. Lu 1 9 0 0 ~ ~  (954' t o  1038'~) .  The temperature of 

t h e  f l u i d  bed depends on t h e  type  of c o a l  f.eed and i s  c o n t r o l l e d  t o  

ach ieve  ash agglomerat ion (not s lagging)  condi t ions .  The ope ra t ing  

p r e s s u r e  of t h e  p roces s  depends on t h e  11ltirn.qte u s e  of t h e  product gas 

and may vary between 50 t o  350 p s i  (345 t o  2412 kPa). The p re s su re  must 

be  optimized f o r  a p a r t i c u l a r  system; f o r  product ion  of an industrjal 

f u e l ,  a  minimum p r e s s u r e  of 80 t o  100 p s i  (551 t o  689 kPa) i s  d e s i r a b l e .  

A t  t h e  s p e c i f i e d  condit-ions, c o a l  i s  g a s i f i e d  r a p i d l y ,  prodllci.ng a  

gaseous mixture of hydrogen, carbon monoxide, carbon d ioxide ,  and a 

sma l l e r  f r a c t i o n  of methane. Because reducing condi t ions  a r e  always 

' maintained i n  t h e  bed, most of t h e  s u l f u r  p re sen t  i n  t h e  c o a l  is  converted 

t o  hydrogen s u l f i d e .  



Simultaneously.with c o a l  g a s i f i c a t i o n ,  t h e  a sh  i s  agglomerated i n t o  

n e a r l y  s p h e r i c a l  p a r t i c l e s  and s e p a r a t e s  from t h e  bed. P a r t  of t he  

f l u i d i z i n g  gas e n t e r s  t h e  g a s i f i e r  through a  g r i d .  The remaining gas  

flows upward through t h e  a sh  agglomerating device  and forms a  flame zone 

w i t h i n  t h e  f l u i d i z e d  bed, where t h e  temperature i s  g r e a t e r  than  a t  o t h e r  

l o c a t i o n s  i n  t h e  bed. High a sh  content  p a r t i c l e s  agglomerate under t h i s  

cond i t i on ,  grow l a r g e r  and heavier  u n t i l  they a r e  s e l e c t i v e l y  separa ted  

and discharged from t h e  bed. They a r e  withdrawn a t  t h e  a sh  hoppers. I n  

t h i s  manner, t h i s  f luidized-bed r e a c t o r  achieves  t h e  same low l e v e l  of 

carbon l o s s  i n  t h e  d ischarge  a sh  a s  i s  gene ra l ly  a s soc i a t ed  wi th  t h e  

ash-slagging type  g a s i f i e r s .  

Coal char  f i n e s  e l u t r i a t e d  from t h e  f l u i d i z e d  bed a r e  c o l l e c t e d  i n  

two e x t e r n a l  cyclones.  F ines  from t h e  f i r s t  cyclone a r e  re turned  t o  

t h e  bed, and f i n e s  from t h e  second cyclone a r e  re turned  t o  t h e  a s h  

' agglomerating flame zone, where they a r e  g a s i f i e d ,  agglomerated wi th  bed 

" a s h ,  and discharged as a sh  agglomerates.  The raw product  gas  i s  s i g n i f i -  

c a n t l y  f r e e  of t a r  and o i l s ,  and thus  t h e  ensuing hea t  recovery a n d -  

p u r i f i c a t i o n  s t e p s  d i c t a t e d  by t h e  end use  of t h e  product gas  a r e  

s i m p l i f i e d  . 
DESCRIPTION OF THE PILOT PLANT 

The U-GAS p i l o t  p l a n t  is  loca t ed  a t  IGT's t e s t  f a c i l i t y  i n  south- 
Q 

west Chicago along wi th  t h e  HYGAS p i l o t  p l a n t .  The U-GAS f a c i l i t y  

c o n s i s t s  of a  g a s i f i e r  and a l l  requi red  p e r i p h e r a l  equipment, most of 

which i s  contained i n  a n  enclosed s t r u c t u r e  about  100-feet high (30.5 m). 

The U-GAS equipment , includes a  feed dry ing  and screening  system 

with s t o r a g e  s i l o s ,  a  lockhopper system (weighed) f o r  feeding  a  dry 

crushed m a t e r i a l  a t  r a t e s  up t o  3000 l b / h r  (1364 kg /h r ) .  The r e f r a c t o r y -  

l i n e d  f luidized-bed g a s i f i e r  r e a c t o r  has a  s p e c i a l  agglomerate with- 

drawal system i n  i t s  base. Downstream is a product gas  quench system, a  

cyclurle system f o r  removal and r e c y c l e  of e l u t r i a t e d  f i n e s ,  a product  

gas scrubber  and a  product gas  i n c i n e r a t o r .  

The p i l o t  p l a n t  flow shee t  is  shown i n  F igure  1. The 3-foot ( .91  m) 

diameter  by 25-foot (7.62 m) high r e a c t o r  has  a  &foot  (1.22 m) diameter 

f reeboard .  The r e a c t o r  is  l i n e d  wi th  high alumina an3 i n s u l a t i n g  
0 

r e f r a c t o r y  t o  reduce t h e  w a l l  temperature t o  230 F ( 1 1 0 ~ ~ )  and minimize 
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heat losses. 

Pilot plant process instrumentation records fluidized-bed density 

and he'ight along with all process gas flow rates. .Temperatures are 

recorded for all process and product gas streams as well as numerous 

locations within the fluidized-bed reactor. .The product gas composition 

is continuously monitored by infrared, thermal conductivity, and para- 

magnetic instrumentation. These gas composition monitors are checked by 

mass spectrometer analysis of samples. All solids streams are frequently 

sampled and analyzed for carbon, ash, sulfur, volatile matter, and 

particle size range. The ash agglomerates that are discharged through 

lockhoppers are weighed, and sampled. Elutriated fines (when not recycled 

to the process) are also weighed and sampled as they are removed. 

The pilot plant feed system includes several transfer conveyors, 

80-ton (72.7 Mg) and 100-ton (90.9 Mg) silos (with 5-ton E4.5 M ~ ]  
3 internal storage hoppers) and two 11-cubic foot (0.31 m ) lockhoppers. 

,. . , One of the lockhoppers provides surge storage for the reactor feeder. 

The lockhoppers are part of an automatic batch'weight system. This 

system keeps the reactor screw feeder filled, and each weigh dump is 

.:: recorded in the control room. The solids are regulated by a screw 

feeder supplying a pneumatic.system that injects the feed directly into 

the gasifier. 

The product gas leaving the reactor enters the first stage quencher 
0 

where it is direct cooled to about 1 0 0 0 ~ ~  (538 C) by a stream of water 
' 

atomized by nitrogen. Two cyrlnnes lncated downstream of this quencher, 

return fines to the reactor. These cyclones are upstream of a second 

quencher, where gas is cooled to 500'~ (260~~) before it is sent to a 

gas scrubber. The scrubbed gas is then burned in an incinerator. 

INSTRUMENTATION 

Proper operation df the U-GAS pilot plant is maintained by monitor- 

ing solids streams through sampling and the use of temperature and 

pressure measuring devices. Periodic bed sample analyses are used to 

control the accumulation of ash in the bed,, and minim'ize the carbon loss 

when char is discharged with the ash. 



The fo l lowing  s e c t i o n s  d e s c r i b e  t h e  ins t rumenta t ion  developed t o  

o p e r a t e  t h e  U-GAS p i l o t  p l a n t  and d i scusses  s p e c i f i c  ins t rumenta t ion  

techniques  u t i l i z e d  t o  c o n t r o l  improtant  process  parameters.  

1nstrumentati .on of The U-GAS P i l o t  P l a n t  

The m a j o r i t y  of U-GAS p i l o t  p l a n t  ins t rumenta t ion  i s  s tandard  

process  i n d u s t r y  equipment adapted t o  measure and c o n t r o l  t h e  ope ra t ion  

of t h e  process .  Bas i ca l ly ,  t h e  p i l o t  p l a n t  i s  equipped wi th  a  pneu- 

m a t i c a l l y  opera ted ,  closed-loop feadback, automatic  c o n t r o l  system. 

Bas ic  process  v a r i a b l e s  measured and c o n t r o l l e d  a r e  fluid-bed l e v e l  and 

d e n s i t y ,  r e a c t o r  p re s su re ,  temperature and f l n w  rate of t h e  g a s i f i c a t i o n  

media. The a p p l i c a t i o n  of t h i s  ins t rumenta t ion  t o  t h e  U-GAS process  i s  

d iscussed  below. 

Density 

The d e n s i t y  of t h e  U-GAS f l u i d i z e d  bed and t h e  i n c i p i e n t l y  f l u i d i z e d  

f i n e s  i n  t h e  cyclone d i p l e g s  i s  measured. This  information is  needed t o  

determine t h e  r e a c t o r  f luidized-bed he ight  and a s s u r e  e f f i c i e n t  ope ra t ion  

of t h e  cyclones.  The technique of hydros t a t i c ' head  measurement has been' 

employed w i t h  good r e l i a b i l i t y .  

The h y d r o s t a t i c  head p r i n c i p l e  i n t e r p r e t s  d e n s i t y  by a d i f f e r e n t i a l  

p re s su re  measured over  a  s p e c i f i c  he ight  of fl.11i.d. The simple equat ion  

of p = P / h  (where p - d e n s i t y ,  P = pressure ,  and h = he igh t )  is used t o  

c a l c u l a t e  t ho  denoi ty .  

Level 

Because t h e  U-GAS process  u t i l i z e s  a  f luidized-bed f o r  sol id-gas 

con tac t ing  and h e a t  t r a n s f e r ,  a c c u r a t e  bed he igh t  o r  volume measurement 

i s  necessary  t o  c o n t r o l  product gas  q u a l i t y .  The method used f o r  in- 

d i c a t i n g  f luidized-bed l c v c l s  u t i l i z e s  t h e  d i f f e r e l i l i a 1  p re s su re  between 

two p re s su re  taps .  A low p res su re  t a p  is  loca t ed  above t h e  f l u i d -  

bed level and a  h igh  p re s su re  t a p  a t  t h e  bottom of t h e  bed, and t h i s  

l a t t e r  t a p  i s  a l s o  connected t o  another  f l u i d i z e d  d e n s i t y  t r a n s m i t t e r .  

Th i s  o the r  t r a n s m i t t e r ' s  low p res su re  t a p  i s  loca t ed  i n  t h e  bed and a t  

a  s p e c i f i e d  d i s t a n c e  above t h e  combined tap .  The p re s su re  d i f f e r e n t i a l  

of t h i s  l a t t e r  t r a n s m i t t e r  e s t a b l i s h e s  t h e  bed d e n s i t y  and i s  used t o  

determine t h e  t r u e  bed he ight  by c o r r e l a t i o n  wi th  t h e  p re s su re  d i f f e r e n t i a l  



of the first transmitter. 

~easurement of the U-Gas reactor's fluidized-bed levels is reliable 

only if nitrogen gas purges are used for the pressure-sensing lines of 

the d/p cell transmitters. These purges are necessary to prevent solids 

and/or condensible gases from accumulating and plugging the pressure 

taps. Accurate and stable.purge flow control is necessary to achieve 

accurate bed level recordings. 

Naturally, zeroing and spanning of transmitters must be conducted 

when purges are on to offset error in readings. Similarly, purge meter 

flow control is best achieved if the regulating valve is located down- 

stream of the purge meter. The plugging of pressure tap lines is greatly 

minimized if the purge meter pressure is 25% or more above tap pressure. 

As the U-GAS process operates at low pressure, purge gas density pressure 

head can be neglected as an effect upon transmitter zero at reactor 

operating conditions. 

Besides fluidized-bed level measurements, U-GAS instrumentation 

must indicate bulk solids level in the lockhoppers. An electronic 

vibrating sensor (Dynatrol) has been found to be accurate and reliable 

for providing level indication for coal, coke ash, char fines and ash 

displaced in water. 

Flow 

Accurate flow measurement and control of U-GAS process gas and 

water streams is essential- for material and energy balances to be calculated 

from pilot plant data. These flow measurements are obtained through 

conventional "head1'-type meter installations where the differential 

pressure is measured across a primary element to indicate a flow rate. 

Common concentric, sharp-edge ortfice plates are used as primary elements 

tn nht.a.in flow rates for these homogeneous fluids. Solids flows are 

obtained by periodically weighing materials fed to or discharged from 

the system. 

Pressure 

Pressure defection and control has presented no serious problem at 

the U-GAS pilot plant; To rn~as~l?-e reactor or product gas.pressure, 



sensing lines are purged and the pressure of the purge gas is measured 

by gauge or pressure transmitter. No purge is used where there are no 

solids in the medium to be measured. ' 

Temperature 

Accurate measurement and control of bed temperature is essential to 

successful operation of the U-GAS reactor. Some critical considerations 

in temperature control include eliminating set point over-shoot; locating 

thermal elements in representative areas; and obtaining fast, accurate 

sensor response. The pilot plant is temperature c~ntralled hy manrial. 

adjustment of process reactant (oxygen and steam) input flow rates. A 

larger plant would require automatic control of these inputs. 

Temperature meaouromcnt in the U-,.GAS pilot plant is accomplished by 

conventional thermometry techniques. Chromel-alumel, Type K, thermo- 

couple junctions are used exclusively for measuring temperatures up to 

2400'~ (1316~~). A few ~ y ~ e  J, thermocouple junctions measure temperatures 

below 1 0 0 0 ~ ~  (538'~). Sheathed, ceramic, insulated-type thermocouples 

are used for Type K. They are installed in 310 stainless steel thermowells 

for protection from the abrasive and corrosive environments found in the 

process. Iron-chrome or ceramic sheathed thermowells would probably be 

pr&f erred for longer service life. 

Instrument Monitoring of Process Control Parameters 

Fluidization Stability 

The most critical area in the entirs system io thc gasifier fluid 

bed itself. By nature the U-GAS process yields a segregated fluid bed. 

It was necessary to develop and or a ~ p l y  instriim~ntat~on to msnitor 

different zones of the fluid bed to assure that each section was adequately 

fluidized. Monitoring is achieved by measuring a pressure drop across 

differential heights of the fluidized bed. A significant increase.in 

pressure drop in the lower section is an indication of heavy ash accumula- 

tion that should be removed by gas flow adjustment at the ash removal 

venturi line. Both temperature and pressure recorders are quite useful 

to detect defluidization. A sudden reduction in recorded pressure or an 

excursion in the bed temperature, after the reactor bed has attained a 



steady-state, is an indication of defluidization and clinker formation. 

However, a bed temperature indicator is not 100% reliable since clinker 

formation may be localized and not take place near a therma1,sensing 

element and thereby furnish no alarm. A sudden change h pressure drop 
across the bed at stabilized temperatures and flows, is a more certain 

indication of defluidization and clinker formation. Whether the general 

level of the pressure signal rises or falls is not as important as a 

decrease in,the magnitude of the signal fluctuation chart trace. The 

latter state is almost a sure sign of defluidization and clinkering. 

Fluidized-Bed Density 

The density of the fluid bed is obtained by measuring the pressure 

drop across a known vertical distance in the fluidized bed. This density 

has been found to be directly related to the amount of ash present in 
I 

the gasifier bed and can be utilized to control the'bed ash content. An 

excessive amount of agglomerated ash present in the fluid bed can cause 

defluidization if it is not removed by adjustments in the solids clas- 

sifying process gas flow. 

,+ At the U-GAS pilot plant, the ash agglomerates can be discharged at 

a controlled rate by manual operation of the solids classifying process 

gas flowing up the ash discharge throat. This manual method is not 

suitable for large'or demonstration scale plants. Large plants will 

require automatic ash discharge control, utilizing the relationship 

between the bed ash content and bed density as the control parameter for 

maintaining constant ash levels in the bed. Upon an increase in density 

above that desired, a reduction in the flow of solids classifying process 

gas entering the ash discharge throat would permit smaller particulate 

size fractions of ash to discharge from the bed and thereby reduce bed 

density. 

A backup pressure differential detector system should be employed 

to provide a method to detect an increase in bed ash concentration tha t  

does not yield an increase in bed density. If no bed density difference 

exists throughout the height of the fluid bed then ash agglomerates are 

not forming as gasification proceeds. A preset differential pressure 

alarm could be employed that would trip automatically if the differential 



pressure indicators did not show a higher density at the bottom of the 

fluid bed. This alarm would be used by operation personnel to alter 

operating conditions to prevent bed defluidization. 

Fluidized-Bed Temperature 

The control of fluid-bed temperature is essential for sustaining 

steady-state ash agglomeration. This temperature can be easily controlled 

by adjusting the rate of oxygen input. The U-GAS process system incor- 

porates a process gas jet line through which oxygen-steam or air-stream 

mixtures call be cuntrolled automatically. A bed temperature controller 

thereby should be used to adjtist this f l o w  of oxidant to maintain tlle 

temperature set point. Naturally, this flow would be automatically cut 

off in the event of a high temperature excursion. 

Rate of Ash Discharge 

The steady discharge of ash agglomerates through the ash throat is 

essential to continuous clinker-free operation. A plugged throat will 

cause local defluidization on the grid and significant clinker formation. 

By monitoring the pressure drop across the ash throat, early evidence of 

local defluidization can be detected. A significant reduction OP rise 

in the throat pressure drop is a very definite indication of a plug in 

this line. 

Tlru bu~uporuturc I n  the aslei cliscllarge line can also be used to 

classify ash from char so as to minimize carbon loss. When the ash 

discharge material is high in carbon content, this carbon ignites as 

the solids pass through the classifying process gas. The rise in line 

temperature generated -is proportional to the carbon content r - ~ l r  t h ~  

falling solids. Accordingly, this ash discharge line temperature 

combined with periodic ash analysis of the falling solids can also be 

used to control the flow rate of the ash classifying gas. 

Coal Feed and Fines Return Rate Stability 

The flow nf coal feed into the reactor and the fines return from 

the cyclone are also monitored through the change in pressure drop in 

their feedireturn lines. These pressure drops are measured between the 

bed and a point on the feedireturn lines. Pressure differential alarms 



can provide an early warning of process feed and fines recycle instability 

which can then be corrected. 

Thus differential pressure and specific temperature relationships 

have been widely employed or noted as quite.usefu1 to the U-GAS process 

for control as well as monitoring to assure operating stability. 

U-GAS DEMONSTRATION PLANT 

Memphis Light, Gas and Water (MLGW) Division of the City of Memphis, 

Tennessee, entered into a contract with the U. S. Department of Energy 

(DOE) in late 1977 for the design and construction of an Industrial Fuel 

Gas (IFG) Demonstration Plant. MLGW has entered into sub-contracts with 

IGT, Foster Wheeler Energy Corporation, and Delta Refining Company to 

achieve design, construction, and operation of the Demonstration Plant. 

These four companies comprise the industrial team. MLGW-'s contract 

.., calls for utilizing the IGTU-GASprocess to produce 175 million 

. cubic feet (5 million cubic meters) of medium-Btu fuel gas per day (284 
3 Btu/SCF-10579 k ~ / m  ) from Western Kentucky /I9 coal (2800 tonslday-2545.5 

Mg/day). This industrial fuel gas will be produced and delivered to 

industrial customers in the Memphis area. 

The entire program will be conducted in three phases (7). Phase 1 

includes pilot plant gasification tests by IGT to provide specific data 

on Western Kentucky coal for the preliminary design of the,Demonstration 

Plant. Phase 2 covers the engineering, design and'demonstration plant 

construction. Phase 3, testing and operation of the demonstration plant, 

is to be completed by 1985. 

The process control system for the.Demonstration Plant will draw on 

the control principles developed in the pilot plant. Automatic control 

of the fluih-bed level (through feed rate control), the bed temperature 

(through steam and/or oxygen flow control), and the ash discharge rate 

(through bed density control) will be required. Load following can be 

accomplished through control of fluidization velocity and operating 

pressure. 

CONCLUSION 

Present day control technology has been successfully applied at the 



U-GAS p i l o t  p l a n t .  These techniques have been adapted t o  monitor a s  

w e l l  a s  c o n t r o l  t h e  c r i t i c a l  a s p e c t s  of t h e  process ,  namely temperature,  

p r e s s u r e ,  bed d e n s i t y  and he igh t ,  ash  d ischarge  r a t e  and t h e  e l imina t ion  

of s i n t e r  formation.  

The same p r i n c i p l e s  w i l l  be  u t i l i z e d  i n  t h e  development of t h e  U- 

GAS demonstrat ion p l a n t ,  however, t h e  ins t ruments  t o  achieve  t h e  same 

g o a l  may be s e l e c t e d  wi th  more advanced concepts  t o  o f f e r  a  combination 

of performance, ope ra t ing  f e a t u r e s ,  f l e x i b i l i t y ,  m a i n t a i n a b i l i t y  and 

dependab i l i t y .  

ACKNOWLEDGEMENTS 

The informat ion  requi red  t o  prepare  t h i s  paper has  been obta ined  

from work conducted a t  t h e  IGT U-GAS p i l o t  p l a n t  under t h e  sponsorship 

of t h e  Utiited S t a t e s  Department of Energy (DOE) and Memphis Light ,  Gas 

and Water ' (MLGW) Divis ion  of t h e  Ci ty  of Memphis, Tennessee. 



REFERENCES 

\ 

1. Sandstrom, W. A., Rehmat, A. G., and Bair, W. G., "The Gasification 
of Coal Chars in a Fluidized-Bed-Ash Agglomeration Gasifier," Paper 
presented at the 69th Annual AIChE Meeting, Chicago, NovemberL1976.. 

2. Rehmat, A., Vora, M. K., and Sandstrom, W. A., "Low-Btu Gas from 
the IGT Ash-Agglomeration Gasification Process," Paper presented ' 

at the 13th Intersociety, Energy Conversion ~ n ~ i n e e r i n ~  Conference, 
San Diego, August 20-25, 1978. 

3. Sandstrom, W. A., Vora M. K., and Rehmat, A. G., "IGT U-GAS Pilot 
Plant: High Temperature Fluidization," Paper presented at the 71st 
~nnhal AIChE Meering, Miami, November 12-16, 1978. 

4. Patel, J. G., "U-GAS Technology Status," Paper presented at the. .. . 

Symposium on Advances, in Coal Utilization Technology, Louisville, 
Ky., May 14-18, 1979. 

. . 

5. Vora, M. K., Sandstrom, W. A., and Rehmat, A. G., "Ash Agglomeration 
in Fluidized Bed Coal Gasification," Paper presented at the Sixth 

' National Conference on Energy and the Environment, Pittsburgh, 
May 21-24, 1979. 

6. Vora, M. K., Patel, J. G., Sandstrom, W. A., and Rehmat, A. G., 
"ICT U-CAS Pilot Plant Developments," Paper presented at the 14th 
Intersociety Energy Conversion Engineering Conference, Boston, 
August 5-10, 1979. 

7. Gray, R. W., "MLGW-DOE, Industrial Fuel Gas Demonstration Plant," 
Paper presented at the Tenth Synthetic Pipeline Cas Symposium, 
Chicago, October 30-November 1, 1978. 



COMPUTERIZED DATA ACQUISITION METHODS .FOR IN SITU 

PE"PROLE~ RECOVERY EXPERIMENTS 

Michael W. Thornton 
U. S . Department of Ehergy, Laramie Energy Technology Center* 

ABSTRACT 

The Laramie Energy Technology Center has conducted several in situ field 

experiments for the recovery of fossil fuel substances. This paper 

describes the data acquisition and process con.tro1 instrumentation t b t  
was used during recent in situ field experiments in tar sand combustion, 

oil shale retorting, and underground coal gasification. Specifics to be 
discussed include instrumentation for automatic gas sampling and analysis, 

underground temperature and pressure instrumentation, pressure and flow 

measurement and control, kdware configurations, and the software , systems 

used to monitor, control, and record the processes. 

The paper also includes comparisons of the instrumentation, computer 

hardware, and the software used on each of the three most recent experi- 

ments. The best features of these systems can now be adapted to future 

applications in the field or in the laboratory. 

INTRODUCTION 

The three experiments discussed in this paper were fielded from the summer 

of 1977 through the present. These projects are: (1) a tar sands combus- 

tion experiment, referred to as TS-2C, conducted approximately 6 miles 

west of Vernal, Utah, (2) an oil shale retorting experiment, RS-12, about 

7 miles west of Rock Springs, Wyoming, and (3) an on going underground 
coal gasification (UCG) experiment n e a  Hama, Wyoming known as IIanna IVB. 

The tar sands data acquisition system was developed independent of any 

other field project. Next, the RS-12 system was developed using the 

* Now with Westinghouse Hanford Company, Box 1970, Richland, WA. 99352. 



hardware from the TS-2C project but drawing from techniques used on 

earlier UCG programs. Actually, the development of the RS-12 system and 

the modification of UCG software for the Ranna IVB project was done con- 

c~ently. So, the RS-12 system was an attempt to use the techniques of 

a larger computer system on a less powerful one. 

IN SITU PROCESSES 

Tar sands combustion, oil shale retorting, and coal gasification, each as 

in s i b  processes, require heat to reduce the petroleum product as it lies 

in the original formation to move it to the surface. Part of the fuel is 

spent i.n,place to support the combustion necessary to each process. To 

sust,ain combustion, air &st be forced into the reaction zone often under 

high pressure and at a high flow rate. All three processes also require 

water to be injected at times (either as water or steam). For ,coal gasifi- 

cation, water is a necessary constituent of the gasification reaction 
> 

. .whereas the tai sand combustion and oil shale retorting experiments use it 

largely for cooling and oxygen dilution. 

Generally, the resource is ignited innthe formation at the bottom of an 

injection or production well. A combustion front then moves horizontally 

toward the sources of oxygen in other wells. Intermediate wells are stra- 

tigically located to intercept and monitor the combustion. 

. The products of all three processes are liquid and gas phases. For coal 

poifioation, the procli~ct i s  a low Btu gas with some liquids in the form 

of coal tars and water with dissolved solids. In oil shale and tar sand 
. . extraction the gasses +re more usef'ul in determining the progress of the 

experiment. liquid products (oils, and water) are generally -lysed away 

from the experiment site. 

Ao we o m  see, all of these in situ processes require a common set of 

measurements to evaluate the experiments progress and provide decisive 

data. 



Temperatures, pressures, flow rates, and ga.s analyses are the four major 

measwands recorded in these experiments. The temperatures of the process 

zone provide clear evidence of combustion patterns and motion. Meanwhile, 

temperatures in the surface equipment aze useful to evaluate the experi- 

mentas operation, monitor injection and production system efficiencies, 

and watch for critical situations (ego the temperature of tar sand bitumen 

in production lines must be kept above about 1 3 0 ~ ~  to keep it mobile). 

Pressure measurements are made wh5.r.h ref3ec.t the zone's prescuro pattern, 

Gata is derived from observation, air injection, and fluid produotion wells. 

Surface pressures need to be monitored especially in the injection air 

manifolds, steam generation systems, and production equipment. Pres~1~~e . s  

axe necessary to calculate the air injection and gas production flow rates. 

Although the flow rates are most often calculated (orifice metering), some 

flows, such as fuel and liquid flows,can be measured more directly. Gas 

analyses of the product and intermediate gasses often provide .the. most 

meaningful infomtion on the combustion process. 

Other measurands useful to these projects include l i q u i d  1.evel mnn.i.tsrri.ne; 

in'wells and in tanks, continuous gas species analyses (such as O7 and CO), 

water saturation of gasses, oil/water mixtures, viscosity, liquid and. snljrl 

analyses, measurements of water injected and total fluids produced, and at.- 

mospheric and environmental monitoring. Energy balance calculations also  
make it desirable to measure total electrical and petroleum energy spent 

in the experiment. ~lthough not all of these measurands were available, 

most of them were accessable at any time with the real-time computing 

systems used to aid these projects. 

UMD~GROUTC~ :!TIzc.[uII!)cC)UP:L,ES k ,hIC GUS 12BTIP.TI 8B COWL EXION 

The underground temperature instrumentation for all of these projects 

specified the use of K - type thermocouples set in the reaction zone. 
Since Sandia Laboratories was responsible for the thermometry of the RS-12 

;:,~d UCG experiments, I'would like to describe the thermocouple arrange- 

ments used for the Vernal TS-2C project. Although we did not use any 



branched thermocouples or other in place diagnostic instrumentation, we 

feel that the results from the thermocouples and their multiplexing were 

quite good. ' 

In each of the thirteen observation wells of the TS-2C well pattern, 

.twelve stainless steel sheathed thermocouples (TCS) were bundled with the 

measuring junctions spaced at one foot intervals with the top junction 

positioned at the upper boundary of the tar sand zone. These TCs were 

then spliced to a twelve pair extension cable (type KX) fifteen feet 

above the top junction. This splice consisted of spaced, individually 

silver soldered splices which were heavily insulated and finally sheathed 

with a four foot length of 3/4 inch conduit to offer resistance to abrasion 
and bending. This whole assembly was finally filled with a liquid insula- 

ting material and capped with wax filled heat-shrinkable tubing. The 
I 

I - .  extension cable was then continuous to a junction box mounted on the obser- 

.. vation wellhead. Please refer to figure 1. 

From each observation wellhead, see figure 2, the cables were routed via 

buried steel conduits to one of two large junction boxes holding 13 multi- 
plexing relays. These were 36PDT relays with gold plated contacts designed 

for low level signal switching and were activated via control relays from 

the computer. Finally, the output cables of the two relay junction boxes 

were brought to another junction box, also in the well pattern, from which 

a oingle twelve pair cable was run to the computer's A/D backplane. 

8 

The three junction locations were quite helpful during the cable installation 

but did not interfere with the TC readings during the experiment. Although 

some initial criticisms were made of 'the relaying of TC signals, it proved 

to be extremely reliable and absolutely trouble free. The relaying network 

was also much more economical than using nine additional multiplexing cards 

in the computer plus the extra cable and co~ectors that would have been 

needed. Since the temperature sampling rate was quite low, every six min- 

utes for all TCs ,  plenty of time was available to do switching and wait for 

the signals to settle. To help clean up the noise on these inputs and make 

open TCs apparent, a fourteenth relay was used to switch all inputs to ground 



(discharging the .A/D input capacitors) between each well. Thus, an open TC 

would be read as a zero potential rather than floating at the level of the- 

corresponding TC in the previous well. 

Although the underground gas sampling assemblies also installed in these 

observation wells were not entirely successful, I would like to describe 

them as I discuss the completion of the wells. The method of well comple- . 
tion was important in the success of the thermometry. 

Referring again to figure 1, a gas sampling tube, 1/8 inch pipe, was placed 

in the open well bore parallel to the TC extension from the wellhead Lo the 

upper bounda.ry of the test zone. At the lower end a junction was d e  to 

a ten foot length of one inch pipe which extended through the tar sands. 

This pipe was slotted and then wrapped with 1/16 inch mesh screen to block 

solids from the sampling tube. This mass of steel was insulated from the 

TC bundle with asbestos blocks before inserting the assembly into the well 

bore to plrevent the slurring of temperature readings by heat conducted 

along the pipe. The top end of the gas sample tube was connected to a 

current loop type euge pressure transmitter and a valve arrangement to 

permit sampling of the reaction zone gasses. (See figure 2.) Once the 

acsembly was in place, no. 10 sand was used to fill the open hole to the 

top of the tar sand layer. This sand was too large to invade the gas 

sapling tube, but allowed a good interface to the tar sand. (AS the 

combustion front would pass by, the bitumen would mobilize into the said 

and thus make it appear as part of the formation.) The no. 10 sand was 

followed by a five foot layer of fine sand as lost circulation material 

acting a barrier to the cement that was poured on top. (we did not want 

to create a solid core around the TC package.) Finally, cement was used 

to plug the well bore. Although we used about fifteen feet of cement, I 

would recommend a good deal more to prevent the leaching we experienced. 

Fifteen feet of cement is sufficient to hold back the pressure (up to 

500 psig in this test) but some of the bitumen forced a path around the 

plug and presented itself as an unexpected mess at the surface. Etren with 

this intrusion the TCs provided good data. 



AUTOMATIC GAS SAMPLING 

The gas analyses for these experiments has ' typically been done with micro- 

processor controlled gas chromatographs" (GCS) with temperature programming 

abilities. Early experiments required an operator to manually inject a 

gas sample, start the analysis, and then type thkdata into the computer. 

Improvements were made in the sampling system as well as interfacing the 

GCs to the host computers. Now, as with the M-52 and HAma experiments,. 

the computer automatically selects the sample points, initiates the analy- 

sis, and interrogates the GCs for the data. Complete analyses are thus 

available as hard copy from the GC, optional hard copy on the system's 

line printer, and in mass storage for future recall and for,real-time 

calculations. 

Let's examine the RS-12 sampling system. Two Hewlett-Packard 5830 gas 

chromatographs were used full time with a third in standby. One of these 

was used to continually monitor the production line gasses. Since up to 

three production wells could be monitored at any time, the operator was 

% given the option to dcoignate which gas streams, in any combination, were 

to be tested. From this point, the computer would take samples every 

hour until the operator requested a stop. The second GC was used similarly 

but could access up to 48 gas sampling ports through a series of computer 

activated solenoid valves. For this GC, a file was used to hold five days 

of sampling sequence information. An operator, through a special program, 

would then describe the sampling sequence to the computer in his own 

language. Before the sequence file would run out the operator was alerted 

to update his file. He could then enter any new sequence or reinstate the 

old one. The flexibility of this sequence definition file also provided 

for calibration analyses and for periodic halts for maintenance. 

Both chromatographs were automatically set (by software) to run only once 

per hour but this limitation was due only to the type of data base used to 

store the data.  h he data base will be discussed later.) Since the exper- 

iment was dynamic and the computational load would change, the initiation 

or final interrogation of a GC might easily be delayed. Delays were 



accepted by the operating system and compensated in the following runs. 

Since the GC cycling time w.as actually set for 55 minutes, but not twice 
in the same hour, the scheduling would'eventually make up the time lost in 

the delay. For example; if a GC was 15 minutes late in starting this hour, 

then next hour it will start 10 minutes late, 5 minutes late the next hour, 
and it will start at the normal. time three hours from now. 

Two of the experiments were instrumented for pressures primarily using cur- 

rent loop type transmLtters. Gauge pressures were measured at the observa- 

tion wellheads, air injection and gas production wellheads, and.at various 

stages of the surface equipment. ' No significant dii'vlcillies were encount- 
ered in monitoring pressures except in observation,wells where the tubing 

frequently plugget! with tar or frozen condensate. 

Orifice metering was used to measure all injection air and steam and prod- 

uction gas flow rates. (See figures 3 and 4,) Again, current loop type 

pressure transmitters were used to read' the absolute static and differential 

pressures. The pressures on the air injection lines were read more reliably 

. with the aid of pressure snubbers to help eliminate the rapid pulsing- often 

- -  created by the compressors, At some locations'(and in earlier experiments) 

voltage output (strain muge) type transducers were used'but with less 

satisfactory results. Although this may have been due to 1esB stYfn$eBt 

procurement specifications, the current loop transmitters were still easier , 

to maintain and use with long cables to the computer's A/D. 

# ' 

Control of injection air was attempted on the TS-2C experiment using 

electro-pneumatic valves under direct computer control. Althow the 
- control was partially successful, the motor valves were a poor'choice. 

, , 
Much better control has been achieved in the use of analog controls 

supervised by the computer (1 ). With the valve position continuously 

corrected by the closed loop analog device, the computer was used only to 

provide the set points of the desired flow rates. This type o'f control 

has been successfully in use ..on the Hanna projects for two years. 



THE COMPUTER KARGWARE 

The instrumentation for each of these field experiments was designed around 

a mini-computer based data acquisition system (DAS). 

The Vernal TS-2C experiment used a Hewlett-Packard (HP) 2100A CPU with 

32K words of core memory and a HP7900A disc drive with 4.9 Mbytes capacity 
to hold the operating system and data base. (see figure 5.) A HP7970 

magnetic tape drive was used for periodic system backup and temporary 

data storage. All analog data were digitized by a HP2313 A/D subsystem. 

Transient suppression devices were connected to all inputs at the A/D 

backplane. An ASCII Pa.rty Line, 53A from Compual;er Data Systems, was used. 

to. interface a real-time chronometer (with battery backup) to the CPU. 

Gas analyses were performed with a HP5830 gas chromatograph. Although 

. it was our intention to interface this GC to the computer for this pro- 

ject, the software was never finished and the data was entered into the 

,..computer by the operators.. Hourly and daily reports of the experiments 

progress were presented on a HP2767 line printer. Other information was 

available upon demand at the line printer, either of two CRT consoles 

(a HP2600A and a HP2640~)., or on the HP7210A X-Y plotter. A Texas 
, < ,  

.. Instruments Silent 700 terminal was used to permanently record all system 

flags and.errors. Comrmrnications to Laramie was made via a Bell 103' 

modem in Vernal to another TI Silent 700 in Laramie. Control was provided 

through reed relay interfaces to a bank of 64 115VAC relays which in turn 
powered the thermocouple multipexers, motor valves, and alams. 

The Rock Springs site 12 experiment had two data acquisition systems on 

the site. The HP based system from the TS-2C experiment was upgraded for 

use in Rock Springs and was interfaced to a Modcomp based BAS designed 

and operated by Sandia Laboratories. Improvements to the HP system in- 

cluded s W2648A graphics CRT console with a HP7245A printer/plotter for 

ha.rd copies of any CRT display. A IP2CO7 line printer (wide format) was 

added and the HP2600A CRT was deleted. Two HP5830 GCs were used and both 

were interfaced to the computer for automatic gas sampling. 

Sandia's ~odcomp system was interfaced to the IEPC HI? sys%l;ern as though it 
... 



another terminal. Thus, the IIP computer was able to use an existing I/O . . 
driver CDVAO~) and a 9600 baud asynchronous interface board (~12966). 
Optical isolation line drivers were used to electrically separdte the 

, . 
computers and drive the interfaces over the gap (about 150 feet). 

The two gas chrom&tographs were linked to the HP CPU using techniques. 

proven on earlier EIanna experiments. Again, existing software (DVROO) 

and hardware (11~12531~) ' were used. A Vadic modem was installed to 

provide a 1200 baud. comunications link to Laramie but hardware difficul- 

ties and problems with telephone lines kept us from establishing a working 

link before the end of the experiment. 

The Hanna IVB project used the same hardware configuration as the earlier 
. . 

Hanna 111 and IV experiments. (see figure 6. ) The CPU was a HP21MX-E 

mini-computer with 128K words of solid state memom. Three HP790p d i m  

drives provided 15 megabytes of space each (one drive was for backup) and 
a HP7970 magnetic tape drive was used for periodic storage of the system. 

The superior memory of this system was, a huge idvantage' in runnLng fast 

data acquisition and supporting graphics routines concurrently. Since a 

data base of 300 days (versus 75 days for RS-12) could be managed on a' 
siWlF! disc drive, the disc files were never changed within the duration 

The analog inputs for Ha.nna were divided between the HP2313 A/D subsystem 

and a Fluke 2240A data logger. The HP2313 was capable of faster arid random 

channel accesses and the Fluke was used for a large number of inputs to 

it's multipexers on the well sattern. Il'he Fluke trans~uiLl;ad daBo to the 

,CPU over an RS232C interface to the computer some 500 feet away. Due to 

the type of interrace used by the HB2313, the A/D wa.8 z~stric+ed to be 

within 15 feet of the CPU. 

Gas analyses at Hanna were obtained by two HP5840A gas chromatogrraphs, one 

for the production gases and one for the monitor well gdses. This time, 

the computer was used to sense when a sample was mamally iiijected into the 

GC and schedule an interrogation program to run 25 minutes later. There 



were no sample tubes for automatic sampling from monitor wells. Produc- 

tion gases, however, could be sampled automatically after the *linking1 

stage of the experiment and gasification was started, Normally, an iden- 

tification number was entered with the time for the sample whenever an 

operator injected a sample into a GC. This ID was used by the computer 

to identify the analyses stored in the data base. The interface used was 

the same as discussed for the FG-12 GCs. 

Tm COMPUTER S0mwAR.E 

All three projects utilized Hewlett-Packard supplied operating systems. 

However, the data acquisition programs for each system were rewritten and 

largely unique for each project, Table 1 shows a comparison of the 

operating environments for the three systems. 

Operating System RTE-I1 

Partitions 2 

Common Area 256 
. . * 

Measurands 186 

Data Base Length 35-40 Days 
Summary Access Very Good 

Serial Access Poor 

RTE.11 

1 

400 
500 

75 Days ' . 

Slow 

Very Good 

Hama IYB 

RTE-I11 

10 

2500 

600 

300 Days 

Very Good 

Vezy Good 

Table 1. Operating environments for the three in sit11 experiment 
data" aoquisition systems. 

The Rock Springs 12 software built upon many of the advantages of the Iihnm 

software while working under the limitations of the Vernal hardware. The 

results were very improved over the Vernal system and had some qualities 

above the Hanna system.   he Hanna IVB software was largely a modification 

of the existing softme developed for the Hanna I11 and IV experiments.) 

On a single disc drive, the RS-12 system contained a modular set of programs 

-ded by a single controlling program, a table driven set of data 

acquisition routines, a very flexible set of operator's programs, and-a 

compa.&t but accessable data base. 



The control program was used to schedule all data acqusition, data 

storage, and data reporting programs. Although the operator had complete 

control over all functions of' the system, he did not directly access 

them. He could start, stop, and change the rate of any of the seven 

major functions but the control program handled the timing and schedu- 

ling. These hulctions were: data acquisition, transfer of data to the 

Modcomp computer, transfer data from the Modcomp, auto-analyses from 

GCs I and 2, periodic printed summaries, and hourly storage of data. 

As mentioned before, the operator determined the gas sampling sequence 

for au=bomati;o analy~es. He could also change the entire injection and 

production flow pattern in the computer's logic to reflect any plmbfi~g 

changes that might be necessary. 

The data base for RS-12 was very similaz to the Hanna data bases but 

consisted of only seven files (instead of about Bo), w e  for each major 

data specie. All data species were stored chronologically and conti- 

guously for rapid access in plotting and time vqient analyses. Another 

small file was used as a directory to locate any data type, it's format, 

and. a descriptor useful for plot lables and reports. With the exception 

. of underground temperaturesi every measurand was uniquely: identified in 

this file and in every record of the database 'by a Lwo letter codo. 

The codes were mostly used for'look up' by the glotthg routines. 

CONCLUSIONS 

In the past four years at the Laramie Energy Technalugy Cer~ter, 6hc 

development of better data acquisition systems has taken a more prominent 

role in all field experiments. The i zardwe develupueuts have come from 

both industry and from within the center. Software techniques have 

improved ten fold and wlll continue to do so. We aye taking more dab 

in less time, over longer periods, and producing better analyses. Present 

efforts include the development of an asynchronous interface to the GCs, 

more generalized U S  software, improved graphics, and a cetralized U S  

with satellite field systems. 



1, Moore, King, Lanum, and Smith, "Data Acquisition and Process 
Control Instrumentation for In Situ Coal Gasification" from the 
7th Annual Mining and Metallurgy Division Symposium and Exhibit, 
Nov,, 1978, Denver, Colorado, 
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IMSTRUMENTATION NEEDS FOR A HIGH BTU 
COAL GASI ~ P X I O N  PLANT 

Herb C. March 
Procon Incorpora ted  

ABSTRACT 

Th is  paper discusses the  ins t rument  and c o n t r o l  system. requirements 
f o r  the  proper  opera t ion  o f  a h igh  Btu  Coal G a s i f i c a t i o n  Demonstration 
p l a n t  u t i l i z i n g  the HYGAS process. The needs and problems encountered 
i n  the measurement o f  s l u r r y  f low,  f l u i d i z e d  bed 1 evels, r e a c t o r '  surface. 
temperature, and process component ana lys i s  i s  presented. Some proposed 
so l  u t l o n s  dnd cbnsi  dera t ions  f ~ r  a d e q ~ ~ a  t e l y  ob ta in ing  these measurements 
a r e  a1 so  d i  s c ~ ~ s s e d .  

Th is  paper was prepared as an account of work sponsored by an .agency 
o f  the Un i ted  Sta tes  Government. Ne i the r  the  Uni ted States nor  any 
agency thereof ,  nor  any o f  t h e i r  employees, makes any warranty, ex- 
pressed or. imp1 ieel, o r  assums any l e g a l  1 i a b i  1 i t . ~  o r  respons ib i l  i t y  
f o r  any t h i r d  p a r t y ' s  use o r  the r e s u l t s  o f  such use #o f  any i n t o r -  
mation, apparatus, product,  o r  process d isc losed i n  t h i s .  paper, o r  
represents t h a t  i t s  use by such t h i r d  p a r t y  would n o t  i n f r i n g e  p r i -  
v a t e l y  owned r i g h t s .  



INSTRUMENTATION NEEDS FOR A HIGH BTU 
COAL GASIFICATION DtMONSTRATION PLANT 

Herb 'C. March 
Procon I nco rpo ra ted  

1 . INTRODUCTION 

The HYGAS process, 1  i ke any o t h e r  coa l  convers ion  process, r e q u i r e s  
adequate measurement o f  c e r t a i n  v a r i a b l e s  f o r  proper  c o n t r o l  and 
opera t ion .  Due t o  t he  h o s t i l e  environment i n  t he  process, p r e s e n t l y  
a v a i l a b l e  ins t ruments  a r e  e i t h e r  incapab le  o f  w i t h s t a n d i n g  t h i s  env i -  
ronment f o r  any l e n g t h  o f  t ime o r  d o n ' t  e x i s t  s i n c e  t he  measurement 
w a s n ' t  needed be fo re .  Th i s  leaves t he  des igner  w i t h  two methods t o  use 
i n  s o l v i n g  t he  problems o f  process measurement. The f i r s t ,  and 
p robab ly  t he  most s i g n i f i c a n t ,  i s  t o  des ign  t h e  process ing equipment 
so t h a t  these "problem measurements" w i  11 n o t  be needed a t  a l l  o r  t h e i r  
number reduced t o  a  bare' minimum. The second method i s  t o  .modi fy  and/or 
supplement p r e s e n t l y  a v a i l a b l e  ins t ruments  t o  make those measurements 
necessary f o r  process ope ra t i on  and a n a l y s i s .  

...-,' Th i s  paper d iscusses some o f  those areas where the  need f o r  t he  process 
" -  measurement cou ld  n o t  be "designed o u t "  and i s  e s s e n t i a l  f o r  accep tab le  
:. ' p l a n t  opera t ion .  

2. COAL/OIL SLURRY FLOW 

I n  o rde r  f o r  the  HYGAS g a s i f i e r  t o  opera te  p rope r l y ,  i t s  c h a r / o i l  s l u r r y  
f l o w  r a t e  has t o  be measured and c o n t r o l  l e d  t o  m a i n t a i n  a  steady feed  " 

r a t e  t o  the  g a s i f i e r .  Re fe r  t o  Fiegure 1 . Th i s  key process v a r i a b l e  i s  
a l s o  used t o  s e t  t he  c o n t r o l s  f o r  the  coa l  p r e t r e a t e r ,  c h a r / o i l  mix  tank 
and t h e  g a s i f i e r  s l u r r y  feed  pumps. Th i s  equipment must operate toge ther  
t o  meet t h e  char  feed  demand o f  t he  g a s i f i e r .  

S l u r r y  Flow 

Due t o  the  h i g h l y  e r o s i v e  na tu re  o f  the  s l u r r y  feed  t o  t h e  g a s i f i e r  
r eac to r ;  a simp1 e d i r e c t  i n  s i  t u  f l o w  r a t e  measure~net~t cannot p r e s e n t l y  
be made. However, t h i s  f l o w  r a t e  can be determined w i t h  reasonable 
accuracy by measuring the s l u r r y  feed  pump's speed and s l u r r y  dens i t y ,  
then c a l c u l a t i n g  the  mass f l o w  r a t e  u s i n g  t he  f o l  l ow ing  r e l a t i o n s h i p :  

Qs = Srvw 

Where: Qs = Mass f l o w  r a t e  o f  s l u r r y  i n  1  bs /min 

S = Speed o f  t u r b i n e  pump d r i v e r  i n  RPM ' 

r = Reduct-ion gear r a t i o  o f  d r i v e  

v  = PD pump's vo lume t r i c  d isp lacement  per  r e v o l u t i o n  i n  f t  

w = S p e c i f i c  we igh t  o f  c h a r / o i l  s l u r r y  i n  l b  / f t  



Both t u r b i n e  speed and s l u r r y  dens i t y  s igna ls  a re  sent  t o  a mu1 t i p l y i n g  
device t h a t  performs the f l o w  c a l c u l a t i o n .  The s l u r r y  feed pump t u r -  
b i n e ' s  speed w i l l  be determined by a tachometer which sends a 4-20 m4 
D.C. s i gna l  t o  the m u l t i p l y i n g  device. 

The main f a c t o r  a f f e c t i n g  the r e s u l t s  of us ing  speed measurement t o  de- 
termine the  pumps vo lumet r ic  displacement per  u n i t  t ime i s  t h a t  the pump 
volume must s t a y  constant .  Unfor tunate ly ,  the. e ros ive  na ture  of the 
s l u r r y  can erode the  s l u r r y  con tac t  surfaces o f  the  pump causing the  
pumps vo lumet r ic  displacement t o  vary. The i n t e r n a l  p a r t s  o f  the pump 
should be i n i t i a l l y  measured and recorded, then p e r i o d i c a l l y  inspected 
and remeasured t o  determine t h i s  r a t e  of wear and the  e f f e c t  i t  makes 
on the displacement volume o f  the pump. This e f f e c t  can then be com- 
pensated for. by a fac to r  added t o  the pumpl:s vo lumetr ic .d isp lacgment  
d u r i n g  system r e c a l i  brat ion,  

S l u r r y  d e n s i t y  

The dens i t y  o f  the s l u r r y  can be measured i n  the s l u r r y  mix tank by 
measuring the d i f f e r e n t i a l  pressure between f i x e d  p o i n t s  w i t h  a known 
v e r t i c a l  separa t ion  i n  the s l u r r y  volume. Refer t o  F igure  2 .  This  
"pressure head", as measured by a d i f f e r e n t i a l  pressure t ransmi t te r ,  i s  
d i r e c t l y  p r o p o r t i o n a l  t o  the s l u r r y  dens i t y  prov ided the s l u r r y  i s  mixed 
t o  keep the  s o l i d s  suspended i n  the s l u r r y .  This  r e l a t i o n s h i p  can be 
expressed by: 

(ac tua l  ) = f r e f .  
H 1 

Wherc: 

( a c t u a l )  = the s l u r r y  dens i t y  

f' re f .  = the re ference dens1 ty 

H r  = the d is tance between sensing p o i n t s  

"1 = the measured d i f f e r e n t i a l  pressure 

Each pressure sensing 1 i ne o f  the transmi t t e r  should u t i  1  i ze a remote 
diaphragm seal elerllent t o  keep them f r e e  o f  s o l i d s  and prevent  p lugging.  
These diaphragms a r e  i n s t a l l e d  d i r e c t l y  i n t o  the tank w a l l .  Preferably  
the  diaphragm sensing sur face should pro t rude i n t o  the tahk where i t  
w i l l  be kept  f r e e  o f  s o l i d s  by  the a g i t a t i o n  o f  the s l u r r y  i n  the  tank. 
The diaphragm s e a l ' s  span should Be se lec ted  so . that i t  i s  as c losc  dl; 
poss ib le  t o  the "pressure head" being measured t o  ensure h igh  s e n s i t i -  
v i t y  and accuracy i n  the pressure measurement. The seals should a l s o  
be removable so they can be cleaned p e r i o d i c a l l y .  

An a l t e r n a t i v e  t o  diaphragm seals would be the use o f  a cont inuous o i l  
purge through the transmi t t e r  sensing 1 i nes . The purge f l ow  and pressure 
i n  the sensing 1 ines  must be kept  constant  r e l a t i v e  t o  each o ther  t o  
prevent  e r r o r s  i n  the ac tua l  pressure d i f f e r e n t i a l  t o  which the t r a n s m i t t e r  



diaphragm i s  exposed. The supply  p ressure  t o  the purge ro tameter  
should be a t  l e a s t  20 p s i  above the  ope ra t i ng  p ressure  i n  the s l u r r y  m ix  
tank t o  p reven t  t he  back f l o w  o f  s o l i d s  i n t o  t h e  sens ing l i n e s  when 
process pressure upsets  occur.  

Back-up S l u r r y  Flow Measurement 

A back-up, o r  a1 t e r n a t i v e  method o f  measuring the  s l u r r y  f low would be 
t he  use o f  an elbow f l o w  meter.  Re fe r  t o  F igu re  3. The elbow meter i s  
a head type meter l i k e  an o r i f i c e  meter, however t h e r e  i s  no o b s t r u c t i o n  . 
i n  the  l i n e  t o  erode, d i s t o r t  o r  p l u g  up f rom t h e  s o l i d s  i n  t h e  stream. 
(Reference 1 ) .  Other advantages a re :  1 ) The improved s e n s i t i v i t y  t h e  
dev i ce  has t o  f l o w  changes, i .e., t he  developed pressure d i f f e r e n t i a l  i s  
2 t o  4 t imes l a r g e r  than a v e n t u r i  o r  o r i f i c e  p l a t e  w i t h  the  same be ta  
r a t i o .  S ince  the  s l u r r y  s t ream pressure i s  about  1350 ps ig ,  t he  h i ghe r  
developed pressure d i f f e r e n t i a l  increases the s i g n a l  g a i n  o f  t he  D.P. 
t r a n s m i t t e r  which should r e s u l t  i n  b e t t e r  performance. 2 ) Remote d i a -  
phragm sea l s  can be used on the  pressure sens ing l ines  o f  the  t rans-  
mi t t e r  t o  i s o l a t e  i t  f rom the  process. 

The e l  bow meter '  generates a d i f f e r e n t i a l  pressure between p ipe  w a l l  taps 
,,, caused by the f l o w  s t ream's change i n  d i r e c t i o n  as i t  passes through the  
. elbow s e c t i o n  o f  the  meter.  Th i s  d i f f e r e n t i a l  p ressure  i s  p r o p o r t i o n a l  

t o  b o t h  f l o w  r a t e  and f l u i d  d e n s i t y  o f  t he  s l u r r y ,  consequent ly  the  den- 
s i t y  has t o  be measured t o  o b t a i n  the  same accuracy as i n  the  p o s i t i v e  
d isp lacement  method. The d i f f e r e n t i a l  ,pressure transmi t t e r ' s  sens ing 
1 i nes  would u t i l  i z e  remote diaphragm seal  elements- t o  p reven t  them f rom 
p lugg ing  as mentioned be fo re .  The diaphragm su r face  should be mounted 
so t h a t  i t  i s  f l u s h  w i t h  t h e  p i pe  w a l l  and removable f o r  i n s p e c t i o n  and 
s e r v i  ce. 

An a1 t e r n a t i v e  t o  the  .diaphragm seal  would be an o i l  purge. The same 
cons ide ra t i on  discussed f o r  pu rg ing  t he  d e n s i t y  d i f f e r e n t i a l  pressure 
. t r a n s l ~ ~ i t t e r  a l s o  app ly  here f o r  b e s t  r e s u l t s .  The purge supp ly  pressure 
should be . a t  l e a s t  50 p s i g  above the  maximum ope ra t i ng  pressure i n  t h i s  
case. 

To o b t a i n  an accuracy c i o s e  t o  t h a t  o f  t he  pump v o l u m e t r i c  d isp lacement  
method, t h e  meter w i l l  r e q u i r e  shop c a l i b r a t i o n  f o r  a s p e c i f i c  s e t  of 
f l o w  c o n d i t i o n s  w i t h  a cons tan t  s l u r r y  dens i ty ,  then w i l l  have t o  be 
f i e l d  c a l i b r a t e d  f o r  d i f f e r e n t  d e n s i t i e s .  The p o s i t i v e  d isp lacement  
method o f  f l o w  measurement cou ld  be used as a re fe rence  f o r  t h i s  f i e l d  
c a l i b r a t i o n .  

As w i t h  the  pumps, the elbow meter would have t o  be p e r i o d i c a l l y  p u l l e d  
o u t  of t he  l i n e  and inspec ted  i n t e r n a l l y  f o r  wear, e s p e c i a l l y  around t he  
pressure sens ing areas. 



3. DILUTE PHASE SLURRY FLOW 

The raw gas from the  g a s i f i e r  goes t o  a quench tower where i t  i s  cooled 
and scrubbed of coal  f ines w i t h  water. Refer t o  F igu re  4. The quench 
water  i s  recyc led  back t o  the  quench sec t i on  o f  the tower v i a  a pump. 
Th is  r e c y c l e  quench water  f l o w  needs t o  be measured t o  determine the 
opera t ing  s t a t u s  o f  the  quench tower. Since the s o l i d s  concent ra t ion  i s  
approximate ly  8% by volume i n  quench water, t h i s  f l o w  can be measured by 
a thermal f lowmeter. Refer t o  F igu re  5. The f lowmeter cons is ts  o f  an 
i n - l i n e  f l o w  tube w i t h  temperature sensing elements on the ou ts ide  sur-  
f ace  o f  the  tube. These e l  ements a r e  energized w i  t h  a small amount o f  
e l e c t r i c a l  energy, genera t ing  heat  which i s  conducted away f rom the e l e -  
ment by the f l o w  stream. This phenomenon i s  measured and c a l i b r a t e d  t o  
be p ropo r t i ona l  t o  mass f l ow  o r  the f l u i d .  Add i t i ona l  sensing elements 
a r c  loca ted on the  tube t o  compensate and c n r r ~ r t .  f n r  the e f f e c t s  of 
f 1 u i d  and amblent temperature. 

The major advantage o f  us ing  t h i s  type o f  f lowmeter i s  t h a t  i t  doesn ' t  
r e q u i r e  the  remote diaphragm seal elements o r  the complex purg ing system 
requ i red  f o r  the  head types. A disadvantage i s  the i n i t i a l  need f o r  ex- 
tens ive  f i e l d  c a l i b r a t i o n  a t  opera t ing  cond i t i ons  t o  ensure reasonable 
accuracy i n  the  f l o w  measurement. 

4. FLUIDIZED BED LEVEL 

The measurement o f  f l u i d i z e d  bed he igh ts  i n  the  g a s i f i e r  i s  essen t i a l  
f o r  ma in ta in ing  the pressure balance between g a s i f i e r  stages thereby 
c o n t r o l  1  i ny the gas product ion  r a t e .  Present ly ,  the o n l y  p r a c t i c a l  
method f o r  de termin ing  these bed he igh ts  i s  by d i f f e r e n t i a l  pressure 
measurement between f i x e d  p o i n t s  w i  t h  a known v e r t i c a l  separat ion and 
loca ted w i t h i n  and above the  bed. Refer t o  F igu re  6. I n  t h i s  case, 
the remote diaphragm seals cannot be used t o  prevent  the  sensing l i n e s  
f rom l u g g i n q  because the. cannot w i ths tand the h igh  pressure ( 12SU 
p s i g  P , h i g h  temperature Y 1950oF ) ,  co r ros i ve  elements and eros ion f rom 
s o l i d s  f o r  any l e n g t h  o f  t ime. The on l y  t r l c h n i q ~ ~ ~ ~  that .  can be used w i t h  
any success i s  a cont inuous i n e r t  gas purge through the l i n e s  i n t o  the 
g a s i f i e r .  To minimize the problems encountered i n  us ing  t h i s  method, 
t he  f o l l o w i n g  p rac t i ces  should be implemented t o  minimize p lugg ing  of 
the  l i n e s  and measurement e r ro rs :  

1. The purge gas should be i n e r t ,  moisture f r e e  and heated. The purge 
gas f l o w  r a t e  has t o  be c l o s e l y  c o n t r o l  l e d  and h igh  enough t o  main- 
t a i n  a gas v e l o c i t y  above 0.2 f t  per  second a t  opera t ing  cond i t ions  
i n  the sensing l i n e s .  

2 .  The purge gas supply pressure should be a t  l e a s t  100 p s i g  above 
maxiniuni opera t ing  pressure t o  prevent  s o l i d s  backflow i n t o  the  
1 i nes when pressure ~ r p s e t s  occur. 

3 .  The sensing l i n e s  should be as s h o r t  as poss ib le  w i t h  the minimum 
number o f  elbows t o  ensure the gas v e l o c i t y  i s  maintained above 
0.2 f t  per  second. 



4. -The purge gas supply should be loca ted as c lose  t o  the sensing d ia -  
phragm as' poss ib le  t o  main ta in  a sweeping type o f  purge a long the 
complete length  o f  the l i n e s .  

5. The d i f f e r e n t i a l  pressure t r a n s m i t t e r  must be l oca ted  above the e l e -  
v a t i o n  o f  the h ighes t  tap t o  i nsu re  a1 1 condensibles d r a i n  back i n -  
t o  the  vessel.  

6.. A steam tap should be i n s t a l l e d  i n  each l i n e  near the vessel tap  t o  
blow o u t  so l  i d s  t h a t  may accumulate i n  these areas du r ing  operat ion.  

The l e v e l  measurement has t o  be cor rec ted  f o r  changes i.n bed dens i t y  t o  
determine the  t r u e  f l u i d i z e d  bed h e i g h t  i n  the  vessel.  The dens i t y  
should a l s o  be measured by a d i f f e r e n t i a l  pressure t r a n s m i t t e r  i n s t a l l e d  
i n  the same manner as the  l e v e l  t r a n s m i t t e r  except bo th  pressure taps 
are  loca ted a t  l e a s t  th ree  f e e t  below the  lowest  opera t ing  l e v e l  o f  the  
bed t o  minimize channel ing o f  the gas through the bed. 

5. REACTOR'EXTERNAL TEMPERATURE 

. Two r e f r a c t o r y  l i n e d  sec t ions  o f  the g a s i f i e r  operate a t  i n t e r n a l  tem- 
pera tures  o f  17000 t o  1 9 5 0 ~ ~ .  I f  the  r e f r a c t o r y  l i n i n g  cracks o r  other-  
wise f a i l s ,  the reac.tor s t e e l  w i l l  be unprotected and overheat, causing 
an unsafe cond i t ion .  Th is  r e f r a c t o r y  . f a i l u r e  must be detected qu i ck l y ,  
the r e a c t i o n  stopped, and the r e a c t o r ' s  i n t e r n a l  pressure reduced as low . 

as poss ib le .  1n .order  t o  de tec t .  these "ho t  spots" on the ou ts ide  sur face 
o f  the vessel w i t h i n  a reasonably s h o r t  per iod  o f  ti.me w i t h  good accuracy, 
long l e n g t h  continuous the rm is to r  sensors should be used. I , 

The p a r t i c u l a r  type o f  t he rm is to r  t o  be u t i l i z e d  possesses a negat ive 
temperature coe f f i c i en t .  I t s  res i s tance  decreases as the temperature 
i t  i s  sensing increases. Refer t o  Fi.gure 7. I t  can be manufactured i n  , 

100 f o o t  lengths and cover an area approximately 8200 sq. ft. A ver-  
t i c a l l y  o r i en ted  serpent ine p a t t e r n  w i t h  a spacing between elements 
10-12 inches w i l l  r e q u i r e  approximately 100 thermi s t o r  elements t o  moni- 
t o r  the two reac to r  sec t ions .  Refer t o  F igure  8. 

This  thermi s t o r  system i s  recommended f o r  d e t e c t i n g  temperatures on 
p ipe  and vessel w a l l s  and has been used a t  the  Synthane P i l o t  P lant ,  
Bruceton, Pa., f o r  ,moni t o r i n g  the r e a c t o r  vessel 's  w a l l  temperature. 
( Reference 2)  . 
The f o l l o w i n g  p r i n c i p l e s  a f f e c t  the  opera t ion  and accuracy o f  t h i s  system: 

1. Proper a t t e n t i o n  should be g iven t o  the method o f  mounting t o  ensure 
t i g h t  contac t  o f  the  thermisto-r w i t h  the sur face o f  the w a l l  f o r  a l l  
opera t ing  temperature v a r i a t i o n s .  The manufacturer recommends s tud  
fas teners  welded t o  the vessel.  Refer t o  F igu re  9. 



2. The res i s tance  o f  the  element g ives a s igna l  t h a t  i s  p ropo r t i ona l  
t o  the mean e f f e c t i v e  temperature o f  i t s  t o t a l  length .  Thus, a 
smal l ,  very  h o t  spot  on the element 's l e n g t h  would be averaged 
o u t  and g ive  the  same s igna l  as a l a r g e  area t h a t  was a t  a lower 
temperature. The s e n s i t i v i t y  o f  the element can be improved by 
reduc ing  the area monitored, thereby reducing the element 's 1 ength 
and t o t a l  res is tance.  

The f o l l o w i n g  f a c t o r s  should a l s o  be taken i n t o  cons idera t ion  p r i o r  t o  
i n s t a l l a t i o n :  

1. Large temeperature d i f f e r e n c e s  across the  vessel area being 
monitored by each element. 

2 .  Keslstance vs. telnperua tu rg  char'acter.i st ' i cs  o f  .each element. 

3 .  Area s i z e  monitored by each element and the p r o x i m i t y  of elements 
t o  each o ther .  

4. Se lec t i on  o f  the  element ho ld ing  apparatus. 

5. Required accuracy o f  the  system as i n s t a l  l ed .  

The manufacturer c la ims an achievabi e accuracy of approximately %". o t  
temperature o r  f250F , whichever i s  g rea ter .  The smal le r  the  area 
monitored by each e l  ement, t he  b e t t e r  t he '  sensi  ti v i  ty and accuracy. 

Th i s  system can be u t i  1 i zed i n  con junc t ion  w i t h  a po r tab le  I .R. tempera- 
t u r e  sensing dev ice  so t h a t  when a p a r t i c u l a r  element on the r e a c t o r  
i n d i c a t e s  a h igh  temperature, the ac tua l  problem area can be p in -po in ted  
w i t h  the I . R .  device. . 

6. PROCESS COMPOSITION ANAL.YSIS 

Composition analys'i s o f  the requ i red  process 1 lqu i d  drld yds s tt&eams can 
be adequately done w i  t h  an on-1 i ne gas chromatograph. Gas chromatography 
has been u t i l i z e d  ex tens i ve l y  i n  chemical and hydrocarbon processing f o r  
many years.  As a r e s u l t  o f  t h i s ,  the analyzer  p o r t i o n  of a process gas 
chromatograph system i s  we1 1 developed and t r o u b l e  f r e e  if maintained 
p rope r l y .  However, due t o  the na ture  o f  the  coal g a s i f i c a t i o n  envi ron-  
ment ( i  .e., h i g h  temperature/pressures and p a r t i c l e  contaminants), the 
sample cond'i t l o n l n g  system w i  11 r e q u i r e  ddequd Le des i 911 10 handle these 
corlcli t7'011s. 

Sampl i ng Sys tern 

The so le  purpose o f  a sample system i s  t o  t r a n s p o r t  a rep resen ta t i ve  
sample from the process strearr~ t o  the analyzer  w i t h o u t  a f f e c t i n g  the 
components t o  be analyzed. I t  i s  impor tan t  t h a t  the f o l l o w i n g  f a c t o r s  
a r e  considered i n  the design o f  the sample c o n d i t i o n i n g  system: 



Sample taps should be l o c a t e d  so t h a t  a  r e p r e s e n t a t i v e  sample 
i s  taken. Process c i r c u l a t i o n  loops  should be designed so as 
t o  ensure t h a t  a  f r e s h  sample i s  a v a i l a b l e  t o  t he  ana l yze r  a t  
a l l  t imes. Th is  i s  e s p e c i a l l y  ' impor tan t  when the  compos i t ion  
a n a l y s i s  i s  t o  be u t i l i z e d  f o r  c losed  l o o p  c o n t r o l .  A  method 
o f  min imi  z i n g  t he  system response t ime would be t o  u t i  1  i ze 
smal l e r  d iameter  e l u t i o n  columns wi t h i n  the  ana lyzer .  Loca t i on  
o f  the  ana lyzer  c l o s e  t o  the  sample t ap  t o  reduce the  l e n g t h  of  
sample l i n e  would a1 so improve response t ime. 

2. The sample f i l t r a t i o n  system should be c a r e f u l l y  designed t o  i n -  
co rpo ra te  proper  macro as we1 1  as mic ro  f i 1 t r a t i o n  w i  t h o u t  s i  g- 
n i f i c a n t l y  a l t e r i n g  o r  r educ ing  t he  v e l o c i t y  o f  t h e  sample. 

3. A l l  sample, ven t  and r e t u r n  l i n e s ,  va lves and o t h e r  hardware, 
should be p r o p e r l y  hea t  t r a c e d  and i n s u l a t e d  as - requ i red ,  Th is ,  
combined w i  th proper  p ressure  r e g u l a t i o n ,  w i l l  ensure t h a t  t he  
sample w i l l  be t r anspo r ted  p r o p e r l y  i n  r e fe rence  t o  i t s  phys i ca l  
s t a t e  ( i . e . ,  gas, l i q u i d ) .  

4. Safeguards t o  p reven t  c ross  s t ream sample con tamina t ion  should be 
i nco rpo ra ted  by pu rg ing  t h e  sample l i n e s  w i t h  c lean,  i n e r t  gas be- 
tween each sample. The ana lyzer  should u t i l i z e  a  qua1 i t y  sample 
and column s w i t c h i n g  v a l v e  w i t h  p o s i t i v e  s e l e c t i o n  and shu to f f  
c h a r a c t e r i s t i c s .  The c o n t r o l  system f o r  t he  gas chromatograph 
should a l s o  be equipped w i t h  power i n t e r r u p t  , l o c k o u t  modules. 
Du r i ng  power dips, '  t h i s  would p reven t  the  t i m i n g  system f rom 
a l l o w i n g  another  sample t o  be  i n j e c t e d  i n t o  a  column b e f o r e  t he  
p rev ious  one has e l u t e d  through i t. 

Once t he  chromatograph sys tem i s  i n  opera t ion ,  t h e  accuracy of i t s  
a n a l y s i s  should be checked a g a i n s t  a  grab sample a n a l y s i s  by an o f f -  
1  i n e  chromatograph. M a t e r i a l  balance c a l c u l a t i o n s  can a l  so be used 
as a check o f  the a n a l y s i s .  

Component Ana l ys i s  .-- o f  s o l i d s  

A t  t he  p r e s e r ~ t  t ime, most o t  t he  component a n a l y s i s  o f  coa l ,  cha r  and 
ash can o n l y  be done o f f - l i n e  i n  t he  a n a l y s i s  l a b o r a t o r y .  These tech-  
n iques a r e  t ime consuming and i n  c e r t a i n  cases t he  a n a l y s i s  cannot 
be used f o r  process c o n t r o l  s i n c e  i t  i s  ob ta ined  much too  l a t e .  There 
i s  a  g r e a t  need t o  develop techniques and ins t ruments  capable of do ing  
t h i s  a n a l y s i s  o n - l i n e  and much f a s t e r  i n  o rde r  t o  make t i m e l y  process 
ad justments .  I t  i s  f e l t  t h a t  once t h i s  c a p a b i l i t y  has been cornmercial- 
i z e d  i t  w i l l  g i v e  t h e  process des igner  a  v e r y  power fu l  t o o l  f o r  optimum 
p l a n t  des ign  and d i r e c t l y  impact  on p l a n t  cos ts .  (Reference 3 ) .  

Some o f  these more impo r tan t  a n a l y s i s  measurements are:  

1. Mo i s tu re  measurement i n  coa l  i s  needed t o  determine i t s  rank  and 
c a l o r i f i c  va lue.  The independent measure o f  mo i s tu re  and t o t a l  
hydrogen c o n t e n t  a r e  combined t o  determine the  r e l a t i v e  amount 
o f  hydrocarbons i n  coa l ,  



2. Hydrogen measurement i n  coa l  i s  needed t o  e s t a b l i s h  the r e l a t i v e  
con ten t  o f  hydrogen i n  water and v o l a t i l e  mat te r  t o  determine the 
c o a l ' s  rank and c a l o r i f i c  value. I n  add i t i on ,  the measure o f  t o t a l  
hydrogen can a1 so determine moi s  t u r e  v a r i a t i o n s  d u r i  ng the d r y i n g  
process. 

3 .  S u l f u r  measurement i n  coal  i s  needed t o  d e t e c t  when , the s u l f u r  con- 
t e n t  dev ia tes  ou ts ide  the l i m i t s  o f  p l a n t  descign. The "of f -spec."  
coal  cou ld  be d i v e r t e d  t o  s torage and/or blended w i t h  o the r  "on- 
spec ." coa l .  

4. The var ious  elements i n  the ash, such as carbon, s i l i c o n ,  aluminum, 
i r o n ,  n i t rogen,  sodium, calcium, potassium, t i t a n i u m  and ch lo r i ne ,  
need Lu be ~iieasured t o  pcrmi t "of f -spec."  coal t o  be d i v e r t e d  t o  
storage sa a canstant  ash l e v e l  and composit ion i n  the g a s i f i e r  
can be ma1 n t a  i ned. 

5. The p r e t r e a t e r  r e a c t o r  i s  requ i red  t o  des t roy  the agglomerat ing 
c h a r a c t e r i s t i c s  o f  the coal  supply t o  the  HYGAS g a s i f i e r .  The 
p r e t r e a t e r ' s  opera t ion  i s  checked by determin ing the f r e e  s w e l l i n g  
index  o f  t he  char i n  the labora tory .  The on - l i ne  de terminat ion  
o f  the c h a r ' s  f r e e  swel l  i n g  index i s  needed t~ ensure cont inuous 
p r e t r e a t e r  opera t ion  and t o  avo id  agglomerat ion of t he  char i n  
the  gasi f i e r  . 

6 .  A r a p i d  a n a l y s i s  of e i t h e r  the  carbon o r  ash content  of the spent 
char  i s  needed t o  access the carbon conversion o f  the feedstock 
t o  the g a s i f i e r .  Spent char  can then be removed from the bed 
based upon t h l s  ana lys i s  t o  p rov ide  a more un i fo rm opera t i on  o f  
t he  steam-oxygen bed and assure a more c l i n k e r - f r e e  operat ion.  

Th is  d iscuss ion  ot; var ious  process ~~~easurement  r~eeds i s  meant t o  p o i ~ t  
o u t  those areas where problems s t i l l  e x i s t  t o  va ry ing  degrees. Con- 
s ide rab le  development i s  p resen t l y  being done under the sponsorshlp of 
the Department of Energy t o  so lve  these problems and s a t i s f y  these 
needs, e s p e c i a l l y  i n  s l u r r y  f low measurement and s o l i d s  component analy- 
s i s .  I t  i s  recommended t h a t  the designer survey these areas t o  i nsu re  
he can take advantage of any new, r e c e n t l y  commercial i zed inst ruments 
be fore  he commits t o  a p a r t i c u l a r  c o n t r o l  scheme. 
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DEVELOPMENT AND OPERATING CHARACTERISTICS OF A 
GAS SAMPLING SYSTEM FOR THE GRAND FORKS ENERGY 
TECHNOLOGY CENTER'S SLAGGING FIXED BED GASIFIER 

B y  Douglas R. Haj icek and Leland E. Paulson 
Grand  Fo rks  Energy  Technology Center  

INTRODUCTION 

T h e  G r a n d  F o r k s  Energy  Technology Center  (GFETC) i s  opera t ing  t h e  
o n l y  p i l o t  p l a n t  sized s lagg ing  f i x e d  b e d  gas i f ie r  (SFBG) in t h e  U .S .A .  I t  i s  
a modif ied ve rs ion  o f  t h e  Lurg. i  d r y  ash bottom process. I n  u n i t s  o f  s imi lar 
h e a r t h  area, t h e  steam consumption of a s lagg ing  gasi f ier  i s  about one- fou r th  
o f  t h a t  requ i red  f o r  a d r y - a s h  u n i t .  A t  t h e  same time, t h e  qas product ion  i s  
as rr~uch as Three o r  t o u r  times t h a t  of t h e  d r y - a s h  gas i f ie r .  

d 
A n  element o f  t h e  t e s t  p rogram i s  t o  character ize and determine 

p roduc t i on  ra tes  o f  gaseous and liquid e f f luents .  A sampling system 
descr ibed in t h i s  paper  was developed t o  col lect t a r ,  water  and d u s t  f rom t h e  
raw  p r o d u c t  gas stream. T h i s  system has successfu l ly  sampled a h o t  gas 
st ream generated by gasi f icat ion o f  high moisture low- rank  coals. 

GAS1 F l C A T l O N  PROCESS 

A f lowsheet o f  t h e  p i l o t  p lan t  process is  shown in F igu re  1. Recent 
publ icat ions (1,2,3,4) have discussed t h e  tes t  equipment and procedures in 
deta i l .  A b r i e f  summary wi l l  b e  p rov ided  here .  

T h e  t e s t  coal i s  in t roduced i n t o  t h e  gas i f ie r  t h r o u g h  a s ingle lock 
hopper .  As t h e  coal decends t h r o u g h  t h e  shaft ,  it i s  heated b y  counter  
c u r r e n t  f low o f  h o t  gases coming f rom t h e  react ion zone. D ry ing ,  
devola l l l lzat ion and gasi f icat ion occur  in d i s t i n c t  zones in t h e  coal bed.  T h e  
coal reacts with t h e  steam-nxygerl m i x t u r e  t h a t  i s  in jcc tcd  i n t o  t h e  Ileal tlr 
sect ion. Gasif icat ion occurs  a t  temperatures o f  approximate ly  3100°F, 
completely consuming t h e  coal, leav ing o n l y  molten ash.  T h e  molten ash 
d r o p s  down in to  a water  ba th  in t h e  lower lock hopper  and i s  removed as 
slag. T h e  p r o d u c t  gas leaves t h e  t o p  o f  t h e  gas i f ie r  and en tc rs  a recycle 
l i q u o r  sp ray  washer. where water vapors,  t a r ,  oi l  and d u s t  a re  removed. T h e  
accumulated l i quo r  in t h e  sp ray  washer system i s  per iodical ly  d ra ined i n to  an 
d l~~~usp t r e r l c  ho ld ing  t a n k .  A f t e r  passing t h r o u g h  t h e  s p r a y  washer , - t he  gas 
i s  f u r t h e r  cooled in a heat  exchanger, depressur ized,  demisted, metered, and 
f la red .  A t yp i ca l  gas composit ion is  58% CO, 29% Hz, 5% CH4, and 7% C02,  
w i t h  small amounts o f  C -C hydrocal-bons, 
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I .  

PROCESS VAW IAB.LES AFFECTING SAMPLING 

Most o f  t h e  w o r k  repo r ted  in t h i s  paper  was per formed on l ign i te .  
D u r i n g  these tests,  low ranked  coals were gasif ied a t  p ressures  t h a t  ranged 
f rom 100 to  400 ps ig .  T h e  oxygen  r a t e  ranged f rom 4000 to 6000 sc fh  and 
t h e  oxygen-steam molar ra t i o  ranged f rom 0.9 t o  1.1.  L ign i te  moisture 
'content  ranged f rom 20 t o  38 percent .  Product  gas has been sampled in 29 o f  
t h e  66 gas i f ie r  r u n s  f o r  a tota l  o f  115 hou rs  o f  sampling. 



T h e  e f fec t  o f  coal cha rg ing  was taken i n t o  account when developing 
sampli'ng procedure .  In pas t  tests ,  t h e  gas i f ie r  was operated w i t h  one coal 
lock, wh ich  requ i red  re f i l l i ng  approximate ly  e v e r y  hou r .  Recharging t h e  lock 
hopper  resu l ted  i n  upsets in t h e  steady state o f f t ake  temperature,  and t h e  
y ie ld  ra te  o f  water  and t a r  produced.  T h e  steady state o f f t ake  temperature 
was t yp i ca l l y  300°F when ga'si fy ing a moderately h i g h  moisture l igni te..  
D u r i n g  t h e  per iod ic  coal charg ing ,  these temperatures va r ied  w ide ly  f rom 
160°F t o  1000°F. Because o f  these per iodic  upsets, sampling i s  per fo rmed f o r  
t h e  length  o f  t ime requ i red  t o  gas i f y  one o r  more complete charges o f  coal. 

SAMPLING POINTS 

Produc t  gas was sampled t h r o u g h  probes a t  t h e  head o f  t h e  gas i f ie r  and 
f rom t h e  gas o f f take .  T h e  sampling po in t s  a re  shown in F igu re  2. T h e  
sampling probe.  a t  t h e  head of t h e  gas i f ie r  consisted o f  a 0.423 i n c h  I D  p ipe  
wh ich  passed t h r o u g h  t h e  vessel wall and r e f r a c t o r y  i n to  t h e  vo id  space 
above t h e  coal bed.  T h e  sample p robe  a t  t h e  gas o f f t ake  consisted o f  a 3" 
OD by I D  t u b e  b e n t  i n t o  a 90° angle t o  face t h e  p r o d u c t  gas. stream; t h e  
leading edge o f  t h i s  p robe  was tapered down a t  a 45' angle. 

SAMPLER SYSTEM DEVELOPMENT 

T h e  repo r ted  sampling system evolved t h r o u g h  several stages o f  
development. T h e  f i r s t  .sampler (Sampler I) consisted o f  a p ressu re  le t -down 
valve, f o u r  heat  exchangers in series, and  a wet t e s t  meter.  T h i s  system 
was overdesigned and a l though d i f f i c u l t  t o  operate was used successfu l ly  in a 
number o f  tests .  

Experience gained w i t h  Sampler' l was used i n  des ign ing  Sampler I I  wh ich  
i s  shown schematically in F igures  3 & 4. It was designed t o  meet t h e  
fo l lowing c r i t e r i a :  1 ) compactness, 2) easy modif icat ion, 3) minimum in te rna l  
sur face area t o  reduce "hang-up"  o f  t a r ,  and 4) automatic f low con t ro l .  T o  
meet t h i s  c r i te r ia ,  Sampler I I  has t h e  fo l lowing features:  ' 

A .  A h i g h  pressure  cyclone, designed t o  w i ths tand pressures  u p  t o  
400 ps ig,  was insta l led ahead o f  t h e  pressure  le t -down cont ro l  va l ve  
t o  remove t a r  and water  aerosols t h a t  were causing p l u q g i n g  
problems in t h e  cont ro l  va lve.  

6. A low p ressu re  cyclone located a f t e r  t h e  cont ro l  va l ve  was used t o  
remove res idual  t a r ,  oi l  and water  aerosols. 

C .  Water and l i g h t  oi ls were condensed in heat  exchangers wh ich  
reduced t h e  gas temperature t o  34OF. ' Each heat  exchanger 
contained 30 feet  of coiled stainless steel t u b i n g  wh ich  p r o v i d e d  
adequate heat  exchange sur face w i t h  a minimum amount o f  sur face 
area. 

D.  T h e  "cryogenic t r a p "  was added a f t e r  t h e  heat  exchangers . t o  
f reeze t h e  remaining water  vapor  and l i g h t  oi ls o u t  o f  t h e  gas 
stream. T h e  in te rna l .  cons t ruc t ion  o f  t h e  t r a p  consists o f  a series 
o f  baf f les t h a t  increase gas residence time and increase t h e  sur face 
contact  area. T h e  u n i t  is  cooled b y  par t ia l  immersion in a m i x t u r e  
o f  acetone and dry ice. 



E. Ex te rna l l y  mounted, removable sample. conta iners were used o n  each 
stage t o  allow accessib i l i ty  t o  samples and reduce .sample loss due  t o  
"hang-up"  o f  t a r s .  

F.  T h e  con t ro l  a n d  moni to r ing  system i s  shown in F igu re  4. T h i s  
system consis ted o f  an a i r  actuated cont ro l  valve, a p ressu re  
recorder -cont ro l le r ,  a  f low recorder  w i t h  tota l izer ,  an o r i f i ce  
assembly cons is t ing  o f  an o r i f i ce  and d i f f e ren t i a l  p ressu re  
t ransmi t te r ,  and  a tempera ture  reco rde r .  

SAMPLER OPERATION AND RELATED SAMPLING CONDITIONS 

Sampler I I  has t h e  capab i l i t y  t o  operate in d i f f e r e n t  conf igura t ions  and 
can sample f r o m  t h e  gas o f f t ake  o r  t h e  head o f  t h e  gas i f ie r .  T h e  method o f  
sampl ing repo r ted  in t h i s  paper  used two  cyclones, . two heat  exchangers,  and 
a c ryogen ic  t r a p .  T h e  location o f  sampling was t h e  gas o f f take .  

T h e  h o t  p r o d u c t  gas was d r a w n  f rom t h e  gas o f f t ake  t h r o u g h  insulated 
t u b i n g  t o  t h e  h i g h  p ressu re  cyclone. T h e  h i g h  p ressu re  cyc lone col lected 
aerosols ' p resen t  a t  t h e  opera t ing  p ressu re  o f  t h e  gas i f ie r  and a t  t h e  
tempera ture  o f  t h e  gas o f f take .  T h e  cyc lone was designed f o r  an entrance 
ve loc i t y  of 30 fee t  p e r  second a t  300°F and 200 ps ig .  T h e  p ressu re  and 
tempera tu re .  d r o p  t h r o u g h  t h e  sample l ine  t o  t h e  cyclone was negl ig ib le.  T h e  
p ressu re  and  tempera ture  d i f f e ren t i a l  across t h e  cyc lone was approximate ly  20 
p s i g  and  S°F. A high pressure  conta iner  i s  attached t o  t h e  bottom o f  t h e  
cyc lone t o  col lect  t h e  sample. 

. T h e  gas e x i t i n g  f rom the  h i g h  p ressu re  cyclone passed th r -ouyh a 
p r e s s u r e  le t -down f low-cont ro l  va l ve  and  was reduced t o  t h e  value set  on t h e  
automatic recorder -cont ro l le r .  A p ressu re  reduct ion  t o  18 p s i g  resu l ted  in a 
dry p r o d u c t  gas f low o f  approximate ly  200 sc fh  t h r o u g h  t h e  sampler and i s  
accompanied b y  a temperature d r o p  o f  approximate ly  100°F. Previous t o  t h e  
insta l la t ion o f  automatic f low-cont ro l  hardware,  t h e  f low r a t e  was .contro l led by 
manual ly  t h r o t t l i n g  t h e  pressure .  Automatic contro ls  have el iminated t h e  
d i f f i cu l t i es  in mainta in ing a steady f low t h a t  were encountered w i t h  manual 
con t ro l s .  

From t h e  f low-cont ro l  va l ve  t h e  gas en tered t h e  low p ressu re  cyclone 
wh ich  removed t h e  components t h a t  were condensed d u r i n g  p ressu re  
reduct ion .  Ent rance ve loc i ty  t o  t h e  cyclone was approximate ly  40 fee t  p e r  
second a t  2 0 0 6 ~  and 18 ps ig .  T h e  temperature d i f fe ren t ia l  across t h e  cyclone 
was about  7OF. Sample conta iners a t  t h e  bottom o f  t h e  cyclone were attached 
w i t h  clamps , for easy removal. 

A f t e r  t h e  cyclone, t h e  gas en tered t h e  two  heat  exchangers in series 
where  addit ional water  and l i g h t  o i l  were condensed. T h e  f i r s t  heat  
exchanger  wh ich  was cooled b y  c i t y  water  reduced t h e  gas s.tream temperature 
t o  approximate ly  60°F. The second heat  exchanger i s  cooled b y  a r e f r i g -  
e ra ted  solut ion o f  e thy lene g lyco l  and water  and reduced t h e  gas temperature 
t o  35OF. B o t h  heat  exchangers have q u i c k  d isconnect  sample conta iners.  

8 . - 
T h e  gas stream last  passed t h r o u g h  t h e  c ryogen ic  t r a p  wh ich  lowered 

t h e  tempera ture  t o  O°F, where t h e  major po r t i on  o f  t h e  remaining water  and 
organ ics  in t h e  gas a r e  removed. T h e  t r a p  could be  by-passed in case o f  
p l u g g i n g .  



A pos i t i ve  displacement meter was used t o  measure t h e  to ta l  volume o f  
gas t h r o u g h  t h e  system. Improvements .are be ing made on t h e  automatic f low 
moni tor ing and volume measurement system. T h i s  system wi l l  p r o v i d e  a 
record ing o f  t h e  f low r a t e  and includes a f low t o t a l i z e r  w i t h  d ig i ta l  read-out  
o f  t h e  volume o f  gas t h r o u g h  t h e  system. 

ANALYSIS OF SAMPLES COLLECTED B Y  SAMPLER I I  

T h e  sample f rom t h e  f i r s t  stage cyclone contained most o f  t h e  solids and 
t a r  along w i t h  a po r t i on  o f  t h e  water .  T h e  water  and wet t a r  were separated 
by cool ing t h e  e n t i r e  f i r s t  stage sample in a dry ice-acetone .bath which 
caused organics t o  s ink,  t h u s  al lowing t h e  water  t o  be  decanted. T h e  wet 
t a r  was vacuum d is t i l led  in an o i l  ba th  a t  a maximum temperature o f  140°C t o  
remove t h e  water and o i l .  T h e  water  obtained by dist i l la t ion was measured 
but n o t  analyzed f o r  t race  contaminants. T h e  material remaining a f t e r  
d is t i l la t ion inc luded t h e  heavy organics and solids t h a t  a re  classif ied as dry 
t a r .  T h e  samples f rom stages 2, 3, and 4 contained water  and l i g h t  oils, 
which are  decanted us ing  a separatory funne l .  T a r s  and light o i ls  a re  
analyzed f o r  bo i l ing  po in t  d is t r ibu t ions ,  ul t imate analysis, and organic 
composition by mass spec. Water f rac t ions  a re  analyzed f o r  ammonia, TOC, 
sul fur ,  sulf ide, p H  and a lka l in i ty .  (5,6,7) 

SAMPLING RESULTS 

Results obtained f rom T e s t  No. RA-40 w i l l  b e  presented as an i l lus t ra t ion  
o f  t h e  t y p e  o f  data which can be collected us ing  Sampler I I .  I n  t h i s  test ,  
lndianhead l i gn i te  w i t h  a moisture content  o f  34% was gasi f ied a t  an 
operat ional p ressure  o f  200 psig, an  oxygen  ra te  o f  4,000 sc fh  and an 
oxygen-to-steam molar ra t i o  o f  1 .O. T h e  gas product ion  ra te  o f  t h e  gas i f ie r  . . 
was 22,000 scfh.  

+ 

Opera t ing  data f o r  t h e  sampler i s  shown in Table 1. D u r i n g  al l  t h r e e  
-' t es t  per iods t h e  low pressure  cyclone (stage 1) and t h e  two  heat  exchangers 

(stages 2 & 3) were used. T h e  cryogenic t r a p  (stage 4) was used in test.' 
per iods  1 and 3. Samples were collected a t  100, 200 and 300 sc fh  t o  
determine if collection rates a f fec t  resu l ts .  

T h e  d i s t r i bu t i on  o f  organics and water  f o r  i h e  ind iv idua l  stages i s  shown 
in Table 2. T a r s  and o i ls  a re  d i s t r i bu ted  between all f o u r  stages, w i t h  t h e  
majori t j f  in t h e  1 s t  stage in t e s t  per iods 1&3. I n  tes t  per iod  2, t h e  second 
stage had t h e  major i ty  o f  t h e  organics consist ing mainly o f  f loa t ing  o i l .  I n  all 
t h ree  tes t  periods, ove r  2/3 o f  t h e  water  was collected in t h e  second stage. 
T h e  cryogen ic  t r a p  accounts f o r  less t h a n  1% o f  t h e  tota l  sample. 

Tab le  3 shows an analysis o f  t h e  aqueous f rac t i on  collected in each o f  
t h e  f o u r  stages f rom t h e  third sample per iod .  Results were similar f o r  t h e  
f i r s t '  two sampling periods. T h e  l i quo r  analysis includes pH, dissolved 
organics (phenol, o-cresol and m, p-cresol),  ammonia, su l f ide  and su l fu r ,  and 
tota l  organic carbon.  Both  ind iv idua l  analysis by stage and a weighted 
average based o n  tota l  l i quo r  collected are  shown. Data indicates t h a t  t h e  
compounds a re  n o t  d i s t r i bu ted  equal ly  between stages. 

Yields f o r  t a r ,  o i l  and water measured b y  Sampler I I ,  are presented in 
Table 4. Results a re  g i ven  f o r  two tes t  per iods (1 and 2). T h e  d i f ferences 
in sampling rates d i d  n o t  s ign i f i cant ly  e f fec t  these y ie lds.  



REPRODUCIBILITY OF D A T A  

compar isons between t h r e e  methods o f  de termin ing  y ie lds a re  shown in 
Tab le  5 .  Data f o r  t a r ,  water  and  ammonia a re  presented f o r  s i x  d i f f e r e n t  
r u n s .  Yie lds were determined us ing  Sampler I  and I I  and by analyz ing t h e  
to ta l  e f f l uen t  generated in t h e  s p r a y  washer d u r i n g  t h e  en t i re  r u n .  T h e  
r e s u l t s  f o r  t h e  samplers a re  f rom t h e  f i r s t  sampling per iod  in each r u n .  A l l  
r u n s  were made w i t h  Baukol-Noonan l i gn i t e  a t  an opera t ing  p ressu re  o f  200 
pounds,  an o x y g e n  t o  steam r a t i o  o f  1.0 and an oxygen  r a t e  o f  4,000 scfh.  
Mo is tu re  content  of t h e  feed l i gn i t e  ranged f rom 30.0 t o  37.6%. 

Data in Tab le  5 ,  were analyzed s ta t is t i ca l l y  us ing  a t w o  way analysis o f  
var iance w i thou t  repl icat ion.  Comparisons were made between sampling 
methods and gas i f ie r  r u n s  a t  t h e  .05 signif icance level.  Results show no  
s ign i f i can t  d i f f e rence  a t t r i bu tab le  t o  sampling method o r  gasif icat ion r u n s . f o r  
ammonia, to ta l  o rgan ic  carbon o r  t a r  p roduct ion .  Wator p roduc t i on  d i f f e red  
s ign i f i can t l y  between t e s t  methods b u t  n o t  between r u n s .  Sampler I I  
ind ica ted  a g rea te r  y ie ld  o f  water  t han  was shown by e i ther  Sampler I  o r  t h e  
e n d  o f  r u n  col lect ion method .' 

Tab le  G i l l us t ra tes  t h e  rep roduc ib i l i t y  o f  t h e  y ie lds  determined f o r  t a r ,  
water ,  ammonia, and  to ta l  o rgan ic  carbon as determined by Sampler I I  d u r i n g  
R u n  No. RA-52. Each sample pe r iod  was approximate ly  two  hours ,  t h e  length  
0.f t ime requ i red  t o  gas i f y  t h r e e  1250 pound  charges o f  Ind ian  Head l ign i te .  
Data was n o t  inc luded f rom t h e  fifth and seventh sampling per iod  due  t o  
sampling and analys is  problems. 

T h e  t a r  y ie ld  shown in Tab le  6 va r ied  f rom 73 t o  112 pounds p e r  maf t on  
o f  coal d u r i n g  t h e  d i f f e r e n t  sample per iods.  Water and ammonia product ion  
did n o t  v a r y  s ign i f i can t ly ;  water  p roduct ion  ranged f rom 1410 t o  1510 pounds 
a n d  ammonia f rom 10.6 t o  12.3 pounds p e r  maf t on  o f  coal. Tota l  o rgan ic  
ca rbon  increased as t h e  r u n  proceeded f rom in i t i a l l y  12.9 t o  f i na l l y  18.2 
p n ~ ~ n r l s  per  maf t.nn nf caal. 

GASIFIER MODIFICATIONS 

T h e  gas i f ie r  and  suppor t i ng  equipment i s  p resen t l y  be ing  modif ied f o r  
ex tended operat ion on  caking. and non-ca k i n g  coals. Modif icat ions inc lude a 
dua l  coal lock  hopper  system t o  eliminate t h e  per iodic  upsets caused b y  
c h a r g i n g  and a s t i r r e r  t o  pe rm i t  operat ion on cak ing  coals. Side stream 
sampling w i l l  be  cont inued as an  in tegra l  p a r t  o f  t h e  program t o  moni ter  
changes t h a t  occur  in p roduc t i on  rates during t h e  du ra t i on  o f  t h e  tes t .  I t  i s  
expected t h a t  modif icat ions o f  t h e  sampling system wi l l  b e  necessary f o r  
sampling o f  t h e  high temperature gas stream produced b y  t h e  gasif icat ion o f  
b i tuminous coal. 

SUMMARY 

A gas sampling system has been developed h y  t h e  Grand Fo rks  Energy  
Technology Center  t o  col lect t h e  condensible po r t i on  o f  t h e  raw  p r o d u c t  gas 
stream generated b y  t h e  gasif icat ion o f  l ign i te  a t  p ressures  u p  t o  400 ps ig .  
~ e s u ' l t s  have shown t h a t  t h i s  system collects a chemically representa t ive  
sample, t h a t  measurements o f  mass product ion  rates are  reproducib le,  and 
sampling a t  d i f f e r e n t  ra tes  has had  l i t t l e  e f fec t  on measurements o f  e f f luents  
p roduced.  



Major components o f  t h e  system are  an automatic p ressu re  cont ro l  valve, 
a h i g h  pressure  and a low pressure  cyclone, two heat  exchangers, a 
cryogenic t r a p ,  and a gas meter .  Removable sample containers are  used t o  
allow accurate measurement o f  t h e  q u a n t i t y  o f  sample collected. A n  automatic 
pressure  cont ro l  va lve regulates t h e  r a t e  o f  gas sampled and reduces.sample 
pressure  t o  approximately 18 ps ig .  T h e  high pressure  cyclone, located 
before  t h e  cont ro l  valve, removes water  and t a r  from t h e  gas stream t h a t  
could plug t h e  contro l  va lve.  T h e  low pressure  cyclone removes t h e  
addit ional e f f luents  condensed o u t  d u r i n g  pressure  let-down. 

The  collection o f  t a r  and water  by t h e  cyclones indicates t h a t  these 
e f f luents  are  leaving t h e  gasi f ier  a t  least p a r t l y  as a f i n e  aerosol. Th,e two  
heat exchangers condense o u t  water  and l i g h t  oi ls.  The  cryogenic t r a p  can 
be  used t o  remove water  and some o f  t h e  light o i ls  f rom t h e  gas stream a t  
temperatures below 32OF. 

RFFERENCES 

1. Gronhovd, e t  al. "Design and In i t ia l  Operat ion o f  a Slagging Fixed-Bed 
Pressure Gasification Pi lot Plant.  U .S. Bureau o f  Mines Report  o f  
I  nvest igat ions 6085. 

2. Gronhovd, e t  al. "Slagging Fixed-Bed Gasification o f  N o r t h  Dakota 
  ignite a t  Pressures t o  400 PSIG." U .S. Bureau o f  Mines Report  o f  
I  nvest igat io l is  7408. 

3. . Ellman, e t  al. " C u r r e n t  Status o f  Studies in Slagging Fixed-Bed 
Gasification a t  t h e  Grand Forks  Energy  Research Center . "  N in th  
Biennial  L ign i te  Symp~s ium,  Grand Forks, 1977. 

4. Ellman, e t  al. "Slagging Fixed Bed Gasif icat ion Project Status a t  t h e  
Grand Forks  Energy  Technology Center .  'I T e n t h  Biennial  L ign i te  
Symposium, Grand Forks, ND, 1979. 

5. Mayer, Olson, and Schobert.  "Standard Methods" f o r  t h e  Analys is  o f  
Coal Gasif ication Ef f luents--Caveat  Emptor. I' National C I  C Meeting, 
Winnipeg, 1978. . 

6. Olson and Schobert.  "Evaluat ion o f  Methods f o r  Determinat ion o f  Su l f ide  
in Coal Gasif ication Waste Water. I' 176th National ACS Meeting, Miami, 
1978. 

7. . Standard  Methods f o r  t h e  Examination o f  Water and Waste Water - 14th 
Edit ion publ ished b y  American Publ ic  Health Association. 



Table  1. - Sampler Opera t ing  Condit ions - Gasif ier Run No. RA-40 

S a r ~ ~ p l e  Periods 
1 2 3 

Leng th  o f  sample per iod,  hr. 
Average sampling rate, SCF/hr  

Average Temperature, O F  

Before  p ressu re  letdown 280 284 283 
A f t e r .  p ressu re  letdown 168 1 87 205 
A f t e r  Stage I (low p ressu re  cyclone) 163 183 200 
A f t e r  Stage I I (heat  exchanger)  39 38 38 
A f te r  Stage I I I (heat exchanger)  35 34 34 

Table 2. - Major Sample Cons t i t uen t s  by S tage ,  G a s i f i e r  Run No. RA-40 

Sampler Stage 

. b/ I I- c/  III- d l  IV- T o t a l  

T e s t  Per iod  1, 

Water C01.l ectpd,  gms 1047 1805 9 7  2 1 2970 
Tar  & Oil'Collected, gms 9 0 h n 11 4  165 
T o t a l  Sample, gms . ' 1137 1865 108 '25 3135 

' l e s t  Pe r iod  2 ,  

Water Co l l ec t ed ,  grns 
Tar  6 b i l  Co l l ec t ed ,  grns 
T o t a l  Sample, grns 

T e s t  Per iod  3 ,  

Water Co l l ec t ed ,  gms 780 2861 100 
Tar  and Oil Col l ec t ed ,  gms 1 1 7  44 ' 50 
Totad Sample, g m ~  897 2905 150 

a /  low p res su re  cyclone - 
b/ - h e a t  exchangers - cooled b y ' c i t y  water 
c /  h e a t  exchange - cooled by r e f r i g e r a t e d  s o l u t i o n  - 
d/  cryogenic t r a p  - 



Table 3. - Analys is  o f  t h e  Aqueous Phase b y  stage, 
Third T e s t  Period, Gasif ier Run  No. RA-40 

Sampler Staqe 

a / I - 1 1 -  b' III- c' I V -  d/ average 

pH 
Phenol, ppm 
o-Cresol , ppm 
m,p-Cresol, ppm 
Ammonia, ppm 
Sulf ide, ppm 
Su l fu r ,  , ppm 
TOC, PPm 

a/ low pressure  cyclone - 
b/ heat exchanger - cooled by c i t y  water  - 
c/  heat exchanger - cooled by re f r i ge ra ted  solut ion - 
d/ cryogenic t r a p  - 

Table 4. - Yields of  Condensible Components for Gasifier 
Run No. RA-40 as Determined by Sampler I1 

Test period . . . . . . . . . . . . . . . . . . . .  la/ 2 

Yield of Coadensible Components, lb/ton MAF coal 
Tar . . . . . . . . . . . . . . . . . . . . . . . .  7 3 7 1 
Water . . . . . . . . . . . . . . . . . . . . .  1320 1370 
NH . . . . . . . . . . . . . . . . . . . . . . .  '10.7 11.6 

. . . . . . . . . . . . . . . . . . . . . . .  TO? 11.5 13.4 
Sulfide ................... 1.5 2.1 
Sulfur . . . . . . . . . . . . . . . . . . . .  5.7 5.1 

-- --  -- 

a/ .Results include cryogenic trap. - 



Table 5. - Comparison of Yie lds  a s  Determined by 
Sampler I and I1 and t h e  End of Run Composite 

Run No . . . . . . . . . . . . . .  2 5 26 2 7 2 9 3 0 3 1 

Sampler I . . . . . . . . .  
Yield of Condensible Components, l b / t o n  MAF coa l  

55 119 8 1 7 8. 9 7 59 - 

Sampler I1 . . . . . . . .  7 7 104 109 8 3 75 90 
End of Run . . . . . . . .  83 5 8 9 0 5 2 8 0 - - 

Water l b / t o n  MAF': 
Sampler I ......... 1100 1.230 1290 1250 17.40 1280 
S a i ~ ~ p l r r  I1 . . . . . . . .  1230 1440 1490 1330 1190 1410 
End of Run . . . . . . . .  1320 1160 - - 1200 1180 1140 

Ammonia l b / t o n  MAF': 
Sampler I . . . . . . . . .  7.1 10 .'8 10.7 8.8 11.9 . 13.2 
Sampler I1 . . . . . . . . .  12.4 12.6 12.4 11.3 11!6 13.6 
End of Run . . . . . . . .  1 2 . 5  11.4 - - - - 11.1 - - 

T o t a l  organic  
carbon l b / t o n  MAF: 

Sampler I . . . . . . . . .  8.8 9.2 8.9 10 ..O. 9.6, 1.1.6 
Sampler I1 . . . . . . . .  11.5 10.7 11.1 12.1 9.3 13.3 

. . . . . . . .  End of Run 1.3.5 12.3 - - - -.. 10.9 - - 

Table 6. - Yie-Ids hy Test  Pcriod as DrLermlned 
by Sampler I1 f o r  G a s i f i e r  Run No. RA-52 - 

-- 
Yields  of Cnnr l~ns ib lc  Cornpol~e~~Ls, l b / t o n  MA& coa l  

TcsL , Tar Water Ammonia TOC 
Per iod  
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PARTICULATE SIZE MEASUREMENTS USING LIGHT SCATTERING TECHNIQUES 

.James C. F. Wang and Daniel  Tichenor 
Sandia Laborator ies,  Livermore 

1. ABSTRACT 

P a r t i c l e  s i z e  d i s t r i b u t i o n  measurements us ing  a small -angle near- 

fo rward  l i g h t  s c a t t e r i n g  (SANFS)' arrangement have been found t o  be a 

promis ing,  techn i  que f o r  appl i c a t i  ons i n combustor envi  ronments and advanced 

power systems. I n  t h i s  paper, c h a r a c t e r i s t i c s  o f  t h e  l i g h t  s c a t t e r i n g  

response- f o r  t h i s  o p t i c a l  arrangement are discussed i n  d e t a i l  based on Mie 

t h e o r y  ca l cu la t i ons .  P re l  im inary  data from a bench-scal e experiment and a 

nieans t o  improve measurement accuracy are  repart.ed. 

2, INTRODUCTION 

p a r t i c u l a t e  emission c o n t r o l  i s  one o f  t h e  most cha l leng ing  tasks  i n  

recent  developments of advanced f o s s i l  f u e l  combustion systems. S ize  d i s t r i -  

bu t ion ,  dust l oad ing  dens i ty ,  and o the r  c r i t i c a l .  phys ica l  and chemical 

p r o p e r t l  es o f  p a r t  i cu l ates i n t h e  e f f  1 uent s o f  combustors and t h e i  r associ ated 

cleanup equi pment compri se the  key i nformati on needed f o r  t h e  development . 
However, t he re  has been a l ack  o f  accurate and rea l - t ime  p a r t i c u l a t e  d iagnost ic  

Lechni ques f o r  t h e  e f f  9 uents f rom advanced power systems. Thi  s has prevented 

e f  f i c'i erlt eval u a t i  ons o f  t h e  perforrnance o f  combustors and cleanup equipment 

and has made i t  d i f f i c u l t  and complicated t o  develop and m0dif.y components i n  

t h e  advanced power systems t o  meet environmental regu la t i ons  and gas t u r b i n e  

product  spec i f i ca t i ons .  There i s  thus  a need, mani fest  and urgent,  f o r  

appropr i  a t e  p a r t i c u l a t e  d i  agnost ic  instruments, especi a1 l y  those w i t h  capabi 1 i - 
t i e s  o f  non in t rus ive ,  -- i n  s i t u ,  and rea l - t ime  monitor ing. The d i f f i c u l t i e s  

which chal  lenge t h e  i nstrument des i  gners o r i  g i  nate f rom t h e  h o s t i  l e  envi ronment 

o f  most advanced f o s s i l  f u e l  combustion systems. 



Present ly ,  p a r t i c l e  d iagnost ic  techniques can be grouped i n t o  two 

categories:: physical  sampl i n g  techniques, and o p t i c a l  techniques. The 

physical  sampling technique has been used ex tens ive l y  by i ndus t ry  and 

u t i l i t y  companies t o  charac ter ize  t h e  e f f l u e n t s  from t h e i r  b o i l e r s  o r  

fu rnaces i  It i s  t h e  on ly  means o f  p rov id ing  c o l l e c t e d  samples o f  p a r t i c l e s  

f o r  t h e  d e t a i l e d  analyses o f  t h e i r  physical  and chemical propert ies.  These 

measurements, however, may be b i  ased o r  dubious because o f  t h e  i ntlerent 

shortcomings associated w i t h  t h e  sampling process.l I t i s  i n t r u s i v e ,  f o r  

example, and requ i res  t ime consuming o f f - l i n e  data analyses. Due t o  

condensation, aggl or~ierat ion and cherni ca l  r e a c t i  on i n  t h e  probe t h e  sample 

c o l l e c t e d  may not represent what i s  i n  t h e  measured flow. Thus, a r e a l -  

time; nonint rus ive,  and -- i n  s i t u  p a r t i c u l a t e  diagnosi t c  technique i s  requ i  r- 

ed t o  complernent t h e  measurements by t h e  physical  sampling technique and 

even t o  replace i t  i n  some app l ica t ions .  

I n  p r i n c i  ple, both o p t i c a l  s c a t t e r i n g  and photographic ( i n c l u d i n g  

holographic)  techniques can provide noni n t r u s i  ve measurements o f  p a r t i c l e  

s i z e  and/or number load ing densi ty .  The photographic methods, neverthe- 

less,  a l so  requ i re  o f f - l i n e  data ana lys is  which i s  u s u a l l y  tedious and t ime 

c ~ n s u m i n g . ~  For r e a l  - t ime moni to r ing  capabi 1 i t y ,  t h e  o p t i c a l  techniques 

appear as t h e  most promising candidates. There are, however, many assump- 

t i o n s  and s t a t i s t i c a l  i n t e r p r e t a t i o n s  invo lved i n  r e l a t i n g  t h e  measured 

o p t i c a l  s igna l  t o  t h e  s i z e  and number dens i t y  o f  t h e  p a r t i c l e s .  The 

accuracy o f  t h e  measurements by o p t i c a l  methods depends on how much i s  

known a p r i o r i  about t h e  p a r t i c u l a t e s  and t h e  f l o w  environment and how good 

are  t h e  assumptions r e l a t e d  t o  a p a r t i c u l a r  app l ica t ion .  The high-tempera- 

tu re ,  high-pressure, and h i  gh-dust-1 oading condi t i ons encountered i n almost 

every f o s s i l  f u e l  combustion system provide f u r t h e r  chal lenges t o  t h e  

designers o f  o p t i c a l  p a r t i c l e  counters f o r  real - t ime,  i n - s i t u  measurements. 

The o b j e c t i v e  o f  t h i s  paper i s  t o  demonstrate t h e  c a p a b i l i t y  o f  a 

small -angle near-forward s c a t t e r i  ng ( S A N F S ) ~  o p t i c a l  arrangement f o r  

p a r t i c l e  s i z e  measurements i n  combustor exhausts. Sing1 e p a r t i c l e  s c a t t e r -  

i ng measurement i s elnphasi zed because i t  can provide accurate s i  ze d i  s t  r i  bu- 



t i o n  in fo rmat ion ,  r a t h e r  than o n l y  t h e  mean p a r t i c l e  s ize,  as w i t h  most 

mu1 ti p l  e  s c a t t e r i  ng techn i  ques. One should keep i n  mind, however, t h a t  

t h e r e  i s  no s i n g l e  inst rument  expected t o  s a t i s f y  t h e  e n t i r e  s i z e  o r  

composi t i on range o f  i n t e r e s t  o r  appl i c a t  i on a n t i  c i  pated i n combustor 

env i  ronrnents and advanced power systems. 

3. LIGHT SCATTERED BY A SPHERE 

When l i g h t  s t r i k e s  a  p a r t i c l e ,  a  p o r t i o n  .o f  t h e  l i g h t  energy i s  

absorbed and t h e  r e s t  i s  sca t te red  by t h e  p a r t i c l e  o r  i t s  sur face i r r e g u -  

a l a r i t i e s .  The ex ten t  o f  t h e  absorp t ion  and s c a t t e r i n g  depends on t h e  

wavelength o f  t h e  i n c i d e n t  l i g h t ,  A, and. the na ture  o f  t he  p a r t i c l e  (e.g., 

i t s  r e f r a c t i v e  index rn, r ad ius  r, and shape). For a  sphere o f  rad ius  

comparable o r  l a r g e  r e l a t i v e  t o  t h e  wavelength o f  t h e  i n c i d e n t  l i g h t ,  t h e  

1  i g h t  s c a t t e r i n g  p a t t e r n  can be p red i c ted  by Mie theory.$ The Mie 

f u n c t i o n  i s  an exact  s o l u t i o n  t o  Maxwell ' s  wave equat ion f o r  t h e  s c a t t e r i n g  

o f  e lect romagnet ic  r a d i a t i o n  by a  spher ica l  p a r t i c l e .  It cons is ts  o f  a  

s e r i e s  o f  spher icd l  harmonic terms w i t h  t h e  c o e f f i c i e n t s  con ta in ing  t h e  

r e f r a c t i v e  index  and s i  ze parameter, a  = 2 a r / ~ ,  o f  t he  p a r t i c l e .  

For  u n i t - i n t e n s i t y  i n c i d e n t  l i g h t  p o l a r i z e d  i n  t h e  d i r e c t i o n s  per-  

pend icu la r  o r  p a r a l l e l  t o  t h e  s c a t t e r i n g  plane, t h e  expressions f o r  t h e  

sca t te red  1  i ght  i ntens i  t y  are, respec t i  ve l y  : 

2 2  2  - A 5 - - 2 2 IS1 (0 ,  m, a l l  s i n  + , (1) 
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where S 1  and S2 are complex amp1 i t u d e  func t i ons  o f  t h e  Mie s c a t t e r i n g  

functions and a re  sums o f  spher ica l  Bessel f unc t i ons  o f  t h e  f i r s t  and 

second kind. A sketch o f  t h e  Mie s c a t t e r i n g  geometry i s  shown i n  F igure 1. 

The s c a t t e r i n g  plane i s  t h e  plane con ta in ing  t h e  i n c i d e n t  1 i g h t  ray  ( d i r e c -  

t i o n  o f  propagation) and t h e  s c a t t e r i n g  vector ;  + i s  t h e  azimuthal angle 



propagation) and the scattering vector; 4 i s  the azimuthal angle measured 

from the plane of polarization t o  the scattering plane and 0 i s  the scat ter-  

iny.angle measured from the direction of propagation t o  the direction of 

observation in the scattering plane. The Mie theory i s  quite general in 

that i t  i s  applicable on the one hand t o  par t ic les  in the Rayleigh region 

(r<<A) and on the other hand t o  large part ic les  u p  t o  the s ize where 

classical geometric optics can be applied. I t  i s  applicable t o  both 

absorbers and dielectr ics .  Figure 2 shows typical Mie scattering polar 

plots. The f i r s t  lobe in the forward direction i s  called the Fraunhofer 

diffraction lobe. The osci l la tory pattern versus scattering angle i s  one 

of the character is t ics  of F ie  scattering phenomena. The pattern changes as 

a function of pa r t i c l e  s i ze ,  refractive index, shape, etc., and i s  used as 

a means t o  measure par t ic le  s ize  in some apbl i c a t i o n ~ . ~  

For very small par t ic les  ( r  < 0.1 A ) ,  the Mie functi-on simp1 i f i e s  t o  

yield the Rayleigh equation.6 1t  i s  usually written in the following 

form ' for unpol a r i  zed 1 i  ght : 

4 2  6 
I  =--- 2 8n -l (1 + cos 0 )  , 2 2  4 R m + 2 A  

where I  i s  the intensity of 1 ight scattered by a sphere of radius r  a t  an 

an-gle o t o  the incident l ight  beam. R i s  the distance from the part ic le  t o  

the point of observation; I i s  composed of two polarized components with 

in tens i t ies  11 and 12. Figure 3 shows a typical Rayleigh scattering 

pattern from a part ic le  of 0.1 wn diameter. The intensity of the verti-  

cal ly  polarized l igh t ,  12, i s  t h e  f i r s t  term in the l a s t  bracket and 

represents a uniformly distributed pattern from O 0  t o  36U0. The'intensity 

of the horizontal polarized 1 i  g h t ,  11, peaks in the forward (0") and the 

back (180') scattering directions and i s  zero a t  90°. The Rayleigh scat ter-  

ing intensi ty  shows a sixth power dependence on the radius of the particle.  

As the s ize of the par t ic le  decreases, the scattered l ight  becomes undetect- 



ab le  very qu ick ly .  Thus, s c a t t e r i n g  f rom a  group o f  these small p a r t i c l e s  

has t o  be used ins tead  of t h e  s c a t t e r i n g  from a  s i n g l e - p a r t i c l e .  

4. SMALL-ANGLE NEAR-FORWARD SCATTER I NG ( SANFS ) ARRANGEMENT . 

L i g h t  sca t te red  by a  sphere i n  t h e  forward -small  angles, i.e., w i t h i n  

t h e  forward Fraunhofer d i f f r a c t i o n  lobe, e x h i b i t s  some unique charac ter i  s- 

t i c s  which are necessary t o  t h e  p a r t i c l e  s i z e  measurement i n  combustion 

envi  ronments. F i r s t ,  t h e  s c a t t e r i n g  i n t e n s i t y  response versus p a r t i c l e  s i z c  

i s  a  monotonic func t ion  ins tead of t h e  o s c i l l a t o r y  one a t  angles outs idc  

t h c  Fraunhofer lobe. F igure  4 shows a  comparison o f  t h e  Mie s c a t t e r i n g  

responses as func t i ons  o f  p a r t i c l e  s i z e  a t  various s c a t t e r i n g  angles. The 

monotonic behavior of t h e  s c a t t e r i n g  response a t  t h e  smalq-angle near-for- 

ward d i r e c t  i'on provides accurate s i z e  i d e n t i f i c a t i o n  over a  wide dynamic 

range i n  p a r t i c l e  sizes. The. Fraunhofer d i f f r a c t i o n  1  obe, however, becomes 

narrower as t h e  p a r t i c l e  s i z e  increases. For a  f i x e d  forward small-angle 

s c a t t e r i n g  arrangement, t h e  monotonic response breaks down f o r  p a r t i c l e s  

whose Fraunhofer lobe becomes smal ler  than t h e  angle o f  s c a t t e r i n g  (e.g., 

p a r t i c l e s  15 vm i n  diameter and l a r g e r  f o r  2' s c a t t e r i n g  angle; t ~ r t  F.igure 

5 ) .  At s c a t t e r i n g  angle of 0.5' and t h e  i n c i d e n t  l i g h t  wavelength o f  

0.514 urn, t h e  upper usefu l  1 i m i t  on p a r t i c l e  s i  ze i s  about 60 pm d i ~ m ~ t e r .  

Idea l ' l y ,  the  upper p a r t i c l e  s i z e  1  i m i t  can be scaled according ' t o  t h e  s i z e  

parariieter, a, and t h e  c o l l e c t i o n  angle. For l a r g e  p a r t i c l e s ,  however, i t  

b e c u ~ ~ ~ e s  d i f f  i c u  I t  t o  c o l l  e c t  sca t te red  1  i ght a t  small angles i n  . t he  forward 

d i r e c t i o n  and avoid t h e  i n c i d e n t  1 ight. heam simultaneously when t k r - e  are 

tu rbu lence and temperature f l u c t u a t i o n s  i n  t h e  flow. 

The second c h a r a c t e r i s t i c  o f  t h e  SANFS arrangement i s  t h e  i n s e n s i t i v i t y  

o f  t h e  s c a t t e r i n g  response t o  t h e  r e f r a c t i v e  index o f  t h e  p a r t i c l e .  F igure 

5  shows t y p i c a l  responses of a  SANFS arrangement a t  2 O  angle .I'rhoie p a r t f c l e s  

o f  a  wide range o f  r e f r a c t i v e  indices.  For comparison, s c a t t e r i n g  responses 

f rom s i m i l a r  p a r t i c l e s  a t  45' s c a t t e r i n g  angle i s  shown one Figure 6. The 

n e a r l y  col lapsed response curves a t  t h e  SANFS arrangement are essen t ia l  t o  



ensure accurate s i z e  measurement o f  p a r t i c l e s  a n t i c i p a t e d  i n t h e  combustor 

environments where t h e  chemical and phys ica l  p rope r t i es  o f  t h e  p a r t i c u l a t e s  

are not  known - a p r i o r i .  Th i s  c h a r a c t e r i s t i c  o f  t h e  sca t te red  li ght 

w i t h i n  t h e  Fraunhofer d i f f r a c t i o n  lobe has been v e r i f i e d  experiment- 

a l l y 7  and i s  w ide ly  recognized. 

The scat te red  l i g h t  response i n  t h e  forward Fraunhofer d i f f r a c t i o n  

lobe i s  a l s o  demonstrated as being l e a s t  s e n s i t i v e  t o  t h e  shape and o r i en ta -  

t i o n  of t h e   particle^.^,^ Isomet r ic  p a r t i c l e s  (i.e., those w i t h  no great  

i n e q u a l i t j e s  among t h e i r  d i f f e r e n t  dimensions) o f  many shapes have sca t te r -  

i n g  pa t te rns  s i m i l a r  t o  spheres of equal volume.1° F igure  7  shows 

c a l c u l  ated v a r i  a t i  ons i n  s c a t t e r i  ng responses based on t h e  same p ro jec ted  

area f o r  a  SANFS arrangement f o r  p a r t i c l e s  whose shape i n  t h e  d i r e c t i o n  o f  

t h e  i nc i  dent 1  i ght beam i s  square, rectangular ,  o r  c i  r c u l  ar. Agreement 

among these responses f rom d i f fe ren t -shaped p a r t i c l e s  a r e  exce l l en t  a t  

smal l  s izes  and d e t e r i o r a t e s  as t h e  p a r t i c l e  s i z e  increases. The dev ia t ion ,  

however, a t  50 pm i s  est imated t o  be o n l y  about 15%, which i s  b e t t e r  than 

t h e  measurement e r r o r  encountered i n  most cases. For s c a t t e r i n g  a t  angles 

1  arger  than t h e  Fraunhofer d i f f r a c t i o n  1  obe, t h e o r e t i c a l  p r e d i c t i o n s  

s i m i l a r  t o  t h e  Mie f u n c t i o n  have not been es tab l ished f o r  i r regular-shaped 

p a r t i c l e s .  However, l i m i t e d  c a l c u l a t i o n s  on spheroid p a r t i c l e s  were 

repor ted  r e c e n t l y  and showed a  s t rong dependence i n  t h e  s c a t t e r i n g  p a t t e r n  

on shape and o r i e n t a t i o n  of t h e   heroid id.^^,^^ I n  add i t i on ,  t h e  shape 

and o r i e n t a t i o n  o f  p a r t i c u l a t e s  encountered i n  most combustor environments 

and advanced power systems, are i r r e g u l a r  and a re  expected t o  change f rom 

one i n s t a n t  t o  t h e  next. The i n s e n s i t i v e  response t o  t h e  p a r t i c l e  shape 

f rom a  SANFS arrangement i s  essen t i a l  t o  ensure any measurement accuracy on 

p a r t i c l e  s izes  i n  t h e  i n d u s t r i  a1 combustion environments. 

The use fu l  measurement range on p a r t i c l e  s i z e  us ing  a  SANFS arrange- 

ment can be extended a t  a  reasonable forward s c a t t e r i n g  angle by employing 

2 1  i ght source o f  mu1 ti p l e  wavelengths. The osci  11 a t o r y  behavior from 

p a r t i c l e s  whose Fraunhofer d i f f r a c t i o n  lobe becomes narrower than  t h e  

s c a t t e r i n g  angle o f  t h e  c o l l e c t o r  can be smoothed w i t h  an i n c i d e n t  l i g h t  



source conta i  n i  ng a  wh i te  spectrum o r  se lected ~ a v e l e n ~ t h s . 3  Figure 8  

shows a  t y p i c a l  c a l c u l a t e d  Mie s c a t t e r i n g  response a t  s c a t t e r i n g  angles o f  

0.57' t o  5.7' us ing  t h r e e  wavelengths f rom a  t y p i c a l  argon-krypton i o n  

1  aser, namely 0.647, 0.514, and 0.488 pm. A nea r l y  monotonic re1 a t i o n  

between the  sca t te red  1  i g h t  i n t e n s i t y  and t h e  p a r t i c l e  diameter up t o  

100 pm can be approximated. 

There are, however, problems associated w i t h  t h e  SANFS arrangement as 

w e l l .  F i r s t ,  t h e  low-angle c o l l e c t i o n  i n  t h e  forward d i r e c t i o n  causes t h e  

depth o f  view a1 ong t h e  i nc i  dent 1  i ght beam t o  be 1  onger than t h a t  i n o ther  

o f f - a x i s  co l  l e c t i o n  arrangements. Without proper coincidence detec t ion ,  a  

t y p i c a l  l eng th  o f  t h e  depth o f  view can bc on t h e  o rdc r  o f  5 mm, depending 

on t h e  c o l l e c t i n g  l ens  and s i z e  o f  t he  aper tu re  i n  f r o n t  o f  t h e  photodetec- 

t o r ,  Th is  makes i t  imprac t i ca l  i n  a I r - i  yll-dust-load1 n y  envf ronment t o  make 
s i  n g l e - p a r t i c l e  measurements. However, a  siniple o p t i c a l  l o g i c  arrangmeent - 

can be implemented t o  check t h e  p o s i t i o n  o f  t h e  p a r t i c l e  w i t h  respect  t o  

t h e  f o c a l  p o i n t  of t h e  c o l l e c t i o n  lens.13 An improved l o g i c  de tec t i on  

system i s  shown i n  F igure  9. The SANFS s igna l  f rom t h e  sca t te red  1  i g h t  i s  

ob ta ined a t  t h e  photodetector  P D 1  through t h e  annular aperture. The 

measuring vol  ume seen by P D 1  i s  shown as V1,  which i s  l ong  due t o  t h e  

smal l  angle c o l l e c t i o n  geometry. The photodector 's  s igna l  has t o  be 

v a l i d a t e d  by t h e  l o g i c  outputs f rom photodetectors PD2 and PD3. 

The s i  ynal f rom PD3 represents t h e  1  i g h t  sca t te red  a t  a  l a r g e r  angle 

( o u t s i d e  the  annular  aper tu re  on t h e  c o l l e c t i n g  lens  o f  PD1). The e f f e c -  

t i v e  measuring volume seen by PD3 i s  shown as V3 i n  t h e  lower r i g h t  

corner  o f  F igure 9. I f  t h e  p a r t i c l e  passes through t h e  measuring volume 

V1 but  ou ts ide  V3, t h e  output  from PD3 w i l l  be "off." Ry e s t a b l i s h i n g  

a  l o g i c  coincidence check, t h e  s igna l  f rom PD1 i s  accepted o n l y  when P03 i s  

a l s o  "on." The e f f e c t i v e  measuring volume o f  PD1  i s  reduced t o  V3. The 

depth-of-view o f  t h e  SANFS arrangement can be reduced t o  100 pm o r  l e s s  

a long t h e  i n c i d e n t  beam. 

Another problem r e s u l t s  f rom t h e  f a c t  t h a t  t h e  sca t te red  l i g h t  i n ten -  

s i t y  f rom a  p a r t i c l e  depends on t h e  i n t e n s i t y  o f  t he  i n c i d e n t  l i g h t  a t  t h e  



l o c a t i o n  of t h e  p a r t i c l e .  The i n t e n s i t y  o f  a  w e l l  c o l l i m a t e d  w h i t e  l i g h t  

beam o r  a  l a s e r  u s u a l l y  has a  Gaussian d i s t r i b u t i o n  across t h e  c ross  

s e c t i o n  of t h e  beam. I f  o n l y  t h e  average i n c i d e n t  l i g h t  i n t e n s i t y  i s  

monitored, t h e  s c a t t e r e d  l i g h t  i n t e n s i t i e s  measured f r om a  smal l  p a r t i c l e  

a t  t h e  cen te r  o f  t h e  beam ( h i g h  i n c i d e n t  i n t e n s i t y  r e g i o n )  and a  l a r g e  

p a r t i c l e  a t  t h e  edge of t h e  beam ( l ow  i n c i d e n t  i n t e n s i t y  r e g i o n )  w i l l  be 

s i m i l a r .  Thus, a  ser ious. amb igu i ty  i n  p a r t i c l e  s i z e  de te rm ina t i on  based on 

t h e  abso lu te  s c a t t e r e d  i n t e n s i t y  i s  in t roduced.  Th is  i s  c a l l e d  t h e  "edge 

e f f e c t "  o r  "nonuniform i n t e n s i t y "  ambigui ty .  An il l u s t r a t i o n  o f  t h e  edge 

e f f e c t  i s  shown i n  F igu re  10. For  t h e  same s c a t t e r i n g  i n t e n s i t y  measured, 

t h e  s i z e  o f  t h e  p a r t i c l e  can be a  range o f  values depending on where i t  i s  

l o c a t e d  i n  t h e  s c a t t e r i n g  volume. Wi thout  proper  c o r r e c t i o n  f o r  t h i s  

e f f e c t ,  t h e  measurement accuracy on p a r t i c l e  s i  zes cannot be d e f  i ned. 

Var ious means f o r  overcoming t h i s  amb igu i ty  have been proposed and 

exerc ised  i n  some appl icat ions.14-16 The edge e f f e c t  amb igu i ty  can be 

min imized o p t i c a l l y  by u s i n g  PD2 i n  t h e  sane l o g i c  d e t e c t i o n  arrangement 

shown i n  F igu re  9. The s i g n a l  frorrl PD2 represen ts  t h e  l i g h t  s c a t t e r e d  a t  

t h e  same srnall angle geometry as PD1, bu t  through a  sma l l e r  s i z e  aper tu re .  

By reduc ing  t h e  s i z e  o f  t h e  ape r tu re  A2 i n  f r o n t  o f  t h e  d e t e c t o r  PD2, one 

can use t h e  ou tpu t  f rom PD2 as a l o g i c  sensor t o  accept o n l y  those p a r t i -  

c l e s  pass ing  through t h e  c e n t e r  o f  t h e  s c a t t e r i n g  volume (Vz) ,  i.e., PD2 

i s  "on." An i l l u s t r a t i o n  o f  t h e  e f f e c t i v e  measuring volume cross s e c t i o n  

i s  shown i n  t h e  lower  r i g h t  co rner  o f  F i q u r e  9. By combining t h e  l o g i c  

co inc idence  check o f  PD2 and PD3, t h e  s i gna l  f rom PD1 i s  accepted o n l y  when 

bo th  PD2 and PD3 a re  "on." An e f f e c t i v e  s c a t t e r i n g  volume o f  10-~cm3 

w i t h  minimal edge e f f e c t  amb igu i ty  can be e a s i l y  d c h i ~ v e d .  

5. Exper imenta l  Setup 

A  bench sca le  exper iment has been assembled a t  Sandia L ivermore t o  

t e s t  t h e  concept o f  t h e  smal l -angle near- forward s c a t t e r i n g  arrangement. 

F i g u r e  11 i s  a  p i c t u r e  o f  t h e  exper iment;  F i gu re  12 i s  a  schematic. Since 



a  monodispersed p a r t i c l e  generator i s  used a t  present, t h e  l o g i c  c o i n c i -  

dence check arrangement i s  no t  implemented i n  t h e  experiment. The l i g h t  

source i s  a  5-mw He-Ne laser ,  whose beam i s  focused t o  approximately 60 pm 

diameter  a t  t h e  measuring volume. The i n c i d e n t  beam i n t e n s i t y  I, i s  

moni tored by a  photodiode from t h e  l i g h t  s p l i t  before t h e  focus ing  lens. 

The c o l l e c t i n g  o p t i c s  cons i s t s  o f  a  mask, a  c o l l e c t i n g  lens, a  50-urn-dia- 

meter p i  n  hole,  a  narrow-band i nter fe rence f i l t e r ,  and a  photomul t i  p l  i e r .  

The mask prov ides a  t ransparent  r i n g  o f  4.5 mm ID  and 5  mm OD centered 

a long t h e  i n c i d e n t  l i g h t  beam ax is .  The i n n e r  mask serves as t h e  l i g h t  

dump f o r  t h e  i n c i d e n t  1  i g h t .  The t ransparent  r i n g  on t h e  rr~ask and t h e  

d i s tance  of t h e  mask f rom t h e  measuring volume def ine5 the angle o f  c o l -  

l e c t i o n ,  which i s  se t  t o  be 0.5" ' 0.03". An aper tu re  i s  l oca ted  a t  t h e  

f o c a l  p o i n t  o f  t he  c o l l e c t i o n  l ens  t o  minimize t h e  s l z e  of s c a t t e r i n g  

volume and t h e  background l i g h t .  

Two monodispersed p a r t i c l e  generators have been used f o r  t h e  c a l i -  

b r d t e d  p a r t i c l e  source f o r  t h e  bench t e s t .  The TSI model 3050 Berglund-Liu 

v i  b r a t  i ng o r i  f i ce aerosol generator prov ides monodi spersed 1  i qui  d  drop1 e ts  

o f  10 t o  40 pm and s o l i d  p a r t i c l e s  o f  1 t o  10 pm. The PMS-Model PG-100 

p a r t i  c l  e  generator can produce monodispersed 1  atex polystyrene p a r t i c l e s  a t  

low number d e n s i t y  i n  t h e  ranse o f  0.M t o  3 pm. The two genetdlurqs 

toge the r  can prov ide  a  wide range o f  p a r t i c l e s  o f  d i f f e r e n t  s i z e  and index 

o f  r e f r a c t i o n  t o  v e r i f y  t h e  Mie s c a t t e r i n g  responses o f  t h e  SANFS opt.icd1 

arrangement. 

A b lock  diagram o f  t h e  data a c q u i s i t i o n  and ana lys i s  procedure i s  

shown i n  F igure 13. The essen t i a l  data management center  i s  t h e  PDP11/34 

mlnlcomputer. The measured i n t e n s i t i e s  o f  t h e  i n c i d e n t  and the  at tenuated 

1  i g h t ,  I, and IA respec t i ve l y ,  a re  s to red i n  t h e  memory o f  t he  minicom- 

pu te r  v i a  a constant  A /D  sampling process. The r a t i o  IA/Io i s  computed 

and s to red  cont inuous ly  w i t h  the  l i g h t  s c d t t e r l n g  data. The s ignatures o f  

t h e  sca t te red  1  i ght freunl part  i c l  es passi ng through the  measuri ng vol ume are  

de tec ted  by an RCA 33000A p h o t o m u l t i p l i e r  and d i g i t i z e d  by a  N i c o l e t  Model 

204 d i g i t a l  scope. The d i g i t i z e d  s ignatures are then t r a n s f e r r e d  t o  t h e  



minicomputer which const ruc ts  histograms o f  t h e  r a t i o  o f  s ignature  pulse 

he ight  t o  i nc iden t  1 i g h t  and t h e  p a r t i c l e  t r a n s i e n t  t ime  (pulse w id th  o f  

t h e  p a r t i c l e  signature).  The histogram o f  p a r t i c l e  s i z e  i s  constructed f rom 

t h e  pulse he ight  histogram by deconvol u t i n g  t h e  measured 1 aser beam i n c i -  

dent i n t e n s i t y  d i s t r i b u t i o n  a t  t h e  measuri ng vo l  ume.16 P a r t i c l e  v e l o c i t y  . 
i s  obtained from t h e  histogram o f  t h e  p a r t i c l e  t r a n s i e n t  time. 

Para1 l e l  t o  t h e  N i c o l e t  d i  g i ' t a l  record ing  o f  t h e  p a r t i c l e  s ignature  i n  

r e a l  t ime, a Traco Northern pulse-height analyzer i s  used t o  e s t a b l i s h  an 

on - l i ne  pulse he ight  h is togram o f  p a r t i c l e  signatures. Th is  i s  used as a 

rea l - t ime  p a r t i c l e - s i z e  d i s t r i b u t i o n  monitor. The ac tua l  p a r t i c l e  s i z e  

i n fo rmat ion  can be obtained by s t o r i n g  t h e  pulse-height histogram on t h e  

POP11 minicomputer and processi . . ng t h e  data through t h e  same deconvol u t  i o n  

procedure f o r  t h e  N i c o l e t  o f f - l i n e  scope recorded data. 

6. PRELIMINARY TEST RESULTS 

Drop1 e t s  o f  about 30 and 50 pm diameter were generated f rom t h e  

Berglund-Liu generator and sent separate ly  through t h e  SANFS s c a t t e r i n g  

volume. The l i q u i d  used i n  t h e  t e s t  was isopropy l  alcohol.  The near ly  

s t a t i o n a r y  d i f f r a c t i o n  p a t t e r n  obtained f o r  'each t e s t  i nd i ca ted  t h a t  t h e  

d rop le ts  were monodispersed. F igure  14(a) shows a p i c t u r e  o f  t h e  t y p i c a l  

50-pm-di ameter d i f f r a c t i o n  p a t t e r n  obtained w i t h  a 1 i g h t  dump p l  aced i n  

f r o n t  o f  t h e  camera. The monodispersi ty o f  t h e  d rop le ts  was a l s o  confirmed 

by t h e  SANFS measurements as shown i n  Figure 15. The osc i l loscope t r a c e  i n  

F igure  15 shows the  output  s igna l  frorn t h e  photomul t i p 1  i e r  d i r e c t l y .  Each 

negat ive pulse represents a s ignature  of t he -d rop le t  t r a v e r s i n g  through t h e  

f o c a l  p o i n t  o f  t h e  l a s e r  beam. The almost equal ampli tude pulses i nd i ca tes  

t h e  s i z e  o f  t h e  d rop le ts  were near l y  equal. The pulse frequency agrees 

w i t h  t h e  v i b r a t i o n  frequency o f  t h e  o r i f i c e  which broke up t h e  l i q u i d  j e t  

t o  form droplets.  

When small er drop1 e t s  were generated by ad jus t i ng  t h e  o r i f i c e  v i b r a t i n g  

frequency, v e r t i c a l  f r i n g e s  were observed and superimposed on t h e  c i r c u l a r  



d i f f r a c t i o n  pat te rn .  F igure  14(b)  shows a  t y p i c a l  fri nge-d i f f rac t i on  

p a t t e r n  o f  d r o p l e t s  a t  about 30 pm i n  diameter. These v e r t i c a l  f r i n g e s  are 

evidence o f  having two d r o p l e t s  i n  t h e  s c a t t e r i n g  volume simultaneously. 

The l a s e r  beam diameter a t  t h e  s c a t t e r i n g  volume was about 60 pm and t h e  

separa t ion  between d rop le ts  was approximate t h e  diameter o f  t h e  droplets.  

For  d rop le ts  o f  about 30 p m  i n  diameter, two consecutive d rop le ts  are 

i n e v i t a b l y  i n s i d e  t h e  l a s e r  beam. I n  add i t ion ,  these v e r t i c a l  f r i n g e s  are 

i n  t h e  d i r e c t i o n  perpendicular  t o  t h e  d r o p l e t  ve loc i t y .  The con t ras t  o f  

t h e  f r i n g e s  became enhanced and t h e  f r i n g e  spacing increased when t h e  s i z e  

o f  t h e  drop le ts '  decreased. 

7. VARIABLE FREQUENCY G R I D  TECHNIQUE 

Although t h e  SANFS arrangement can be extended f o r  p a r t i c l e  s i z e  

measurements up t o  100 11m i n  diamter, t h e  Mic s c a t t e r i n g  I-esponse becomes 

l e s s  s e n s i t i v e  and o s c i l l a t o r y  (F igure 8). An a l t e r n a t e  method f o r  s i z i n g  

p a r t i c l e s  i n  t h e  range of 10 pm and up i s  being invest igated.  This techn i -  

que i s  r e l a t e d  t o  t h e  p a r t i c l e  s i z i n g  i n t e r f e r ~ m e t e r l ~ s . ~ ~  i n  which t h e  

p a r t i c l e  diameter i s  determined by t h e  f r i n g e  v i s i b i l i t y  observed i n  a  

. l ase r  doppler velocimeter.. By a d j u s t i n g  t h e  angle between t h e  two crossed 

beans o f  t h e  veloc imeter  t h e  i n te r fe romete r  can operate over a wide range 

o f  p a r t i c l e  diameters. However, f o r  a  g iven beam angle Ltie dynamjc range 

i s  1  i m i t e d  t o  dbuut one decade due t o  ambiqui t ies t h a t  a r i  se a t  low f r i n g e  

v i s i b i l i t y .  

The va r iab le  frequency g r i d  technique,18 described here, seeks t n  

extend t h e  range o f  p a r t i c l e  s izes  t h a t  can be measured wi thout  renlignment 

by i n t roduc ing  a  range of f r i n g e  spacings. One o f  scvcra l  o p t i c a l  dtr:r-dnye- 

ments t h a t  employs t h i s  p r i n c i p l e  i s  shown i n  Figure 16. The measurement 

volume i s  i l l u m i n a t e d  by e i t h e r  a  l a s e r  o r  wh i te  1  i ght  source, and an image 

o f  t h e  p a r t i c l e  i s  cast  onto a  va r iab le  frequency gr id .  As t h e  image o f  

t h e  p a r t i c l e  scans across t h e  g r i d ,  t h e  t rans 'mi t ted 1  i g h t  s igna l  (F igure 

17 )  o s c i l l a t e s  w i t h  vary ing  v i s i b i l i t y  and goes through a  n u l l  i n  v i s i -  



b i  1  i t y  a t  a  we1 1  def ined p o i n t  approximately where t h e  p a r t i c l e  diameter 

equals t h e  l o c a l  g r i d  spacing. Since t h e  g r i d  spacings are  known, t h e  

p a r t i c l e  diameter can be determined by - the  p o s i t i o n  o f  t he  f i r s t  n u l l  i n  

v i s i  b i  1  i ty.  

The t ransmi t ted  1  i g h t  s ignatures were s imulated by scanning t h e  g r i d  

of F igure 17 w i t h  a  c i r c u l a r  aper tu re  having a  diameter approximately equal 

t o -  t h e  w id th  o f  t h e  f i r s t  dark g r i d  l i n e  (F igure 18a). A c i r c u l a r  aper tu re  

one t h i r d  o f  t h i s  diameter was used t o  generate t h e  s ignature  o f  F igure 

18b. The v i s i b i l i t y  i n  F igure  18b remains much h igher  a t  smal ler,  g r i d  

spacings. However, t h e  v i s i b i l i t y  n u l l s  are not  c l e a r l y  shown due t o  

obvious imperfect ions i n  t h e  g r i d .  A simple envelope de tec t i on  and ex t ra -  

p o l a t i o n  technique can be implemented t o  rneasure t h e  f i r s t  n u l l ,  thus  

p r o v i  d i  ng an accurate i den t i  f i ca t  i on o f  t h e  g r i d  1  o c a t i  on and p a r t  i c l  e  

size. 

Several o the r  o p t i c a l  arrangements can be used t o  implement t h e  

v a r i a b l e  frequency technique.. A c e n t r a l  s top can be used i n  f r o n t  o f  t h e  . "  
l ens  t o  cas t  a  s c h l i e r e n  .image of t he  p a r t i c l e  onto t h e  gr id .  I n  t h e  case 

o f  d i f f u s e  p a r t i c l e s  t h e  measurement reg ion  can be i 11 uminated f rom t h e  . 

r i g h t  i n  F igure 17, thereby removing t h e  DC component due t o  d i r e c t  li ght 

f rom the  source. I 1  luminat ion  a t  r i g h t  angles t o  t h e  viewing. d i r e c t i o n  

o f f e r s  t h e  a b i l i t y  t o  e l i m i n a t e  out o f  focus p a r t i c l e s  by i l l u m i n a t i n g  t h e  

measurement reg ion  only.  An arrangement s i m i l a r  t o  t h e  i n te r fe romete r  

technique i s  obta ined i f  a  r e a l  image o f  t h e  g r i d  i s  p ro jec ted  i n  t he  

rneasurernent region. This  can be done e i t h e r  by the  use o f  an imaging l ens  

o r  by holography. F i n a l l y ,  an o f f - a x i s  zone p la te ,  t h e  s p a t i a l  equ iva len t  

o f  a l i n e a r  ch i rp ,  can be generated a t  t h e  measurement reg ion  by i ~ ~ l e i % f e ~ - -  

i n g  a  plane wave and a  s p h e r i c a l l y  focused beam. The best arrangement niay 

depend on t h e  p a r t i c u l a r  app l i ca t i on .  I n  any case s ignatures s i m i l a r  t o  
'. 

those o f  F igure 18 w i l l  be generated w i t h  each o f  these conf igura t ions .  



8. CONCLUSIONS 

P a r t i c u l  a te  d iagnos t i cs  us ing  t h e  o p t i c a l  1  i g h t  s c a t t e r i n g  p r i n c i p l e  

can prov ide  an on - l i ne  r e a l - t i m e  moni to r ing  of p a r t i c l e  s i z e  d i s t r i b u t i o n  

i n  gaseous o r  l i q u i d  flows. For  a  medium w i t h  p a r t i c l e s  o f  a  broad range 

o f  s izes,  shape, composit ion, and mass l oad ing  dens i t y  such as those 

general l y  encountered i n  a  foss i  1  fue l  combustion system, t h e  small -angle 

near-forward s c a t t e r i n g  arrangement appears t o  be t h e  most appropr ia te  

cand ida te  among var ious  o p t i c a l  arrangements. The Mie s c a t t e r i n g  response 

i s  found t o  be l e a s t  s e n s i t i v e  t o  t h e  r e f r a c t i v e  index and stldpt! o f  the 

p a r t i c l e  w i t h i n  t h e  forward Fraunhofer d i f f r a c t i o n  lobe, The response 

curve  i s  a l so  found as a  monotonic f u n c t i o n  o f  p a r t i c l e  s i z e  up t o  60 wm 

diameter  a t  a  reasonable SANFS arrangment. By i nt rvduc i  ng a m u 1  t iwave- 

l e n g t h  l i g h t  source, t h e  use fu l  dynamic range o f  p a r t i c l e  s i z e  can be 

extended t o  100 Mm o r  l a rge r .  

Based on t h e  l i m i t e d  da ta  f rom t h e  bench sca le  experiment, t h e  mea- 

sured s c a t t e r i n g  s ignature  p a t t e r n  f rom t h e  SANFS arrangement agreed w i t h  

t h e  drop1 e t  behavior f rom t h e  generator. The absol u te  i n t e n s i t y  c a l  i b ra -  

t i o n  t o  t h e  s i z e  of t h e  d rop le t  i s  c u r r e r l t l y  underway and w i l l  be checked 

agai n s t  t h e  M i  e  c a l  c u l  a t  i on. The npt.i c a l  1  ogi  c c o n t r o l  w i  11 be i mpl ellrer~ted 

t o  advance the  SANFS apparatus f u r t h e r  toward a  pro to type inst rument  f o r  

i n d u s t r i a l  usc. 

The v a r i a b l e  frequency g r i d  technique was dem~ns t ra ted  t o  be f e a s i b l e  

based on the  s i n ~ u l a t i o n  t e s t  r e s u l t s .  Experim~nt.5 1- sing pul  v e r i  zcd coal  

p a r t i c l e s  i n  t h e  s i z e  range o f  20 t o  200 Pm i n  mean d i  ameter w i  11 be 

performed on t h e  l a b o r a t o r y  bench i n  t h e  near f u tu re .  
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Banquet Speech f o r  1979 ~ ~ m ~ o s i u r n  

' D r .  George R. H i l l  

It i s  a  p l e a s u r e  f o r  me t o  renew a c q u a i n t a n c e  w i t h  many of you of whom I 

have had t h e  p r i v i l e g e  of working w i t h  i n  one of ny p r e v i o u s  c a r e e r s .  When 

Nancy O 'Fa l lon  i n v i t e d  me t o  be your speaker ,  s h e  i n d i c a t e d  t h a t  i t  would be 

i n  o r d e r  t o  g i v e  some background on t h e  i n s t r u m e n t a t i o n  needs t h a t  I s e e  a s  

requ i rements  t o  s o l v e  t h e  n a t i o n ' s  energy problems. Th is  brought  back a  f l o o d  

of memories from t h e  OCR days  and from EPRI e x p e r i e n c e ;  s o  I pu t  t o g e t h e r  a n  

o u t l i n e  of some of t h i n g s  t h a t  I would l i k e  t o  t a l k  abou t  b r i e f l y  b e f o r e  re-  

c e i v i n g  t h e  program. You d o n ' t  e v e r  want t o  do t h a t ,  because abou t  213 of t h e  

i t e m s  t h a t  I r e c a l l e d  a s  be ing  c r i t i c a l  t o  s o l v i n g  t h e  energy problem, i n  1972 

i n  Washington and t h e n  i n  P a l o  A l t o  w i t h  EPRI, most of you a r e  working on. A l l  

t h e  s o l u t i o n s  a r e  n o t  i n ,  a s  you know. We d e s p e r a t e l y  need a s  i n t e n s e  a n  e f f o r t  

i n  deve lop ing  t h e  i n s t r u m e n t a t i o n ,  t h e  a n a l y t i c a l  c a p a b i l i t y ,  and t h e  c o n t r o l  

c a p a b i l i t y  f o r  t h e  m u l t i t u d e  of p r o c e s s e s  which we a r e  going t o  have t o  develop 

on a  commercial l e v e l ,  as we can  develop.  P l e a s e  c o n t i n u e  t o  work a s  hard as you 

can;  g e t  a l l  t h e  s u p p o r t  you can,  s o  you c a n  do t h e  job  t h e  'proper way. I n  t h e  

p r e s e n t a t i o n  t o n i g h t ,  i t  occur red  t o  m e  t h a t  a  c l a s s i f i c a t i o n  scheme might be 

u s e f u l  i n  o r d e r  t o  b r i n g  u s  up t o  speed t o g e t h e r .  

Being back i n  t h e  academi-c f o l d ,  a s  I w a s  reviewing my tex tbooks  I was 

s t r u c k  by t h e  s i m i l a r i t y  between t h e  quantum energy l e v e l s  i n  a tomic  o r b i t a l s  

and t h e  development sequence i n  t h e  energy f i e l d .  Th i s  i s  a  d i f f e r e n t  way t o  

t i e  t h i n g s  t o g e t h e r ,  bu t  t h e r e  a r e  a  l o t  of s i m i l a r i t i e s  t h a t  one 'can e l a b o r a t e  

on. I ' l l  touch on some of then.  The f i r s t  s l i d e  is  t h e  c h e m i s t P  s quantum energy  

l e v e l  p i c t u r e ,  no t  t h e  p h y s i c i s t ' s  kind.  Y o u ' l l  have. t o  f o r g i v e  me f o r  t h e  

s i m p l i c i t y  of t h e  diagram, bu t  I t h i n k  i t  i s  q u i t e  u s e f u l .  A s  you r e c a l l  t h e  

energy  leve.l..s j.n t h e  elements a s  we move a c r o s s  t h e  p e r i o d i c  t a b l e  have i n  t h e  



f i r s t  two e lements  a n  "s" s t a t e .  I n  t h e  nex t  e lements  t h e r e  a r e  "s" and a "p" 

energy  l e v e l s ,  and s o  f o r t h .  L e t  me say a  word more abou t  t h i s  b a s i c  diagram 

i t s e l f ,  s o  you c a n  s e e  some of t h e  s i m i l e s  t h a t  can  be drawn a s  you move from 

one t ime p e r i o d  t o  a n o t h e r .  I n  t h e  i n i t i a l  time per iod ,  p r e h i s t o r i c ,  w i t h  two 

"s" subenergy l e v e l s ,  a l l '  t h e  work was done by man o r  animals.  I f i g u r e  i f  you 

were  a f f l u e n t  you had a  +1/2 an imal  working f o r  you; i f  you weren ' t  you had your  

w i f e  o r  f a m i l y  do t h e  work and you were a  -112, b u t  i t  w a s  s t i l l  p h y s i c a l  l a b o r  

by i n d i v i d u a l s ,  i f  you p lease .  I n  t h e  next e r a ,  i n  t h e  "p" l e v e l ,  mechanical  

i n v e n t i o n s  developed which made p o s s i b l e  improvements i n  t r a n s p o r t a t i o n ,  and 

a l lowed  f o r  manufacture ,  and f o r  energy product  ion.  These m u l t i p l i e d  t h e  cap- 

0 

a b i l i t y  f o r  do ing  work and r a i s e d  t h e  s t a n d a r d  of l i v i n g .  While t h e  c o s t  co- 

o r d i n a t e  i n c r e a s e d  l i f e  was made a  g r e a t  d e a l  more p l e a s a n t .  
. . 

A s  we move t o  t h e  "d" energy  l e v e l  i n  the.  3 r d  Era ,  you s t i l l  had human and 

an imal  power; bu t  a t  a  s t i l l  h i g h e r  c o s t .  T h e . " s W  l e v e l  i n  t h e  t h i r d  t ime per- 

i o d  was more expens ive  t h a n  t h e  "p" l e v e l  i n  t h e  p reced ing  t ime per iod .  There 

a r e  some s u b t l e t i e s  he re  t h a t  a r e  a  l o t  of fun  t o  p l a y  w i t h ;  I s h a n ' t  d w e l l  on 

them t o o  long, however. But i t  occur red  t o  me t h a t  a s  mechanical  i n v e n t i o n s  were 

p u t  t o  u s e  i n  t h e  development of t h e  5 "d" l e v e l s  of n a t u r a l  energy resources .  

These i n c l u d e  n a t u r a l  gas ,  l i q u e f i e d  pe t ro leum gas ,  petroleum, c o a l ,  and t h e n  a  

d e r i v e d  form, e l e c t r i c i t y .  A s  we move t o  t h e  p r e s e n t  t ime we i n c r e a s e  t h e  o p t i o n s  

aga in .  I n  t h e  7 t h  l e v e l  " f "  s t a t e  we move i n t o  a n  e r a  where s y n t h e t i c  l i q u i d s  a r e  

no t  o n l y  a  p o s s i b i l i t y ,  b u t  a  r e a l  n e c e s s i t y .  It t u r n s  o u t  t h a t  t h e r e  a r e  seven  

of t h e s e  o p t i o n s  t h a t  a r e  a v a i l a b l e  t o  u s  t h a t  a r e  d i t t e r e n t  enough t o  l i s t  

s e p a r a t e l y :  ( 1 )  methanol  p r o d u c t i o n  from c o a l ,  ( 2 )  F i s h e r  Tropsch g a s o l i n e ,  

(3 )  So lven t  Ref ined  Coal,  ( 4 )  Exxon Donor S o l v e n t ,  ( 5 )  H-Coal, ( a l l  somewhat d i f -  

f e r e n t  ne thods  of g e n e r a t i n g  f u e l  f o r  our mobi le  system o u t  of c o a l )  and t h e n  t h e  

( 6 )  C o n s o l i d a t i o n  Coal (CDF) p r o c e s s  and, f i n a l l y ,  ( 7 )  a  mul t i -product  p r o c e s s  

where you produce c h a r ,  g a s  and l i q u i d ,  a s  exempl i f i ed  by t h e  Coal Con and t h e  



FMC COED processes .  Now f o r  some of t h e  s u b l e t i e s .  I f  we could go back t o  t h e  

f i r s t  s l i d e ,  you'd r e c a l l  t h a t  t h e  energy l e v e l  d i f f e r e n c e ,  o r  t h e  c o s t  l e v e l  

d i f f e r e n c e ,  i s  very small. I t ' s  hard t o  say f o r  s u r e  which of those  process  

r o u t e s  i s  going t o  be t h e  most economic. Those of you i n  DOE a r e  being asked 

by the  Congress t o  make such deci.sions. I f e e l  f o r  you, because i t ' s  not pos- 

s i b l e .  The d i f f e r e n c e s  i n  c o s t  j u s t  a r e n ' t  def ined  u n t i l  w e  g e t  commercial 

p l a n t s  on l i n e  and have some experience w i th  them. And we won't g e t  those  

p l a n t s  on l i n e  and have them succes s fu l  u n l e s s  t he  work t h a t  you ' re  engaged i n  

i s  succes s fu l .  I r e a l l y  f e e l  t h i s  keenly. Another analogy: the  " f "  s t a t e s  i n  

t h e  p e r i o d i c  t a b l e  a r e  represen ted  by t h e  r a r e  e a r t h  metals .  Those of you who 

r e c a l l  your freshman chemistry w i l l  remember t h a t  t he se  elements  were lumped 

toge the r  i n  one box i n  t h e  e a r l y  p e r i o d i c  t ab l e .  Ear ly  on t h e r e  wasn't  sophis- 

t i c a t e d  enough ins t rumenta t ion  and a n a l y t i c a l  techniques t o  s e p a r a t e  them and 

i d e n t i f y  them. This  s epa ra t i on  requi red  t h e  development of the.  nuc lear  e r a  w i t h  

t h e  ins t rumenta t ion  t h a t  many of you have been involved in .  The same k inds  of 

\ .  

inst rument  a t  i on  and equipment development a r e  going t o  be requi red  f o r  t ak ing  
a .  . . 

advantage of . the presen t  day op t ions  i n  t h e  s y n t h e t i c  l i q u i d  and gas  developments. 

I n  t h e  e a r l y  "d" quantum l e v e l  pe r iod  when c o a l  of one rank and grade from 

one p a r t i c u l a r  mine was burned i n  a  b o i l e r  s p e c i f i c a l l y  de,signed arouxid t h e  c o a l ' s  

s p e c i f i c a t i o n s ,  c o a l  ana lyses  r equ i r ing  1 t o  3 days t o  complete were acceptab le .  

With our presen t  " f  " quantum technology, t h e  r e l i a b l e  ope ra t i on  of c o a l  conversion 

systems s e n s i t i v e  t o  smal l  v a r i a t i o n s  i n  s u l f u r ,  i n  minera l  mat te r ,  i n  t r a c e  el?- 

ments, even i n  moisture ,  make such long t i m e  de lays  i n t o l e r a b l e .  To sho r t en  t h e  

time f o r  a n a l y s i s  we i n i t i a t e d  one p r o j e c t  i n  t h e  F o s s i l  ' ~ u e l  Department of t h e  

E l e c t r i c  Power Research I n s t i t u t e  t h a t  has  a s  i t s  goa l  t h e  development of a  s i n g l e ,  

mult i -sensor  instrument  f o r  cont inuous monitoring (wi th  i n s t an t aneous  readout )  of 

t h e  siilf~.~r, water ,  minera l  mat te r ,  and heavy meta l  atom conten t  of a cont inuous 



s t ream of c o a l  on a  conveyor b e l t  feed ing  a  l i q u e f a c t i o n  r eac to r .  A f t e r  w r i t i n g  

t h a t  b e a u t i f u l  long s ta tement ,  you can  r e a l i z e  how de l igh t ed  I was t o  l e a r n  from 

t h e  program t h a t  0. J. Tass i cke r  i s  r epo r t i ng  i n  t h i s  symposium about  t h e  now de- 

veloped instrument .  Many of you had a  p a r t  i n  i t ' s  success.  The th ing  t h a t  t h e  

EPRI p r o j e c t  d i d  was t o  b r ing  t o g e t h e r  t h e  techniques t h a t  have been developed 

i n  t h e  nuc lear  a r e a  r e a l l y  - neut ron  a c t i v a t i o n  - with  t h e  type of people t h a t  

make m a t e r i a l s  t r a n s p o r t i n g  equipment. An educa t ion  symposium was he ld  where 

these two groups were brought t oge the r  - some of you probably were the re  g iv ing  

i n p u t  - and a mutual educa t ion  process  occurred. I th ink  we're going t o  end up 

wi th  a n  instrument  t h a t  w i l l  make poss ib l e  i n s t an t aneous  c u ~ ~ t r o l  of t h e  coa l  feed ,  

no t  only i n  t h e  power p l a n t s ,  but  i n  s y n t h e t i c  f u e l s  p l a n t s  a s  w e l l .  The i n s t r u -  

ment i s  very va luab le ,  because you cannot  any longe r  wa i t  a  day and a  ha l f  o r  two 

days f o r  the  r e s u l t s  of a n  a n a l y s i s  whi le  t h e  c o a l  i s  going i n t o  t h e  r e a c t o r  a t  a  

r a t e  of a  thousand tons  a  day. 

One of t h e  t r i p s  t h a t  I was a b l e  t o  make during t h e  year  and a  ha l f  I served 

as D i r e c t o r  of t he  o f f i c e  of Coal Research was t o  t h e  newly cons t ruc t ed  combined- 

c y c l e  power p l a n t  a t  Leunen, West Germany. That power p l an r  was designed Lu cuuple  

t o g e t h e r  a Lurgi  g a s i f i e r  w i t h  an  expansion t u r b i n e  and then  f i n a l l y  a  power tu r -  

bine.  This coupl ing  would i n c r e a s e  t h e  e f f i c i e n c y  of t h e  system and gene ra t e  e lec-  

t r i c i t y  environmental ly  more. s u i t a b l y  than  when you burn t h e  coa l  d i r e c t l y  - a n  

admirable  goa l  arid one t h a t  looked l i k e  i t  would be easy t o  solve.  The advantages 

i n  a i r  p o l l u t i o n  c o n t r o l  and t h e  ' increased  e f f i c i e n c y  o f ' c o n v e r t i n g  c o a l  t o  a  

c l e a n  gaseous f u e l  were i n i t i a l l y  unsuccessful .  I t  was 5 years ,  a t  l e a s t ,  before  

they  worked t h e  bugs out. The f i r s t  reason was t h a t  no c o n t r o l  equipment had been 

developed t o  i n t e r f a c e  between t h e  Lurgi g a s i f i e r  and t h e  gas  tu rb ine .  That was 

Problem ill. And, second - t h i s  is  a  r e v e l a t i o n  t o  me - they found t h a t  the  combus- 

t i o n  g a s i f i e r  chemical engineers  used a  completely d i f f e r e n t  set of terms and u n i ~ ~  
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t o  desc r ibe  t h e  components of t h e i r  g a s i f i e r  from t h e  s e t  f a m i l i a r  t o  t h e  e l e c t r i -  

c a l  and mechanical engineers  a t  t he  power p l an t .  It was a s  i f  they spoke d i f f e r -  

e n t  languages. It was a f a n t a s t i c  thing.  Five years  of hard work was r equ i r ed  

before  t h e  equipment was developed and t h a t  r e l a t i v e l y  simple p l a n t  opera ted  s a t i s -  

f a c t o r i l y .  P r o f i t i n g  from t h e i r  experience t h e  U. S. e l e c t r i c  u t i l i t y  i ndus t ry  

decided t o  i n i t i a t e  a combined-cycle p i l o t  p l a n t  e f f o r t .  They chose t h e  Con Ed 

system. The Powerton p l a n t  was t o  be t h e  s i te  f o r  a Lurgi g a s i f i e r  t o  be coupled, 

not t o  a n  expansion tu rb ine ,  but  t o  a combustion tu rb ine ,  one s t e p  f u r t h e r  t han  

t h e  Germans had gone, coupl ing i t  f i n a l l y  i n t o  a bo i l e r .  It turned out  t h a t  t h e  

c o s t  i nc reases  over  t h e  i n i t i a l  e s t ima te  (due t o  t h e  need f o r  unan t i c ipa t ed  f u e l  

gas  p u r i f i c a t i o n  equipment, and due t o  t h e  development requirements  f o r  i n t e r a c t -  

ing  c o n t r o l  equipment) caused t h e  demise of t h a t  Powerton p r o j e c t  a f t e r  s e v e r a l  

years  of e f f o r t .  Lucki ly  f o r  EPRI, t h e  c a n c e l l a t i o n  occurred before  t he  g a s i f i e r  

t u r b i n e s  were purchased; t h e  investment was not r e a l l y  a l l  t h a t  heavy i n  hardware. 

Pa r t  of t h e  problem h e r e  was t h a t  the  success  i n  t he  space program, . t h e  l u n a r  land- 

i ng  program i n  p a r t i c u l a r ,  wi th  a l l  i t s  b e a u t i f u l ,  automated, computer-controlled 

redundancy misled t h e  developers  of more p rosa i c  processes  f o r  genera t ing  e lec-  

t r i c i t y  from s y n t h e t i c  f u e l  i n t o  the  mistaken no t ion  t h a t  t h e  development of i n t e r -  

a c t i n g  c o n t r d l  and a n a l y s i s  equipment was easy and would keep pace w i t h  t h e  devel- 

opment of t he  major hardware components sub jec t  t o  high s t r e s s  condi t ions .  More. 

power p l a n t s  have been shu t  down due t o  t h e  f a i l u r e  of va lves  and pumps and f i l -  

t e r s  than  due t o  f a i l u r e  of t h e . l a r g e  s c a l e  components. For t h e  want of a n a i l  - 

I th ink  a l l  of you remember t h a t  l i t t l e  s ta tement  - f o r  t he  want of a n a i l ,  a shoe 

was l o s t ;  f o r  t h e  want of a shoe, t h e  horse  was l o s t ;  f o r  t h e  want of t h e  horse ,  

t h e  r i d e r  was l o s t ;  f o r  t h e  want of t he  r i d e r ,  t h e  message was l o s t ;  f o r  t h e  want 

of t h e  message, t h e  b a t t l e  was l o s t ;  f o r  t h e  want of t h e  b a t t l e ,  t h e  war was l o s t .  



Well, t h a t  s t a t emen t  - f o r  t h e  want of a n a i l  - might w e l l  be i n sc r ibed  on t h e  

w a l l s  of t h e  i n d u s t r y  decision-makers who a l l o c a t e  funds f o r  energy r e sea rch  and 

development. 

Ear ly  i n  my work a t  t h e  O f f i c e  of Coal Research I f e l t  t h a t  t h e  e f f o r t  i n  

i n s t rumen ta t i on  and c o n t r o l  equipment was not g r e a t  enough. We s e t  about t o  t r y  

t o  develop t h e  equipment t o  e l i m i n a t e  p o t e n t i a l  bo t t lenecks .  I read i n  a recent  

DOE r e p o r t ,  t h a t  5 companies have f i n a l l y  been funded t o  do work on high tempera- 

t u r e  gas  cleanup. We, I thought,  had t h a t  s t a r t e d  some yea r s  ago. 

The e f f o r t  of t he  R e l i a b i l i t y  and Performance program a r e a  f o r  which 1 had 

r e s p o n s i b i l i t y  a t  EPRI was expanded f i v e f o l d  dur ing  my l a s t  s i x  months a t  EPRI i n  

o r d e r  t o  be a b l e  t o  concen t r a t e  s u f f i c i e n t l y  on t h e  development of equipment which 

can improve t h e  percentage t i m e  on l i n e  a t  new and e x i s t i n g  power p l an t s .  An 

economic a n a l y s i s  demonstrated t h a t  a 5% improvement i n  power p l a n t  r e l i a b l i t y  

nat ionwide can save r a t epaye r s  b i l l i o n s  of d o l l a r s  i n  t h e  c o n s t r u c t i o n  of new 

p l a n t s  - 
Let  me touch b r i e f l y  on a few of t h e  o t h e r  program a r e a s  t h a t  have i n t e r e s t e d  

me ove r  the years .  I ' m  p leased  - very happy - t o  s e e  t h a t  many of them you are 

working on, ,judging by t h e  t i t l e s  of t h e  papers i n  t h i s  symposium. For example, 

t h e r e  needs t o  be i n s t rumen ta t i on  developed i n  t h e  c o a l  o i l  s l u r r y  a r ea .  A s  we 

t r y  t o  reduce t h e  q u a n t i t y  of o i l  we ' re  consuming, one way we can do i t  i s  t o  burn, 

i n  power p l a n t s  t h a t  have t h e  c a p a b i l i t y  of handl ing some coa l ,  a s l u r r y  mixture  

of c o a l  and o i l .  This  w i l l  r e q u i r e  some new kinds of equipment f o r  forming and 

s t a b i l i z i n g  c o a l  o i l  s l u r r i e s  and f o r  i n j e c t i n g  through burners  (without  phase 

s e p a r a t i o n )  t h a t  two phase system. There needs t o  be some work concent ra ted  here.  

Another major a r e a  t h a t  I a g a i n  have anx ie ty  about ,  having r e c e n t l y  S i s i t e d  a po;er 

p l a n t  i n  the  c e n t r a l  p a r t  of Utah, i s  t h e  d i s p o s i t i o n  of t h e  s o l i d  waste  from t h e  

SO abso rbe r  system. A p o l i t i c a l  dec i s ion  was made t h a t  power p l a n t s  l oca t ed  2 



i n  remote a r e a s  burning c o a l  w i t h  l e s s  t h a n  0.6% s u l f u r  must have a f l u e  g a s  

d e s u l f u r i z a t i o n  u n i t  pu t  on, even  though t h a t  same c o a l  cou ld  be burned i n  New 

J e r s e y ' w i t h o u t  a c o n t r o l  d e v i c e  and meet a l l  t h e  EPA requirements .  I f a i l  t o  

unders tand  t h e  l o g i c  behind t h a t .  

I t h i n k  t h o s e  of you who a r e  working w i t h  models w i l l  a p p r e c i a t e  a n o t h e r  

r e l a t e d  development. UP&L b u ' i l t  t h e  f i r s t  500 MI4 u n i t  of t h e  p l a n t  w i t h o u t  a 

f l u e  g a s  ' d e s u l f u r i z a t i o n  u n i t .  C o n s t r u c t i o n  was underway be£ o r e  t h e  EPA regu la -  

t i o n s  were e s t a b l i s h e d .  The s u l f u r  d i o x i d e  d i s p e r s i o n  model t h a t  EPA used pre- 

d i c t e d  t h a t  t h e  f i r s t  p l a n t  was going t o  cause  f u m i g a t i o n s  i n  t h e  h i l l s  surround- 

i n g  and i n  t h e  town'down t h e  canyon from where t h e  p l a n t  was l o c a t e d .  Th is  would 

t h e r e f o r e  r e q u i r e  f l u e  g a s  d e s u l f u r i z a t i o n .  Due t o  t h e  p r e d i c t e d  SO2 problem, EPA 

r e q u i r e d  t h e  company t o  a g r e e  t o  p u t  on a f l u e  g a s  d e s u l f u r i z a t i o n  u n i t  i n  t h e  

second u n i t  they b u i l t .  The f i r s t  500 MW u n i t  o p e r a t e d  a y e a r ,  d u r i n g  which t ime 

SO was moni tored con t inuous ly .  Not once d i d  they  f i n d  a d e t e c t a b l e  q u a n t i t y  of SO2 2  

a t  any of t h e  l o c a t i o n s  t h a t  t h e  model s a i d  would g i v e  0 .1  ppm fumiga t ion .  UP&L 

approached t h e  s t a t e  EPA f o r  pe rmiss ion  n o t  t o  p u t  t h i s  expensive  u n i t  on t h e  

second p l a n t .  They were g i v e n  permiss ion.  However, EPA Washington s e n t  a t e l e -  

gram s a y i n g ,  "AS you were. The model p r e d i c t s  fumiga t ion ,  t h e r e f o r e  you w i l l  

b u i l d  t h e  second u n i t  w i t h  t h e  SO2 a b s o r b e r  i n  it." I had b e l i e v e d  t h a t  you 

b u i l d  a model based on d a t a ;  you t e s t  i t ;  g e t  a d d i t i o n a l  d a t a ;  t h e n  change t h e  

model i f  i t  d o e s n ' t  p r e d i c t  c o r r e c t l y .  You d o n ' t  say  t h e  model i s  r i g h t  and t h e  

d a t a  a r e  wrong. T h i s  i s  t h e  p o s i t i o n  t h a t  t h e  EPA took i n  t h i s  p a r t i c u l a r  in-  

s t a n c e .  One consequence of t h i s  d e c i s i o n  i s  t h e  p r o d u c t i o n  of a  w a s t e  p roduc t  

t h a t  comes o u t  of t h e . r e a c t o r  as a s l i m e  which d e f i e s  d e s c r i p t i o n .  You c a n ' t  

r e t a i n  i t  even i n  a c l a y - l i n e d  p i t .  The aqueous phase l e a k s  i n t o  t h e  ground 

w a t e r  i n  t h e  v i c i n i t y .  The maintenance and o p e r a t i o n  of t h a t  p a r t i c u l a r  system 

i n v o l v e s  mare people  t h a n  a r e  r e q u i r e d  t o  r u n  a l l  t h e  r e s t  of t h e  p l a n t .  There 



may be  some l o g i c  here ,  but I f a i l  t o  comprehend it. We do need b e t t e r  i n s t r u -  

menta t ion  and b e t t e r  knowledge of how t o  handle t he se  was te  products  i f  we ' re  

going t o  be succes s fu l .  There i s  technology t h a t  i s  being developed, which must 

be improved, i n  t he  u t i l i z a t i o n  of garbage i n  power generat ion.  The s e p a r a t i o n  

of t h e  aluminum, t h e  i r o n ,  t h e  g l a s s ,  and t h e  handl ing of t h e  p l a s t i c ,  s o  you 

d o n ' t  gene ra t e  more noxious fumes than a r e  allowed, r e q u i r e s  a  g r e a t  d e a l  of 

e f f o r t .  I th ink  some good work i s  going on here.  

One of the deve lnpm~nt s  i n  the  f l u e  gas ss rubbcr  technology 13 the need for 

a b e t t e r  m i s t  e l im ina to r .  Some of t h e  u n i t s  produce 'a m i s t  t h a t  goes out  t h e  

s t a c k  and s e t t l e s  around t h e  p lan t .  This i s  worse than t h e  o r i g i n a l  SO2 was, and 

has  t o  be e l imina ted .  

W e  found out  i n  some of our o i l  s h a l e  work a t  t he  Un ive r s i t y  of .Utah t h a t  

du r ing  s h a l e  pyro. lysis  you gene ra t e  a n  a e r o s o l  - l i t t l e  t i n y  d r o p l e t s  t h a t  defy  

c o l l e c t i o n .  T h e y ' l l  go thrbugh any condenser system w e  had ava i l ab l e .  We t r i e d  

u s i n g  a  f i l t e r  of g l a s s  wool.' But t h i s  g l a s s  wool s t u f f  comes smoking out  t h e  

f i l t e r  j u s t  l i k e  nothing was i n  t h e  way. I th ink  an  e l e c t r o s t a t i c  dev ice  C O I I ~ I . ~ ~  

w i t h  some k ind  of f i l t e r  may so lve  t h e  problem. Hopefully,  somehndy may be work- 

i n g  on i t .  I f i n d  I ' m  ou t  of d a t e  on a  l o t  of t h e s e ' t h i n g s ,  s o  you can  t e l l  me 

be fo re  I. l eave  t on igh t ,  "Hey, we have t h a t  one l i cked ;  we have developed t h i s  de- 

v i c e  which s o l v e s  t h e  problem. " 

One of t h e  i n t e r e s t i n g  developments t h a t  0. J. Tass icker ,  who i s  one of your 

au tho r s ,  was heav i ly  involved i n  a t  E P R I  was t h e  deve lnpm~nt  of t h e  high in tens-  

i t y  i o n i z e r  t o  i n c r e a s e  t h e  e f f i c i e n c y  of e l e c t r o s t a t i c  p r e c i p i t a t o r s .  I hope I 

don ' t  offend any o f .you  who a r e  c l o s e  t o  t h e  u t i l i t y  i ndus t ry  o r  t h e  e l e c t r o s t a t i c  

p r e c i p i t a t o r  manufacturers  when I r epo r t  t h a t  a l l  of t h e  research  t h a t  might have 

been done t o  improve t h e  e f f i c i e n c y  of p a r t i c u l a t e  removal had not  been done. 

The claims f o r  99.9% removal e f f i c i e n c y  were r a r e l y  achieved. It has now been 



poss ib le  t o  improve the  e f f i c i e n c y  of an  e l e c t r o s t a t i c  p r e c i p i t a t o r  by about  50% 

by p re ion i z ing  t h e  p a r t i c u l a t e s  by passing t h e  s t a c k  gases  through a  l i t t l e  sand- 

wich p l a t e  between t h e  s t a c k  and t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r .  

By p u t t i n g  a  high i n t e n s i t y  f i e l d  on you charge up t h e  p a r t i c l e s  so t h a t  

they migra te  more e f f i c i e n t l y  t o  ' the  charged e l e c t r o d e s  i n  t h e  e l e c t r o s t a t i c  pre- 

c i p i  t a t o r .  

Another p a r t i c u l a t e  problem i s  t h a t  t h e r e  needs t o  be improved f i n e  p a r t i c l e  

(0.1 t o  1 micron) ana lyzers  and removal systems. Many of you may have been in- 

volved i n  t h e  development of some of t h e  i n i t i a l  equipment. A p i ece  of equipment 

has  now been developed which I th ink  can  be used rou t ine ly .  E a r l i e r  dev ices  re- 

qu i red  a  Ph.D. t o  make succes s fu l  measurements. I ndus t ry  w i l l  a p p r e c i a t e  t h i s ,  

be l i eve  me. One of t he  problems i n  t h e  e l e c t r i c  u t i l i t y  i n d u s t r y  was h i s t o r i c -  

a l l y  t h a t  none of them had a  s t a f f  chemical engineer.  When a u t i l i t y  was asked 

t o  put i n  such chemical . p l an t s  a s  f l u e  gas  d e s u l f u r i z a t i o n  p l a n t s ,  they had prob- 

lems. somebody f igu red  ' t h a t  i f  you hybr id i ze  a n  e l e c t r i c a l  and a  mechanical 

engineer ,  you can  come up wi th  a  chemical engineer .  This  assumption proved t o  

be wrong i n  a  very expensive way. 

Fabr ic  f i l t e r s  are of t h e  s e t  t h a t  i s  going t o  be worked on i n  high 

temperature gas  c leanup systems. Bag house f i l t e r s  remove t h e  f i n e  p a r t i c l e s ,  

the O l i e s  yuu i r i sp i r a t e ,  that gee s tuck  i n  your lungs and can cause lung problems. 

But much development work s t i l l  needs t o  be done on t h e i r  d u r a b i l i t y .  

~ n o t h e r  problem i s  NO and NO a n a l y s i s ,  reduc t ion ,  and con t ro l .  The EPA 2 

r e g u l a t i o n s  have outrun t h e  technology f a i r l y  s eve re ly  here. We need t o  de te r -  

mine t he  mechanism of NOX r educ t ion  i n  a  f l u i d i z e d  bed. The l e v e l  of emission 

i s  below what you'd p r e d i c t  i t  would be. We don ' t  know i f  i t ' s  a  chemical reac- 

t i o n  wi th  carbon monoxide, o r  whether i t ' s  a  su r f ace  ca t a lyzed  r educ t ion  w i t h  

carbon. Even so, w e  s t i l l  have t o  reduce i t  f u r t h e r .  I j u s t  hope we don ' t  g e t  



t o  t h e  poin t  where we r equ i r e  t h e  Japanese so lu t ion ,  which i s  t o  i n j e c t  ammonia 

i n  t h e  s t ack  t o  r e a c t  w i th  the  oxides.of  ni t rogen.  I made a c a l c u l a t i o n  when 

t h a t  sugges t ion  was made i n  a meeting a t  EPRI i n  Pa lo  - ~ l t o  one day. The cal-  . 

c u l a t i o n  showed t h a t  we ' re  not manufacturing enough ammonia.in the  whole United 

S t a t e s  t o  reduce t h e  NOX i n  t h e  power p l a n t s  planned f o r  cons t ruc t ion  i n  t he  next 

10  years .  And bes ides  t h a t ,  nobody had a t  t h a t  time succes s fu l ly  shown t h a t  you 

can  g e t  complete r e a c t i o n  of t h e  NH and NOX i n  a coa l  f i r e d  combustion sys- 3 

tem. A l l  t h e  d a t a  a r e n ' t  i n  here  ye t .  , 

I n  so lvent  r e f i n e d  coa l  product ion,  we're s t i l l  faced wi th  s e r i o u s  problems 

on s o l i d s / l i q u i d s  separa t ion .  We also have probl.ea~s i l l  coubust ion burner devcl- 

opment. B&W and Combustion Engineering both have developed burners  f o r  SRC com- 

b u s t i o n  t h a t  f i n a l l y  work s a t i s f a c t o r i l y ,  bu t  t h e r e ' s  s t i l l  a l o t  of room f o r  

improvement here. Staged combustion w i l l  reduce t h e  NOX; t h e r e  a r e  some innova- 

t i v e  ideas  i n  equipment design t h a t  r e a l l y  need t o  be developed t o  keep t h e  NOX 

low i n  a more n a t u r a l  way, r a t h e r  than  r equ i r ing  chemical process  t o  reduce t h e  

concent r a t  ion. 

Another i n t e r e s t i n g  a r e a  i s  i n  t he  s u b s t i t u t i o n  of low Btu gas  f o r  n a t u r a l  

gas  i n  power p lan ts .  Combustion Engineering and B&W and one of t he  n a t i o n a l  

l a b o r a t o r i e s  c a l c u l a t e d  t h e  e f f i c i e n c y  of combustion of gases  of d i f f e r e n t  heat- 

i n g  values.  We had a symposium a t  C a m e l  t o  d i scuss  t he  r e s u l t s .  Calcu la t ions  

had shown t h a t  t h e  flame temperature of a mixture of hydrogen and carbon moriorcide 

w i t h  a hea t ing  value of only 300 Btu per  cub-ic f o o t  was with211 about 50" of the  

flame temperature of methane a i r  mixture. The reason, of course,  i s  t h a t  i n  t h e  

methane a i r  mix ture  you b r ing  i n  so much n i t rogkn t h a t  t h e  t o t a l  volume of gas 

heated i s  ve ry  g r e a t  compared t o  t he  voluue requirement f a r  the  CO/H mixture. 

The con t r ac to r ,  B&W, p l o t t e d  the  ca l cu la t ed  flame temperature t h a t  could be 

achieved a s  hea t ing  value a s  you went from pure methane c l e a r  a c r o s s  . i n  hea t ing  



value t o  a  low Btu gas.  The c a l c u l a t i o n s  showed t h a t  a  gas  of hea t  conten t  300 

Btu 's  gave 110% a s  much energy a s  you go t '  burning methane. The e f f i c i e n c y  

dropped o f f  q u i t e  r a p i d l y  a t  lower hea t ing  va lue  because then  you were p u t t i n g  

i n  such a  l a r g e  volume of gas. It became very ev iden t  t h a t  we could s u b s t i t u t e  

300 Btu gas  f o r  n a t u r a l  gas  and come out  ahead w i t h  minimal p ip ing  changes. 

The p o s s i b i l i t y  of going t h e  i n t e rmed ia t e  Btu gas  r o u t e  f o r  i n d u s t r i a l  and power 

product ion purposes, wi th  a  great savings,  would save l a r g e  q u a n t i t i e s  of n a t u r a l  

gas. Some of t h e s e  concepts  have p r a c t i c a l  and very economic r ami f i ca t i ons .  

Le t  m e  touch b r i e f l y  on a  few more and then  I ' l l  l e t  you go. This  i s  a  de l igh t -  

f u l  p l a c e  t o  be - Denver - and hear ing  t a l k s  t h i s  time of n i g h t  i s  a  t e r r i b l e  

. ordeal .  You had a  good d inner ,  I th ink ,  and can s t and  t o  be punished a  b i t ;  t hen  

I ' l l  f i n i s h .  

W e  haven ' t  y e t  developed a  good d i e s e l  engine smoke depressant .  S ince  we're  

going t o  have t o  have more automobile d i e s e l  engines ,  t h i s  problem w i l l  need a  

so lu t ion .  I don ' t  know how t h e  d i e s e l  engine manufacturers  have g o t t e n  by so  long 

without  EPA r e s t r i c t  ions.  

The next one - combined wet /dry coo l ing  towers f o r  power p l an t s .  I n  t h e  

western p a r t  of t he  country we're  s h o r t  of water.  That means t h a t  u l t i m a t e l y  we 

a r c  going t o  have t o  go t o  e i t h e r  dry coo l ing  towers o r  a  wet/dry coo l ing  tower 

t o  minimize t h e  q u a n t i t y  of water  t h a t  i s  required.  J u s t  before  I l e f t  EPRI, we 

were t a l k i n g  about  using ammonia a s  a  hea t  exchange f l u i d  i n  such systems. Some- 

body had made a  c a l c u l a t i o n  t h a t  i f  you used ammonia a s  your coolan t ,  pumped i t  

over,  and then  used water  t o  absorb  t he  hea t  a s  you compressed t h e  ammonia aga in ,  

t h a t  you could reduce t h e  power requirement f o r  t h e  blower s u f f i c i e n t l y  t o  c u t  

t h e  c o s t  by ha l f .  It should be ev ident  by now t h a t  wi th  t he  very s o p h i s t i c a t e d  

equipment and in s t rumen ta t i on  knowledge now a v a i l a b l e  t h a t  t e chno log ica l  improve- 

ments i n  p l a n t  ope ra t i ons  w i l l  be made t h a t  can make ' a  r e a l  d i f f e r e n c e  i n  t h e  c o s t  

processes  and products .  One major problem we.'ve go t  t o  dea1 ,wi th  i s  how t o  remove 



t h e  very f i n e  p a r t i c l e s  from a combustion smoke. I f  you p l o t  a  p a r t i c l e  s i z e  

d i s t r i b u t i o n  curve i n  a  smoke s tream coming out  of a  power p l an t ,  you f i n d  a  

f a i r l y  normal d i s t r i b u t i o n  curve. However, i t  has  a  sp ike  i n  , i t  a t  about, a s  

I r e c a l l ,  0.08 microns. There i s  a tremendous concen t r a t ion  of t hese  l i t t l e ,  

t i n y  , s p h e r i c a l  beads. These p a r t i c u l a r  p a r t i c l e s  ev iden t ly  a r e  condensation 

p a r t i c l e s  enr iched  i n  heavy metals.  Unfortunately,  t h a t  s i z e  p a r t i c l e  i s  in- 

s p i r a t e d  and adsorbs  i n  your lungs. I don ' t  know how you b u i l d  a  device  t h a t  

s e l e c t i v e l y  f i l t e r s  out  the  l a r g e  number of t h a t  s i z e  p a r t i c l e ,  but  I ' m  s u r e  

i t  w i l l  be done. 

F ina l ly ,  i n  t h e  s h a l e  o i l  and c o a l  l i q u e f a c t i o n  products  we're f i n d i n g  

t h a t  i n s t e a d  of g e t t i n g  ' a  nice,  pe troleum-like l i q u i d ,  you' re awful ly lucky i f  

50% are hydrocarbons. The o t h e r s  a r e  h e t e r o c y c l i c  oxygen, n i t rogen ,  s u l f u r  con- 

t a i n i n g  mult i - r ing components. A s  you hea t  t hese  molecules they don ' t  s p l i t  

n i c e l y  t o  g ive  you a  l o t  of high octane, benzene type molecules. Rather,  they 

break s i n g l e  r i ngs  and then  degrade - one r i n g  a t  . a  time. And s o  i f  you s t a r t  

w i th  a  big p l a t e l e t  w i th  maybe 20 benzene r i n g  aggregate ,  a l l  you can  g e t  out  

of t h a t  w i th  p re sen t  technology i s  one benzene o r  to luene  and y6u produce rhe 

r e s t  a s  gas. So, some of you who a r e  good a t  enzyme chemistry might develop a  

d u a l  f u n c t i o n a l  c a t a l y s t  t h a t  w i l l  a l low these  b ig  p l a t e l e t s  t o  s i t  down on t h e i r  

s u r f a c e  t o  be cleaved. Sc i s so r ing  t h e  molecule r i g h t  up t h e  middle, i n s t e a d  of 

p e r i p h e r a l l y  degrading i t  w i l l  double t h e  high ocrane l lqu l t l  p r u d u c l l u z ~ .  Oaeo,,, 

l i n e  cheaper than  we had i t  before  t h e  most recent  p r i c e  i nc rease  could be t h e  

r e s u l t .  

I hope y o u ' l l  r e a l i z e  I ' m  one s t e p  away from what you 're  r e a l l y  doing. I 

have descr ibed  some of t he  problems which have needed a t t e n t i o n  i n  my work. Somc 

of them you a r e  so lv ing  I s e e  from your r epo r t s .  I commend you, I encourage you. 

your success  i s  imperat ive i f  we a r e  t o  move forward successfu l ly .  We wish you 

success  i n  your work. Thank you very much. 
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ONLINE CORRELATION FLOWMETERING I N  COAL CONVERSION PLANTS 

K. G. Porges,  F. R. Lenkszus, R. W. Doering, W. W. Managan, 
C. L. Herzenberg, C. A. Nelson, and N. M. O'Fallon 

The f i r s t  a p p l i c a t i o n  of c o r r e l a t i o n  t o  t h e  measurement of flow speed 
goes back some 30 yea r s , '  during which t h e  method has developed considerably 
but  s t i l l  remains a technique s u i t a b l e  only f o r  l abo ra to ry  and s p e c i a l  appl i -  
c a t i o n s ,  r e q u i r i n g  a t  b e s t  some occas iona l  a t t e n t i o n  by a  s p e c i a l l y  s k i l l e d  
opera tor .  Tn he accepfablc  i n  an  i n d u s t i i a l  p l a n r ,  a  flowmeter must read out  
e n t i r e l y  autonomously over  t h e  speci-f ied range (frnm s t a r t u p  tu f u l l  flow) ul 
rhe m e a s i i r P m P n t  s i t a .  Sincc the  f u ~ ~ c L l o u  des i r ed  i s  usua l ly  t h e  f e e d r a t e ,  a  
measurement of t h e  flow speed by c o r r e l a t i o n  i s  only one ing red ien t  of t h e  
readout ,  and an  a d d i t i o n a l  o n l i n e  detennjnnti-on of dens i ty  o r  composition i s  
a l s o  needed wlien t h e  flowing medium i s  inhomogeneous. All t h i s  c a l l s  f o r  
a  dedica ted  computer, which i s  r equ i r ed  t o  determine the  mean Elowspeed o r  
component t r a n s p o r t  r a t e  by c o r r e l a t i o ~  (wi th  o r  without  he lp  from s p e c i a l  
c i r c u i t r y )  and $a incnrpnrate  enough i n t e l l i g c n ~ e  tu t r ack  and search  f o r  
t h e  c o r r e l a t i o n  a s  t h e  flow changes; i n  a d d i t i o n ,  t h e  computer must eva lua t e  
t h e  densi ty/composi t ion from ano the r  s e t  of measurements, and f i n a l l y ,  t h e  
f e e d r a t e  readout  is t o  be computed a t  accep tab le  i n t e r v a l s  from t h e  dens i ty  
and v e l o c i t y  da t a .  

Un t i l  q u i t e  r e c e n t l y ,  a  computer capable of accomplishing a l l  t he se  
t a s k s  i n  t h e  a v a i l a b l e  time would have been p r o h i b i t i v e l y  expensive. Since 
t h e  advent of 16-bi t  microcomputers, t h e  p r a c t i c a l  implementation of t h e  
necessary  b a s i c  program hy means of relatively cheap L31 chlps  and boards 
would appear t o  be no longer  u n r e a l i s t i c ,  and t h i o  perhaps uakes A P P V ~ ~ W  of 
correlation Iluwwetet ing of somewhat more than  academic i n t e r e s t  i n  connec- 
t i o n  wi th  c u d  conversion,  where such flowmeters can o f f e r  c e r t a i n  s p e c i f i c  
advantages.  

I n  flowmetering, a s  i n  n t h ~ r  measurcmcnto, t h e  ~ U U U L I L  of in format ion  
which i s  a v a i l a b l e  f o r  prace.ssing inc reases  w i th  t h e   umber nf w n s o r e ;  a . 
e o r a l l a ~ y  of this g e n e r a l i z a t i o n  i s  t h a t  parameters which a  s i n g l e  sens ing  
head must g r a s p  through d i r e c t  expos.ure. can. he i n f e r r e d  from t h e  peLcepLi~ns  
of s e v e r a l  s enso r s  viewing t h e  process  from a s a f e  d is tance .  Cor re l a t ion  
flowmeters,  which ope ra t e  wi th  two senso r s ,  a re  thus  inhe ren t ly  non-invasive. 
If  more sensors  a r e  deployed, t hen  sometimes more information re . su l t s ;  f o r  
multi-phase flow, t h i s  p r i n c i p l e  can be made use of t o  determine sepa ra t e  
f e e d r a t e s ,  a s  w i l l  be d iscussed ,  a l l  without  sampling t h e  medium o r  obs t ruc t -  
i n g  t h e  flow. Since measurement s i t e s  i n  c o a l  processing p l a n t s  o f t e n  f e a t u r e  
h igh  temperatures  and p re s su res ,  while  t h e  flowing medium i s  ab ras ive  and tends 
t o  c log  even when no o b s t r u c t i o n s  a r e  i n s e r t e d ,  t h e  ins t rumenta t ion  of p i l o t ,  
demo, and f u l l - s c a l e  c o a l  conversion p l a n t s  ev iden t ly  o f f e r s  some scope t o  cor- 
r e l a t i o n  schemes. 



It is not our intention to claim that correlation flowmetering is the 
only (or even necessarily the most cost effective) technique for every meas- 
urement site. Other non-invasive flowmeters have been available, and some of 
these may be found suitable for coal conversion plants. It is well, however, 
to keep in mind that velocity measurement is only one of several tasks which 
together provide the desired readout; it also should not be overlooked that 
on-site calibration, required whenever the flowmeter signal varies with envir- 
onmental conditions (e.g., the temperature), can be very difficult. 

To provide a perspective for correlation flow velocity measurement, it 
may be useful to connect that two-station scheme with other, readily under- 
standable two station schemes. Aside from Doppler frequency shift measure- 
ments, which in fact will be considered in another report at this meeting,2 
these schemes are all based on "tagging": injection of salt., dyes or radioactive 
tracers in a pulse or steady stream has long been exploited for flow measure- 
ments in gas and liquid phase flow. 3'5 Accuracies of 0.2% can be achieved5, 
hence this general method can be useful for intercalibration purposes, as it 
has been in studying flow. 6'8 Measurements are, moreover, absolute: when 
certain procedures and computation methods are used, tagging effects a fair 
(unbiased) sampling, independent of the flow pattern. 

The scope of tagging is broadened and its most objectional feature, the 
.. injection valve, eliminated if the medium happens to contain a nuclear species 
. which can be activated through the duct by neutron irradiation (other means of 
:.inducing nuclear transformation lack penetration or require prohibitively cum- 
bersome equipment). The signal delivered by a downstream,detector can again 
be processed in such a way as to make the velocity readfng a b s o l ~ t e ~ , ~ ~  if 
the neutron irradiation is pulsed. For gas streams, a similar scheme has 

. been described in which a local beta or gamma source produces ionization, the 
latter being detected downstream by applying a collection protential to a 
plate which can be flush with the duct wall. l1 Yet another decaying tag 
scheme, NMR f lowmetering, l2 is applicable to conducting liquids, but. might 
work for a slurry. 

Returning now to Pulsed Neutron Activation (PNA), which of all described 
through-the-duct tagging schemes has the best overall potential for applica- 
tion to ducts of arbitrary diameter, carrying multi-phase media, it is sometimes 
found that available pulsed neutron sources cannot produce a measurement with 
adequate precision and also within an acceptable time span. In TOF neutron 
spec'troscopy, where a similar source intensity'problem is often met, it has 
been found possible to increase the mean pulsing rate while at the same time 
randomizing intervals between pulses, with the net effect that correlation'pro- 
cessing of the detector count rate allows one to infer the desired information 
with considerably enchanced statistical precision, speed, or both.13 Sup- 
posing now, for the.moment, that this stratagem will work for PNA (tests of 
this possibility are being planned at our laboratory), then this scheme in 
effect bridges the gap between tagging and correlation processing, as illus- 
trated schematically in Fig. 1: instead of the upstream tagging source, an 
upstream detector is deployed to sense the passage of natural inhomogeneities 



in the medium, also occurring in random sequence. The similarity is more than 
superficial: in both cases, the statistical precision of a measurement ob- 
tained within a given acquisition time varies with the ratio of tag intensity 
(or natural fluctuation intensity) to channel input noise; moreover in both 
cases the downstream signal is degraded by turbulent dispersion of the tag or 

' natural inhomogeneity en route to the detector site. The latter effect can 
sometimes be dealt with through optimized detector siting, and has also been 
reduced by processing in the frequency regime, as yet too complex to be ap- 
plied online, which will be briefly considered below. 

Natural inhomogeneities which can be harnessed for correlation velocity 
measurement include local fluctuations in temperature, vorticity, density and 
composition; the first two of these are specific for homogeneous media. Tem- 
perature can be sensed only by passive means which, however, can be made ex- 
tremely resistant to a hostile environment. Passive sensing results in a some- 
what poor S I N  ratio, necessitating long acquisition times; l4 Ll~e availability 
of radiation resistant thermocouples has led to the application of this scheme 
in flow measurements within the core of nuclear reactors.15 Vorticity has been 
exploited in a clamp-on flowmeter which detects the phase shift induced in a 
sonic signal by the radial velocity components of local vortices.16 This is 

an example of an active sensing scheme in which the medium is "interrogated" 
by some some means, resulting in an enhanced S/N ratio. Uther active sensing 
schemes which address inhomogeneities in density or composition are summarized 
in Table I; all these methods also lend themselves, in principle, to the deter- 
mination of mean medium density and/or composition and are thus of specific 
interest for the type of flowmeter this review emphasizes. Each of the 
schemes listed works best within a certain range of geometry and flowing 
medium parameters; fortunately, different techniques tend to complement each 
other, with some overlap. Sonic beam transmission has been much used wieh 
direct timing rather than correlation processing,17 which can dispense with 
inhomogeneities and is therefore more applicable to homogeneous media than to 
slurries (clamp-on commercial versions of this kind of instrument, which 
measures flow speed only, are available from several commercial vendors). 
Electroma netic radiation transmission, long used for high-precision densi- 
tometr 1f120 has been shown to ield cotrelarlon velocicy urt.asurewru~a l o r  
light2"and gamma radiation; 22 ,2J optical correlation velocity measure- 
ment is best applied to gas-solids streams with less than 10% solid while 
gamma transmission offers the best scope in dense streams (liquid/solid, 
gaslsolid) and ducts of larger diameters. Another type of sensor detects 
the response of the medium to an impressed OM field, which Is couve~11euLly 
possible by surrounding the duct with a capacitor. This widely practiced 
correlation s ~ h e m e ~ ~ ' ~  senses changes induced in Lhe mean dielectric con- 
stant of the medium within the capacitor, r~si~lting from the presence of 
solids. Given a paramagnetic medium component, the same game can be played 
with the magnetic susceptibility; lastly, fluctuations in medium conduct- 
ivity27 have been used for velocity measurement. 



This  l i s t  of sens ing  p o s s i b i l i t i e s ,  n o t  n e c e s s a r i l y  exhaus t ive ,  suggges ts  
t h a t  t h e r e  i s  a  reasonably good chance of f i n d i n g  something which works i n  a  
l a r g e  and va r ious  number of s p e c i f i c  measurement s i t e s .  We now pass  on t o  t h e  
next  t op i c :  how i s  i t  done? 

The c o r r e l a t i o n  process  s t a r t s  w i th  f l u c t u a t i n g  s i g n a l s  from t h e  two 
senso r s ,  which must be d i g i t i z e d  t o  a l low t h e  d i g i t a l  computer t o  work. This  
i n  t u r n  involves  sampling, a t  a  r a t e  which p re se rves  t h e  informat.ion con ten t  
of t h e  analog s i g n a l .  As c o r r e l a t i o n  process ing  u s u a l l y  r e q u i r e s  a  l a r g e  num- 
be r  of samples,  another  cons ide ra t i on  i s  t h e  readout  de l ay  N? where N = number 
of samples and T = sampling i n t e r v a l  = l l s ampl ing  r a t e .  Now l e t  L = l hng th  of 
t h e  duc t  r eg ion  scanned by each i n d i v i d u a l  sensor  and R = l e n g t h  of a  t y p i c a l  
inhomogeneity, e.g., a  c l u s t e r . o f  p a r t i c l e s ,  t hen  we can d e f i n e  t h e  dwell  t ime 

t d  GI( (L+R) and i t  becomes ev ident  t h a t  f o r  a  choice  ?>>td, informat ion  i s  
indeed l o s t ,  whereas t h e  choice  ?>>td samples t oo  f r equen t ly :  not  much addi -  
t i o n a l  in format ion  is  gained whereas more i npu t  no i se  i s  admit ted through t h e  
concomitant i n c r e a s e  i n  bandwidth. Thus, a n  e s t ima te  of t h e  mean flow speed - 
v al lows a  good choice  of t h e  sampling r a t e ;  i n  p r a c t i c e  t h i s  e s t i m a t e  would 
have t o  be made on t h e  b a s i s  of t h e  maximum flow speed. I n  t y p i c a l  c o a l  pro- 
ce s s ing  p l a n t  s i tes,  a  1-kHz sampling r a t e  covers  t h e  s i t u a t i o n  adequately;  
t h i s  r e s u l t s  i n  a  readout  de lay  (and thus  approximate readout  r e f r e s h  i n t e r -  
v a l )  of t h e  o rde r  of 1 second f o r  N = 1000. 

Before,  o r  a f t e r ,  d i g i t i z a t i o n ,  i t  i s  expedient  t o  s u b t r a c t  t h e  average 
. o f  each f l u c t u a t i n g  DC s i g n a l ,  g iven  t h a t  f l u c t u a t i o n s  may amount t o  only a  
smal l  f r a c t i o n  ( t y p i c a l l y  less than 1%) of t h e  mean s i g n a l ;  t h i s  a l lows t h e  
computer t o  work wi th  small  numbers. The r e s u l t i n g  s e t  of b i p o l a r  samples 
might look somewhat l i k e  Fig. 2 ,  which was ob ta ined  i n  a  t e s t  on t h e  HYGAS 
p l a n t  s l u r r y  f e e d l i n e  w i th  capac i t i ve ,  sensing.  A s t r o n g  s i m i l a r i t y  i n  t h e  two 
records  i s  r e a d i l y  no t i ced  and one can thus  e s t ima te  t h e  t r a n s i t  t ime between 
senso r s  by eye ,  d i s p l a c i n g  one record  w i th  r e s p e c t  t o  t h e  o t h e r  u n t i l  t h e  b e s t  
congruence i n  obtained.  In  o t h e r  s i t u a t i o n s ,  t o  be s u r e ,  matching by eye i s  
more difficu1.t .  as n o i s e  masks t h e  c o r r e l a t e d  component. This c a l l s  f o r  a  com- 
pu te r  program which can e l i c i t  t h e  d e s i r e d  in format ion  from f a i r l y  no isy  re-  
cords ,  and moreover do t h i s  very r a p i d l y ,  w i th  some judgment. When faced  w i t h  
t h i s  kind of requirement ,  i t  o f t e n  he lps  t o  p re sen t  t h e  a v a i l a b l e  in format ion  
g r a p h i c a l l y  and then otudy t h e  p l o t  f o r  c l u e s ;  w e  sha1.l  do s o  he re ,  p l o t t i n g  
upstream samples a g a i n s t  downstream samples,  a s  shown i n  Fig. 3. Each p o i n t  
on t h i s  p l o t  r e p r e s e n t s  a  p a i r  of concur ren t  (s imultaneous)  samples and t h e  
f a i r l y  i soaz imutha l  d i s t r i b u t i o n  i n d i c a t e s  t h a t  t h e r e  i s  no no t i ceab le  cor- 
r e l a t i o n  (which would o rde r  t h e  p o i n t s  a long  a  l i n e  wi th  p o s i t i v e  s l o p e ,  pass- 
i n g  through t h e  o r i g i n ) .  Repeating t h i s  p l o t ,  a p t l y  known a s  a  " s c a t t e r  dia-  
gram", w i th  a n  o f f s e t  of 20 samples (such t h a t  each po in t  p a i r s  a  D-sample wi th  
a  U-sample taken  20 seconds e a r l i e r ) ,  grouping. begins t o  appear  (Fig.  4 ) .  Now 
i n c r e a s i n g  t h e  o f f s e t  o r  l a g  by 16 ,  17 ,  and 30 more sampling i n t e r v a l s ,  one 
o b t a i n s  t h e  t h r e e  p l o t s  shown i n  Fig. 5. The f i r s t  two of t h e s e  show s t r o n g  
grouping, t h e  t h i r d  weaker grouping, i n d i c a t i n g  t h a t  a  de lay  of 50 sampling 
i n t e r v a l s  has  overshot  t he  t r a n g i t  t ime,  whi le  t h e r e  i s  no v i s u a l  d i s t i n c t i o n  
between 36- and 37-sample delay.  



To choose ( i n  t h i s  i l l u s t r a t i v e  example) which de lay  comes c l o s e r  t o  t h e  
t r a n s i t  t ime, we may invoke t h e  well-known P r i n c i p l e  of Least  Squares,  from 
which we deduce t h a t ,  given a known s t r a i g h t  l i n e  

and s e v e r a l  s e t s  of po in t s  ( x ~ + ~ , Y ~ ) ;  i=1,2,3, .  . . N ;  k=0,1,2, ... k-1; t h e  s e t  
f o r  which t h e  sum of squares  

i s  t h e  sma l l e s t  i s  t h e  most s t r o n g l y  co r r e l a t ed .  A s  depic ted  i n  Fig. 6, t h e  
s imultaneous f i t t i n g  of x  and y y i e l d s  another  r e l a t i o n ,  

from which X,Y can  be e l imina ted ;  t hus  

The f i r s t  two terms of t h i s  express ion  a r e  e s s e n t i a l l y  independent of k  i f  N>>K; 
t h e r e f o r e ,  i f  Sk i s  t o  be a  minimum wi th  r e spec t  t o  t h e  choice  of k ,  t hen  t h e  
t h i r d  term must be a  maximum. Indeed, a  p l o t  of t h i s  t h i r d  term a g a i n s t  k  f o r  
t he  s e t  of d a t a  used i n  the  foregoing,  shown i n  Fig. 7, confirms t h i s .  

Without r e s o r t i n g  t o  complex mathematics, w e  have thus  discovered t h e  
exac t  program f o r  t h e  o n l i n e  processor:  compute t h e  covariance 

- .- 

f o r  K o f f s e t s  o r  p o i n t s  over  t h e  record  l e n g t h  N, choosing K l a r g e  enough t o  
c a p t u r e  the  covariance peak (and a l low t r ack ing  t h a t  peak i f  and when t h e  flow 
speed' changes);  - thereupon f i n d  t h e  l o c a t i o n  of t h e  peak, bax, and compute 
ZUd/k,,, = v. This  s t i l l  r e q u i r e s  two poss ib l e  c o r r e c t i o n s ,  (a) f o r  velocity 
d i spe r s ion ,  ( b )  f o r  components, e.g., f i n e  dus t ,  which do not  y i e l d  s t rong  cor- 
r e l a t i o n s  and may move a t  a  d i f f e r e n t  speed. A f u l l e r  d i scuss ion  of t h e s e  ef- 
f e c t s ,  which could  amount t o  5%, i s  beyond t h e  scope of t h i s  survey; we no te  
only t h a t  d e t a i l e d  s t u d i e s  which would a l low t h e  e r r o r  t o  be reduced below 1% 
l a r g e l y  remain t o  be done. A u s e f u l  proper ty  of t h e  covariance i s  i t s  immunity 
t o  noise :  supposing that random no i se  samples x' , y; a r e  added t o  t h e  s i g n a l  
samples xi+k, y i  i n  t h e  above express ion ,  then  thzkcomputed. covariance inc ludes  
fou r  components 



of which the last three tend to, vanish as the number of samples increases. 
If, on the other hand, a fixed number is added to each sample (as would be 
the case if the average subtracted from each sample before computation was 
not quite the exact average of the sample set) then the entire covariance 
is raised on a pedestal (always positive even when the fixed number is 
negative). Neither kind of signal contamination affects the location of 
the covariance peak; to be sure, noise does worsen the statistics and.there- 
fore, if present, requires more samples hence a longer acquisition time to ob- 
tain results within a specified statistical precision. 

Having thus found the program, the fastest and least expensive means of 
implementing Eq. (3) is next on the agenda. Bearing in mind again that a 
complete flowmeter requires sensing and computing the medium density or compo- 
sition as well as the mean flow speed, and that both computations may have.to 
be corrected, an online computer is a necessity unless the medium is strictly 
homogeneous, single phase and thus allows one to infer the density from the 
temperature (a stratagem widely used by conventional "flowrate" meters which 
are in effect flow velocity meters.and are often sold with a correction table 
listing true versus apparent readings for various media). One then has the 
choice of supplementing the computer with additional circuitry for purposes 
of rapid computation of the covariance, or specifying a computer which can 
do this task.unaided; finally, a number of "correlator" circuits have been 
described.in the technical literature and could thus be fabricated to produce 
the covariance computation as a stand-alone subsystem. 

Considering the latter option first, it turns out that in order to pro- 
duce a substantial number of .multiplications, say 10~/second, virtually all 
dedicated online "correlator" circuits make use of parity correlation, in 
which the magnitude of sample numbers is discarded and only the sign is kept. 
The multiplication of two signs admits four possible inputs and two possible 
outcomes, readily implemented in a logic ENOR circuit, while the storage of 
samples in single bit format needs nothing more elaborate than a shift regis- 
ter. Certain combinations of shift registers, ENOR logic and output stores 
are available in LSI-hybrid and used in image enhancement for both military 
and medical applications of correlation processing. Such circuits allow 
100 or more multiplications/microsecond in series-parallel connection, which 
is more apprupriate for enhancing images involving 10' points than for flow 
sampl ing at 1 kHz, yielding lo3 lags. The qursLlvrl how much useful intorma- 
tion is discarded by retaining only the sign 'of the signal samples has been 
argued theoretically28 and is occasionally investigated experimentally;29 
it is difficult to answer in a straightforward way since much depends on the 
type of signal and background which is being correlated. A more weighty 
argument against deploying a semi-autonomous correlator is the difficulty of 
adding some recognition and tracking features to such a unit, vis a vis the 
relative ease of providing the capability of making decisions by software. 
If one accepts that a system lacking such features and thus requiring skilled 
personnel attention is not auitable for an irldustrlal plant, then he is led 



t o  an  a l l - s o f t w a r e  ( o r  so f tware  supported by s p e c i a l  hardware) implementation 
of c o r r e l a t i o n  p roces s ing ,  which has  been t h e  b a s i s  of our  work a t  ANL. A n  
o n l i n e  c o r r e l a t i o n ,  peak l o c a t i o n  and peak t r ack ing  program which can cover 
a  range of 20 : l  i n  f low speed i s  now being t e s t e d  w i th  an INTEL 8086 system 
supplemented by a n  onboard LSI M u l t i p l i e r ,  a t  a  hardware c o s t  of about  $3 K. 
Th i s  pro to type  system, sampling a t  1 kHz, can d e l i v e r  an updated readout  
every  2 seconds o r  so ;  t h e  next  ve r s ion ,  making use  of LSI c i r c u i t r y  a l r eady  
announced but no t  y e t  a v a i l a b l e ,  would aim f o r  a  f a s t e r  sampling r a t e  and 
s h o r t e r  readout  update.  

Indulging i n  s p e c u l a t i o n  about  f u t u r e  t r ends  i n  c o r r e l a t i o n  flowmeter- 
i n g ,  one may n o t e  t h a t  o f f l i n e  process ing  appears  t o  be almost  a t  t h e  po in t  
of competing w i t h  o n l i n e  processing,and could become more c o s t - e f f e c t i v e  
evc?nt-iially. The two s t r o n g  p o i n t s  of o f f l i n e  processing i n  t h e  frequency 
regime a r e  t h a t  t h e  sampling process  hence choice  of sampling rate can be 
managed wi  thnut  c o n s t r a i n t ,  whi le  a d d i t i o n a l  information,  ~ l e g l e c t e d  by pro- 
c e s s i n g  i n  t h e  t i m e  regime, i s  a v a i l a b l e  from t h e  complex phase,  30 ,3  ' a s  
a l r e a d y  demonstrated i n  a  flowspeed measurement.32 J u s t  a s  t h e  p r a c t i c a l  
implementation of our p re sen t  scheme has  had t o  waiL s e v e r a l  yea r s  f o r  de- 
l i v e r y  of t h e  f i r s t  1 6  b i t  micro LSI c h i p s ,  a  complex FFT scheme might be- 
g i n  t o  look p r a c t i c a l  when a  complex FFT over ,  say ,  1-2k mesh p o i n t s  can be 
executed i n  less than  10  m s  w i th  r e l a t i v e l y  inexpensive and r e a d i l y  program- 
mable c i r c u i t r y ,  and then  would s t i l l  have t o  wai t  u n t i l  t h a t  c i r c u i t r y  i s  
r e a l l y  avai l -able  . 

Before l eav ing  t h e  s u b j e c t  of o n l i n e  process ing ,  a  f o o t n o t e  may be 
added concerning flowlno-flow i n d i c a t o r s ,  f o r  which t h e r e  appears  t o  be a  
c e r t a i n  demand i n  i ndus t ry .  Such i n d i c a t o r s  can be implemented wi th  almost 
any sensing device  and a  few hnndred d o l l a r s '  worth of e l e c t r o n i c s ;  i n  par- 
t i c u l a r ,  s ing le -ch ip  microcomputers such a s  INTEL'S 8748 ( $ / U j  can apply a  
s imple s t a t i s t i c a l  t e s t  t o  incoming da t a  and determine i f  and when the  flow 
h a s  stopped. 33 , 3 4  E a r l i e r  and more c o s t l y  analog ve r s ions  of t h i s  kind of 
p rocessor  a l s o  exis t .  I L  gues without saying t h a t  t h e  i lowmeters descrqhed 
i n  t h e  to regoing  cad deliver a uo-lluw warning a s  p a r t  of t h e i r  r e p e r t o i r e ;  
i f  and when only  flow/no-flow i n d i c a t i o n  i s  r equ i r ed ,  t hen  t h e  sav ing  i n  de- 
t e c t o r  hardware can be matched by a  sav ing  i n  processing e l e c r r o n i c s .  By 
way of i l l u s t r a t i o n ,  Fig. 8  shows t h e  r e s u l t  of t hus  process ing  t h e  readout  
of a  clamp-on gamma t r ansmis s ion  channel ,  f o r  5% s o l i d l g a s  flow through a  
3" duct .  

As a f i n a l  t o p i c ,  w e  s h a l l  now b r i e f l y  review t h e  d ' i f f ~ c d l r  subjecL ul: 
o n l i n e  d e n s i t y  o r  s o l i d  f r a c t i o n  measurement., In  conjunc t ion  wi th  flow velo- 
c i t y ,  i t  i s  e v i d e n t l y  necessary  h e r e  t o  e f t e c t  both measurements wfL11il1 the  
same duct, iu c l o s e  proximity.  Camma tranemLssiun has long been a otondard 
scheme f o r  d e n s i t y  r ead ing ,  but  c l o s e  s c r u t i n y  r e v e a l s  t h a t  t h i s  s t ra tagem 
i s  d i f f i c u l t  t o  apply i n  c e r t a i n  cases .  Thus, a  smal l  duc t  diameter  w i th  
d i l u t e  s o l i d l g a s  flow, o r  t h e  poor c o n t r a s t  o f f e r ed  by a c o a l l o i l  s l u r r y ,  
tend t o  d e f e a t  gamma t ransmiss ion  un le s s  s p e c i a l l y  shaped duct  s e c t i o n s  and 
low-energy r a d i a t i o n ,  r e q u i r i n g  t r ansmis s iod  windows, aEe ~ e s o r t e d  t o ,  a t  
cons ide rab l e  cos t .  Fo r tuna t e ly ,  d i l u t e  s o l i d l g a s  f low i s  r e a d i l y  sensed 
wi th  o p t i c a l  equipment, a l lowing  a  d i r e c t  measurement of s o l i d s  f l owra t e  a t  



extreme dilution (less than 5% solids) or a combined correlation velocity/ 
density measurement for denser media. Capacitive sensing overlaps the re- 
gion of applicability of optical transmission and also works well in slurries, 
where the solid component provides a strong contrast in dfelectric constant; 
an alternative is a Xray transmission and/or sonic transmission measurement. 
In practis&, coal slurries tend to carry a certain amount of gas, which de- 
feats capacity sensing or single beam transmission but can be accounted for 
by deploying two beams featuring different atten~ation.~~ In other cases, 
the simplicity and ruggedness of capacitor sensing makes that method prefer- 
able, and a certain amount of work has been done to cure some'of the other 
drawbacks inherent in that scheme, such as readout sensitivity to the.orient- 
ation and detailed shape of the EM field across the duct. Azimuthal sensi- 
tivity, e.g.;due to gravitational layering in horizontal ducts, can be . 
effectively dealt with by field rotation, as described in another paper at 
this ~ ~ ~ ~ o s i u r n ; ~ ~  radial inhomogeneity in the medium must be corrected for on 
the basis of test loop calibration measurements. Strong radial clustering 
of sblids in gas or liquid streams has been dem~nstrated.~~ ,38 If the possi- 
bility of varying amounts of moisture in the medium exists, capacity sens- 
ing becomes even more difficult and may well be abandoned in favor of some 
other scheme which is insensitive to molecular effects, such as sonic/EM 
beam transmission. 

It remains only to dwell briefly on the question of accuracy. Conven- 
tional wisdom in the instrumentation field places considerable emphasis on 
"linearizing" the readout of a channel whose response is in fact non-linear. 
The availability of an online. computer makes linearization a meaningless con- 
cept, since any algebraic expression can be programmed to deliver a readout 
accurately related to a measurement or set of measurements. To implement 
this, such an algebraic expression must, of course, be available and that is 
not necessarily the case for some sensing schemes which are otherwise useful. 
In the absence of a usable expression, test loop measurements can still pro- 
vide sets of data points which permit exploitation by a number of numerical 
methods.such as polynomial series fitting. Since much of this kind of work 
remains to be done, the potential accuracy of specific types of density/ 
composition sensing schemes is difficult to assay and intercompare; this is 
also true of the accuracy of the correlation transit time measurement contri- 
bution to the readout of the flowmetering scheme surveyed in this report. 

To sum up, correlation velocity computation and concurrent density com- 
putation from the signals of several sensors deployed along a duct is an in- 
herently non-invasive technique whose feasibility has been demonstrated with 
a variety of sensors. Until recently, the cost and complexity of the com- 
puting equipment which this kind of scheme calls for has militated against 
its deployment in industry. A fully autonomous system, capable of unattended 
operation, has now been designed and is being implemented with~microcomputer/LSI 
hardware. The goal of producing online measurements of separate feedrates 
for a mixed flow is thus within view; much work remains to be done, however, 
to improve the accuracy of density readings and computations, the speed of 
computation, durability of sensors and - eventually - reduce the cost of the 
complete unit. 
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UPSTREAM SENS,ING OF NATURAL TAG 

Fig.  1. Random t a g  ( a r t i f i c i a l )  vs. n a t u r a l  tag.  
S = source ,  D = d e t e c t o r .  ~ 



Fig.  2. T y p i c a l  sample of d i g i t i z e d  f l u c t u a t i o n s  i n  d i e l e c t r i c  
c o n s t a n t ,  r e s u l t i n g  from s o l i d s  c l u s t e r i n g  i n  a  s l u r r y  
l i n e ;  1 - m s  samples ,  a v e r a g e  s u b t r a c t e d .  
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Fig.  5.  S c a t t e r  d iagrams,  w i t h  3 6 ,  3 7 ,  and 50 l a g s .  



Fig. 6. Leas t  squares  eva lua t i on  of s c a t t e r  diagram f o r  k-sample l a g ;  
t he  l a s t  term e q w l s  t h ~  covariance.  



Fig. 7 .  Covariance term vs lag; t h i s  type of plot i s  a lso  known as  
"correlogram. " 



FLOW-NO FLOW INDICATION FROM GAMMA SENSOR 

IN0 I FLOW 

. o  
SAMPLE NUMBER 

Fig. 8. Sample of FLOW/NO-FLOW s t a t i s t i c a l  i n t i c a t i o n ,  obtained with 
clamp-or- gamma ( ~ s ~ ~ ~  ) t ransmiss icn  or. g a s / s o l i d  l i n e ,  appr ox. 
5: s o l i c s .  

FLOW 



TABLE I. Non-invasive Interrogation-Sensing Schemes Suitable for 
Correlation & Density/Composition Measurement and Online Computation 

of Mass Flowrate or Component Fee+drate 
. - 

(A) TRANSMISSION SCHEMES (Source & Detector on Opposite Sides of Duct 

source Detector Remarks . 

(a) Sound Piezoelectrfc Xtal Piezoelectric Xtal needs coupling medium 

(b) EM Radiation . 

(i ) IR/Visible/UV Laser, LEE; Lamp ~hotodiode/transistor , PM needs windows both sides (optical) 

(ii) Xray Xray Tube; Isotopic Scint/PM, Ioniz. Ch. needs Al (Be) windows, both sides 

(iii) Gamma Ray lsotopi,c ~ c i n t / ~ ~ ,  Ioniz . Ch. clamp-on, any duct; needs shielding . . 
w 
00 

(c) Neutrons Isotopic Scint/PM, BF3 Ch. clamp-on, any duct ; needs . . shielding; w 
high cost 

(B) EM FIELD SENSING SCHEMES (Electrode Structure Surrounds Duct) 

(a) Capacitive RF-driven or DC Bridge; 
senses K 

(b) . Inductive BF-driven coil, senses p 

sensitive to moisture, temp. depend- 
ence .of K 

insens. to moisture; only works with 
paramagnetic medium 

(c) Conductive AC dr DC electrodes & non-quantitative in general, may inter- 
grounded duct wall £ere with flow (produce clustering) 



SLURRY now MEASUREMENTS USING AN ACOUSTIC 
DOPPLER FLOWMETER 

H. B. Karplus and A. C. Raptis 
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ABSTRACT 

To monitor the flow in abrasive two component mixtures 
such as coal slurries conventional flowmeters have shown 
inadequate life and accuracy. Among new techniques being 
explored, the acoustic Doppler shift flowrueler is particular- 
ly attractive for slurry f l n w  measllrements. The advantages 
of acoustic Doppler tlowmeters are; 1) Nonin~rusive flow 
measurement on existing systems with nothing except sound waves 
pastrating in thc pipe wall. 2 )  A linear relntinnahip between 
the Doppler shift frequency and the flow velocity. 3)  A direc~ 
output of frequency which is suitable for telemetry and strong- 
.ly resistant to deterioration by noise. 4) Fast response if 
extreme precislon 1s not required, bur good precisien and 
accuracy if response speed can be waived. 5) Basically simple 
electronic circuits with mifiimal requirelueuls of sophisticated 
components or critical adjustment. 6 )  An absolute, calculable 
calibration factor relating output frequency to flow velocity. 

Direct calibrations using a weigh tank has confirmed the 
accuracy of the fundamental Dopplei equation. The cquation 
states that the frequency difference, AF, between incident and 
scattered sound is proportional to the flow velocity, V: 

AF = VF cos ~ / c  

Tlle received jigi~al is nsioy and c~chibits a finite banrl- 
width instead of a pure tone as implied above. Investigation 
into the statistical distribution of the variation of the 
received frequency has shown specific relationships that 
exhibit the trade off between speed of response and measure- 
menL precisiuu. Typically 10% prccioion onn be achieved in l n  
milliseconds, but a 0.1% precision requires LOO seconds 
of iu~egiat ion. 

'In industrial environments in which hot slurries (over 
250"~) are to be monitored, specially developed transducers or 
stand-off thermally insulating wave guides A t e  useful. Both 
alternate systems are described. 

INTRODUCTION 

The ultimate objective of this deve.lopment program is the design 
of flow measuring systems for monitoring, mesuring, and contro l'n I 

the flow of coal slurries in large pipes in coal conversion plants. I Y L ~  



An in t ument of interest for this purpose is the acous.tic Doppler 
f lowmeter. "' In this system a s6nic wave is transmitted id the flow and 
scattered by the solid particles back to a receiver. .The received signal 
differs in frequency from that of the transmitted signal, F, the difference 
AF being proportional to the rat'io of the instantaneous particle velocity 
component, V cos 0, relative to the sound velocity c. If O1is the 
angle between the flow and the incident sound beam and O2 is the angle 
between the flow and the scattered sound, then 

A Doppler flowmeter was constructed and its performance studied on 
a simple loop designed and built specifically for this investigation. 
A weigh tank was used for absolute calibration and statistical analyses 
were used to predict the precision, response speed, and the possible 
trade off for diverse specific applications for flowmeters. The acoustic 
Doppler flowmeter can be retrofitted on existing installations, with 
electro acoustic transducers mounted on the outside of existing pipes, 
with nothing except the sound energy penetrating the pipe wall. Special 
high temperature transducers have been developed at ANL for flow measure- 
ment of hot fluids. As an alternative, thermally isolating waveguides may 
be used with less costly transducers. We are preparing to demonstrate 
the system on a hot slurry line at a Solvent Refined Coal (SRC) pilot 
plant. The components of the system have been tested and we feel confi- 
dent for a successful demonstration. 

Investigations to date have concentrated on the Doppler meter 
characteristics to determine operating characteristics such as accuracy, 
precision, response speed and effects of the slurry properties on these 
..parameters. 

THE CIRCUIT 

The simplicity of the electronic circuit shown in Fig. 1 is among 
the attractions of this instrument. It consists of an oscillator, 
a receiver amplifier, a mixer and a signal conditioner. The mixer used 
was a commercial double balanced mixer fed with a amall fraction of the 
transmitted signal. Most of the time sufficient leakage of the trans- 
mitted signal into the receiver causes this to appear like an amplitude 
modulated signal, permitting simple diode demodulation to yield the 
difference of frequency. Occasionaly the scattered signal was stronger 
than the leakage signal resulting in an overmodulated signal, which, with 
a simple diode, yielded twice the Doppler frequency. The commercial 
availability of low cost double balanced mixers makes their use at- 
tractive for the Doppler flowmeters, permitting high amplifier gain and 
good rejection of extraneouo noioe. 

The output of the demodulator is then further pr0cessed.b~ a circuit 
that rejects small amplitude spurious high frequency noise. This 
is accomplished with a comparator having a small amount of hysteresis 
obtained with negative feedback from the output. The signal looks like 
a variable amplitude variable frequency sine wave contaminated with 
some high frequency noise. The measurement of the frequency is distur- 
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Fig. 1 .Block Diagram for the Doppler Flowmeter 

bed by the variability of the amplitude and the superimposed high 
frequency noise. A counter set for the detection of the zero crossing 
will occassionally yield additional counts due to noise. A judicious 
choice of hysteresis eliminates this problem, provided the .threshold is 
not so large that the smaller amplitude signals are omitted. 

TRANSDUCER MOUNTING 

One of the great advantages of the acoustic Doppler flowmeter is the 
ease of installation. In many applications it is feasible to simply attach 
transducers to the outside of the pipe and transmit the sound directly 
through the wall. At room temperature, relatively simple cleaning of the 
pipe wall makes tlqid coupling between transducer wedge and plpe practical. 
For permanent installations an epoxy bond is convenient. Transducers may 
also be mounted inside the pipe or the sound may be transmitted through 
"windows". For internally mounted transducers, servicing is a problem 
which can be solved with ball valves mounted on tee's. Window mounted 
transducers need to be backed with adequate pressure barriers. 

There is another variation of the doppler flowmeter to be just 
mentioned in passing, for use on invivo blood flow. These flowmeters 
differ from the system described here by utilizing sound transmission 
in bursts and time gated reception to relate the scattered energy to 
a specific vessel under the skin. 

Time gated velocimetry looks interesting for flow profile studies, 
but will be limited in resolution by the upper frequency range imposed 
by attenuation in dense slurries. Ambiguities also arise from multiple 
reflections in the pipe wall. Flow profile research with Doppler tech- 
niques needs iiuuersed transducers. 



~xperiments~ to date have been confined to direct external attach- 
ment of wedge mounted transducers. with preparatory design for adaptation 
to hot pipes. For work at room temperature, conventional transducers, 
such as the ones widely distributed for nondestructive testing, were 
mounted on Lucite wedges. Wedges were designed so that sound waves 
iii the pipe wall propagated in the shear mode. A simple mode propagation 
is thereby assured. Some signal strength improvement was obtained 
by using a wall thickness coincident effect to get in phase propagation 
after each reflection. This amounts to tunning the operating frequency 
to have a wave length in the wall equal to W sin a, where W is the 
wall thickness and a the,propagation angle with the pipe axis. The 
effect is that the transducer images produced by multiple reflections in 
the pipe wall act as a phased array.which has a narrower beam pattern. 
For the experimental arrangements on a 2 inch schedule 40 pipe with 3.9 
mm wall, a lucite wedge was fabricated having 23.7".angle, giving 
coincidence frequencies of 457 kHz and multiples of that frequency. A 
thicker pipe, 2 112 inch schedule 160 pipe having a 9.5 mm wall of type 
304 stainless steel was fitted with a 33.9" wedge giving coincidence 
frequencies of 214 kHz and multiples of that frequency. The output 
signal was enhanced at the coincidence frequency. The technique shows 
promise to be especially effective on large pipes. 

HIGH TEMPERATURE APPLICATIONS 

We advocate two different approaches to the problem of measuring 
flow of hot slurri s. In the first approach we utilize specially de- % 
signed transducers made entirely out of materials capable of with- 
standing high temperatures as shown in Fig. 2. In the other approach we 
use stand off wave guides to transmit the sound through the temperature 
gradient. Both approaches are aimed at single wall pipes. Pipes with 
ceramic liner that may introduce special sonic conduction problems are 
beyond the present scope. For these, some form of immersion or window 
may be required. 

The high temperatu e transducers were developed for a different 5 
type of sonic flo&eter useable in pure fluids where the absence 
of scatterers,makes the doppler fl.nbrmet~r useless. Thcoc transducers 
were designed for measuring the flow of pure sodium in a 300 mm (12 inch) 
pipe. A time difference acoustic flowmeter has been operating with 
negligible change in sensitivity since April 1978 at a temperature of 
465°C (870°F) with monthly cycles to 300°~,(5700~) and one cycle to room 
temperature (fluid drained). Transducers for the operation of a doppler 
flowmeter would be basically similar with some simplifications to cut 
costs. A lower operating frequency will also be needed. 

The high temperature transducers differ from the room temperature 
transducers in several respects. 

1. The wedge is made of 304 stainless steel. 

2. The transducer element is X-cut Lithium Niobate, generating 
shear waves directly without mode conversion. 
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Fig. 2 Ultrasonic Transducer on a Laminated Coupling Block 

3. The transducer element is coupled to the wedge through a 
soft Platinum foil and clamped with a force of ten Mega 
pascals (1500 poi) uoing Inconel leaf aipri.ngs.' 

(Simple clamps were found to relax after a long time at the high temper- 
ature due to material creep. Differential temperature coefficients 
cause crystals to crack if cements are used.) 

Transducers for the time difference acoustic flowmeter were re- 
sonant at about 3 MHz. Lower frequency transducers (1 MHz) having a 
reasonable high electrical admittance were also constructed using thin 
transducer plates backed by a suitable thickness of Tungsten carbide. 
The same design approach will be taken for, similar transducers to be 
constructed for a Doppler flowmeter for high temperature slurries. The 
transducer wedge may be attached to the pipe by brazing or clamping. 
We have used a clamping system which enabled us to remove the transducers 
easily. Not having found a fluid couplant with an extended life at 
4 6 5 " ~ ,  gold foil was used as a couplant between optically flat surfaces. 
A contact force of about 3000 N (600 lbf) was applied via a long Inconel 
leaf spring to produce the necessary contact pressure without distorting 
the thin wall pipe. 



Operation of the transducers at high temperature to 6 0 0 " ~  (1100"~) 
has been demonstrated in a furnace for a few days. The Curie temper- 
ature of the Lithium Niobate is 1200°C. This represents an upper limit 
for this design. Even at temperatures well below this the intrinsic 
conductivity of the crystal would require design modification to offset 
the shunting effect of this conduction current. 

The alternative approach is the use of stand-off thermal isolators 
shown in Fig. 3. For moderate temperature (250°C, 500"~) polyimide 
(Vespel) can be used to separate a cooled transducer from a hot pipe. 
At higher temperatures, metal and ceramic standoffs have been designed. 
Conventional mode conversion using a wedge to generate shear waves will 
reduce multimode propagation in the wave. guides and yield more favorable 
angles for the beam in the slurry.. Two forms of wave guides, are shown. 
The one in the middle conducts the sound wave in the desired direction 
directly into the pipe. The wave guide on the left uses the reflection 
property of a free surface to permit a shorter path. A pair of guides of 
this type has been fabricated and is currently awaiting arrival of wedges 
and transducers for testing prior to.pilot plant installation. Steel 
wave guides will be brazed to the steel pipes. 

---- DILATATIONAL SOUND W A V E  

Fig. 3 Three ~ o k s  of Thermally Isolating Waveguides 

Ceramic wave guide attachments using combinations of ceramic cements 
and. clamping systems have been demonstrated on another project to about 
100 kHz. Extension of this technique to this program is planned for the 
near future. Ultimately we anticipate that. the combination of wave guides 
with transducers capable of moderate temperatures wi.11 he more cost ef- 
fective than the high temperature transducers for the Doppler flowmeter. 



CALIBRATION 

Our investigation included the calibration and characterization 
of the received signal to permit performance specification. The Doppler 
flowmeter was calibrated using a weigh tank. A pump circulates the 
slurry through the piping system via,a series valve and a parallel 
bypass permitting adjustment from no flow up to about 5 liters per 
second (80 gpm). A pair of mechanically connected ball valves permits 
discharge of the flow to be diverted from the reservoir to a weigh 
tank. The weigh tank is suspended from a force gauge and a mass is ' 

hung from the tank. 

To measure flow rate, the flow is diverted into the weigh tank. 
As the voltage output from the force gauge increases, a clock is started 
at a preset trip level. While the fluid accumulates in the tank, the 
weight ouogcndcd from the tank is remove?, When t h e  quant i ty  of fluid 
which has been accumulated in the tank is identically equal to the mass 
removed, the same trip level is reached again, and the clock is stopped. 
Mass flow rate is then the quotient of mass of suspended weight divided 
by the time interval measured. Besides connecting the trip comparator 
to a clock, the output was also connected to a gate through which the 
zero crossing pulses of the Doppler meter were passed to a counter. 
The frequency of the Doppler meter was thu8 inregrated over precisely 
the same time interval over which the weigh tank measurement was integ- 
rated. Systematic errors are therefore limited to the [lull linearity of 
the flowmeter within the range of flow loop velocity fluctuations and 
the determination of mass and time. These errors are very small com- 
pared with the statistical uncertainties of the frequency measured. 

A calibration obtained in this wag is show1 in Fig. 4.. . The maaa 
was set at 70 kg. The total number of counts, N, about 3000 was in- 
dependent of flow rate. Measurement duration varied from.10 to 200 sec. 
The regression line shows a small discernible zero offset which needs 
compensation in a measuring instrument. This effect is attributed to . 
residual noise which was not completely eliminated. 

RESPONSE AWD PRECISION 

The received signal, as already stated, is not a pure tone but 
a band of nois8 surrounding the tone. A convenient. way of characterizing 
this bandwidth for performance analysis of the flowmeter is the 
statistical distribution of the period.of the Doppler signal. When 
thc pcriod i s  averaged for a number of cycles, the standard de- 
viation of this average will be equal to the product x N) of 
the standard deviation of the period and the square root of the number 
of cycles averaged. This leads to the integration rime, T, required 
for any desired precision, E, given the mean Doppler frequency, F, 
and the relative standard deviation of the frequency, S - ,,,IF. 
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Fig. 4 Doppler Flowmeter Calibration 

The integr tion times required for specified precision are listed 1 
in Fig. 5 for S = 0.1. Flow readings of modest precision (10%) ' 

are very quickly obtained, but high precision measurements, especially 
at low flow rates, take a long time to accumulate. 

Table 1 . 

T = s , ~ / E ~ F  . S:=O.I . , 

Fig. 5 Integration Time, Seconds 

E % 

10 
I 
.I 

The relative standard deviation of the period i.e., the ratio 
of the standard deviation to the mean value of the period was qeter- 
mined for the two pipes over a iange of flow from 0.2 to 2 ms- and 
for operating frequencies from 250 to 2500 kHz. 1 n  Fig. 6 the relative 
standard deviation is plo t t ed  as a f ~ i n c t i o n  of flow rate and showe 
minimal variation with this parameter. Similarly the plot in Fig. 7, 
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Fig. 6 Relative Standard Deviation of Doppler Frequency 

of relative standard deviation as a function of operating frequency 
shows only small effects ofethe operating frequency on the relative 
standard deviation. There may he small dips of th; coincidence frequency 
of 460 Hz fu+ the 23.7'  wedge on the 3,5  mm wall (Ssh 4 0 )  pipe. P l ~ r t h e r  
detailed investigation of this question will be needed espec,ially more 
detailed data will be desirable on the thicker wall pipe with the 33.9" 
wedge. 

Both Figs. 6 and 7 show a significantly lower relative standard 
deviation with che 33.9' wedge Ll~au [or the 23.7' wedge. Tcntotively 
the effect is attributed to the small (23.7") angle of incidence which 
gives rise to both shear as well as dilational waves in the pipe. The 
33.9" angle in the lucite wedge gives rise to pure shear waves in the 
pipe, the dilatation wave being beyond the critical angle. This leads to 
the conclusiad that the coinciderlco angle must he chosen to bc grcater 
than the critical angle for mode conversion to pure shear waves. 

The bandwidth of the Doppler signal is attributed to three sources. 

(a) The change of phase of the received signal produced by the 
detailed rearrangement of the scatterers by the flow. 

(b) The width of the sound beam. 

.(c) Real rapid flow fluctuations. 
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A theoretical analysis of the sources of band' spread would help 
in determining their relative importance and lead to further improve- 
ments on the Doppler flowmeter. This study has lower priority than 
the demonstration of the flowmeter on hot pipes. 

CONCLUSION 

In sumary the Doppler flowmeter yields predictable flow measure- 
ment rapidly with modest precision or with better precision (fractional 
percent) after minutes of averaging. Applications to hot slurries 
will be demonstrated soon. Components of a high temperature Doppler 
flowmeter have been tested; assuring success for the demonstration. 
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AN ACOUSTIC CHAR FLOW MONITOR 
FOR THE BI-GAS PILOT PLANT 

P. D. Roach and A. C. Raptis 
Components Technology Division 
Argonne National Laboratory 
Argonne, Illinois 60439 

ABSTRACT 

The BI-GAS coal gasification pilot plant at Homer 
City, PA has an urgent need for monitoring char flow to 
the gasifier. An undetected flow stoppage can very 
quickly cause a dangerous temperature excursion in the 
gasifier. At the request of BI-GAS,the Argonne National 
Laboratory (ANL) has developed and installed acoustic 
monitors which give rapid indication of blockages or other 
flow perturbations in the char lines. These monitors use 
a high temperature microphone, developed at ANL, for 
measuring the acoustic attenuation caused by the presence 
of char in the line. Such a measurement gives an indic- 
ation of the amount of char flowing in the line and can be 
used for rapid detection of blockages and possibly process 
control. 

1.0 INTRODUCTION 

The BI-GAS coal conversion process is being developed by Bituminous 
Coal Research, Inc. at its pilot plant in Homer City, PA. The process 
involves two-stage high pressure coal gasification in an entrained bed 
type of reactor, shown schematically in Fig. 1. Powdered coal is fed to 
an initial (upper) stage where it is devolatilized and partly gasified as 
it contacts the hot gases rising from the lower stage. The gas and'char 
(partly reacted coal) are separated in a char cyclone* and the char is re- 
introduced into the gasifier in the lower stage. In this stage, the char 
reacts with steam and oxygen under much hotter conditions (1370" - 1650°c, 
2500" - 3000"~). The residue, or slag, is molten at this temperature and 
flows to the water cooled quench zone, while the hot gases rise to the - 
upper section of the gasifier. After passing through the char cyclone, 
the.gases go to a shift'reactor and fluidized bed methanator to produce 
a high BTU pipeline quality gas. 

The instrumentation needs at the BI-GAS plant are fairly typical of 
those throughout the coal conversion field. In particular, flow monitors 
are needed that can handle the multiphase process streams. These streams 
are frequently at high pressure and high temperature and are very erosive. 
Available flowmeters are usually not able to withstand such a hostile 
environment. 

Of particular concern at the BI-GAS pilot plant is monitoring the 
char flow. Blockage of the char feed lines between the char cyclone and 
the char burners has been a recurrent problem. The chat first drops ap- 
proximately 16 meters by gravity feed from the cyclone to a steam eductor 
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where high pressure steam is added to the char. The char and steam then 
move horizontally about 3 meters to the nozzle of the char burner. Block- 
age of the char in either the vertical or horizontal section can cause a 
very serious perturbation of the gasifier operat-ion a d can quickly lead 
to a hazardous temperature excursion in the gasifier. P 

The safety aspects of this problem made the need for a flow monitor 
quite ur ent, .but no commercially available unit was known that could do f 
the job. The design operating conditions in the char line'are temperature 
of 4 3 0 " ~  (800"~) and pressure of 11.4 MPa (1650 psi). The char particles 
are quite abrasive and also tend to'plug orifices and to foul moving parts. 
Because of these difficulties, BI-GAS requested the assistance of Argonne ' 

'in developing a suitable flow monitor. The group at ANL which has re- 
sponsibility fo= instrumentation for coal conversion plants suggested several 
possible solutions. The acoustic monitor described in this 'paper was chosen 
as' being the most promising approach, especially in view of the urgency. 

2.0 DESIGN CONCEPT 

3 
Based on preliminary pilot plant measurements with no char flowing , 

it was evident that the steam eductor is a major source of acoustic noise. 
A microphone in the location shown in Fig. 1 produced a strong, broad-band 
signal associated with the steam flow. This meant that the presence of char 
could be judged in two different ways: first, by looking at the rgduction 
of the steam signal caused by scattering from the char particles, and 
second, by looking at noise added by the ~ h a r  flow (caused by impingement 
of particles on the pipe and microphone). 

The combination of a relatively streamlined geometry (to minimize flow 
obstruction and microphone erosion) and a large steam signal strongly favors 
the first mode. The second mode would be favored with a geometry that 
caused more particle impingement on the microphone or in a situation with 
much less background noise. The 'first mode dominates in the present 
situation and forms the basis for understanding the observed data. 

In effect, the geometry in the char line allows us to make an at- 
tenuation measurement on the char. The steam eductor serves as a constant 
broadband noise source and the pipe section between it and the microphone 
is the attenuation path., The presence of the char particles will cause 
absorption and scattering of the acoustic energy generated by the steam 
eductor, giving a decrease in the observed microphone signal. The amount 
of this decrease will be an indication of the amount of char present in the 

' line. Thus, the apparatus will not only indicate positively whether char 
is flowing or not, but also will give an indication of the amount that is 
flowing. This indication will relate only to the char density, however. ' 

An additional measure of the char velocity is necessary to obtain mass 
flow rate. 

3.0 INSTRUMENTATION 

The microphone chosen for this application is a rugged bigh-temperature 
unit developed in the Components Technology Division of ANL. As shown in 
Fig. 2, it uses two identical plates of lithium niobate arranged back-to-back 
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with respect to their piezoelectric polarities. This makes the microphone 
sensitive to pressure changes on the faces but it is relatively insensitive to 
vibration of the device as a whole. This design means the microphone cannot 
be clamped to the outside of the pipe but must be immersed in the flow. 
Fortunately, this microphone is well suited to withstand the severe process 
conditions, since it is completely encased in type 304 stainless steel and is 
capable of operating at temperatures up to 650'~ (1200'~) and pressures up to 
14 MPa (2000 psi). The frequency response of the microphone is fairly con- 
stant from 100 Hz to 50 kHz, but is virtually nil above 100 kHz. The absolute 
seqitivity of the microphone (calibrated in water) is approximately 1.2 x 
10 pCIPa. 

Microphones have been installed in the horizontal sections of the 
three identical char feed lines. The char line is nominal 1 114 inch schedule 
160 strfinless steel pipe, and connections are made with 2-inch Grayloc fit- 
tings. The microphone housing is at the center of this section of pipe and 
consists of a 2-inch tee with a Grayloc hub welded to the branch. The micro- 
phone is supported from a mating hub that forms a demountable seal. A 2.22 cm 
(0.875 inch) hole in the wall of the char line allows the microphone to sense 
pressure fluctuations in the process stream but causes minimal disturbance to 
the flow and negligible erosion of the microphone. 

Figure 3 shows the microphone as it is supported from the blind 
Gragloc hub. This support is designed to position the lower edge of the 
microphone flush with the inner surface of the char line, in the hole that 
was machined in the pipe wall. Thg signal lead for the microphone passes 
through the Conax compression seal as shown. The fitting uses a lava 
sealant to seal against the high temperature, high pressure gas in the 
char line. 

4.0 DATA 

The spectral analysis of the microphone signal is shown in Fig. 4, 
for various rates of char flow. In each figure, the upper trace is the 
spectrum of the signal when only steam was flowing in the line. The lower 
trace is the spectrum taken when char was also flowing. The exact amount of 
char was not known but the relative flow rate was inferred from valve openings 
and readings of differential pressure instruments. Figures 4a, 4b and 4c 
correspond to low, moderate and high relative flow rates, respectively. The 
lower trace in Fig. 4d shows the spectrum with no char and no steam flowing. 
All the spectra were taken with an analysis bandwidth of 300 Hz. The refer- 
ence level at 0 dB corresponds to 1.0 v RMS at the output of the remote charge 
converter. 

The spectrum of the steam-only signal clearly shows that the acoustic 
signal (noise) from the steam eductor is quite strong and rather uniformly 
distributed over the frequency range 0 - 50 kHz. As char is added to the 
line, the microphone signal becomes much smaller, with the greatest decrease 
at the highest frequencies. The signal is reduced below the level of 
the analyzer noise for the upper frequencies and its spectrum is not apparent, 
but it is evident that the signal loss increases with both frequency and 
char concentration. At the lowest frequencies (below 1 kHz), the signal 
with char flowing is somewhat higher than the steam-only signal. This is 
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evidence that impingement noise caused by the flowing char is a signi- 
ficant part of the acoustic signal in this frequency band. 

The change in the microphone signal which we observe as char is added 
to the line is consistent with the attenuation model which was discussed in 
Section 2. In this case, the char is causing an attenuation that is roughly 
proportional to frequency and to char concentration. The frequency depen- 
dence appears to be essentially linear but the concentration dependence 
cannot be determined without a calibration. All of the data taken so far 
shows that the attenuation is a monotonically increasing function of the 
char concentration in the line. 

Based on this data, it is clear that we can easily distinguish between 
flow and no-f low of the char. Moreover, it should be possible to develop 
a measure that is directly related to the actual char cuucsncration. %'his 
lurasuve would be based on thc relative attefiuation at high and low fre- 
quencies and thus would not be dependent on absolute measurement of signal 
level. For example, the ratio of signal levels in the frequency bands 
near 1 kHz and 10 kHz will be a monotonic function of char concentration, 
and could be used (after calibration) as a char concentration (density) 
meter. 

An instrument to process the microphone signal and provide both the 
flow/no-flow indication and the char density indication has been designed 
along the lines discussed above. The block diagram for this instrument 
is shown in Fig. 5 .  The microphone signal is first amplified in an external 
charge amplifier and then is sent to the flaw monitor where it is analyzed 
into three different frequency bands by bandpass filters. The RMS detectors 
and LOG RATIO converters generate a DC voltage proportional to the log of 
the ratios of the amplitudes in the frequency bands. The A signal is rhe 
lowcst frequency component and is least attenuated by thc char, so this 
nignal iu taken as the amplitude reference. The other two signals are 
then normalized to this referenre with the resulL being fed to a voltmeter 
for the intermediate band and to a voltage comparator for the high frequency 
band. The high frequencies are most sensitive to the presence of char and 
this signal (signal C) is used for the flow/no-flow indication. Whenever 
the high frequency signal drops below a certain level relative to the low 
frequency band, the CHAR F'LOW light turno on. 

The intermediate frequency band (signal B) is less sensitive to the 
presence of char but gives a useable aignal over a wider rawge of char 
daaarily, This barid is used to give a continuous indication of char density. 
It is expected that the signal derived from this intermediate frequency band 
can be calibrated in terms of actual mass density of char in the pipe. 
Then if flow velocity can be determined, the mass flow rate of char would 
be obtained. 

Other features which have been incorporated into the flow monitor per- 
mit external use of its signals and provide indications of proper operation. 
Both voltage and current outputs are provided for driving a recorder or a 
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process control system with the chal density signal. These outputb have 
adjustable gain and time constant. The flow/no-flow signal is used to pro- 
vide a contact closure for an external alarm system. But the contacts will 
close only if the unit has power and the input signal is within specified 
bounds. This guards against misleading CHAR FLOW indications that might 
be based on signals outside the range of accuracy of the circuit. 

Front panel indicators show if the input signal is too large or small 
and the panel meter may be used to check various circuit voltages. But 
for comprehensive testing of circuit function, it is necessary to inject 
known test signals. For this purpose a separate test module has been 
constructed. This module provides four different signals designed to 
confirm proper operation of all of the flow monitor circuits. In this 
way, each flow monitor can be quickly checked out, either as part of a 
routine maintenance procedure or when the operator suspects a malfunction. 
The finished Flow Monitor is shown in Fig. 6. Three identical modules 
are shown, one for each of the three char feed legs. Also shown is the 
module used for testing the flow monitor. 

6.0 RESULTS 

The results from the use oE the flow monitor at BI-GAS have been quite 
satisfactory. The instrument has given rapid and clear indications whenever 
char flow has started or stopped. In addition, the char density signal 
has responded well to the variations in char flow as the control valve set- 
tings have changed. But the flow monitor indication has not always agreed 
well with other instruments, primarily differential pressure indicators. This 
may be due to the greater sensitivity and faster response of the flow monitor, 
but may also be related to the fact that the differential pressure instruments 
are quite sensitive to other factors, such as gas composition, gas temperature 
and purge gas flow. As more experience is gained with the flow monitor, it is 
expected that the discrepancies will be resolved. 

, r :  718 - ? '  

An example of the output of the flow monitor is shown in Fig. 7. This ie 
a recording of the char density signal that was made during BI-GAS test G7-A 
on February 24, 1979. At 2245 hours, the char line plugged and caused a 
shutdown of the char burner (marked "CLOSE VALVE" on record). At this time, 
steam flow continued but was diverted by the plug and flowed up the char leg. 
The operator promptly closed a valve in the char leg, thus forcing steam flow 
back down along the proper path to the burner and dislodging the plug. 

At 2256 hours the char burner was relit and char flow resumed (marked 
"OPEN VALVE" on record). It is observed that char flow i s  aomewhat leas 
stable at this time. This is speculated to be the result of steam flowing 
up the char leg for a short time during the shutdown. The steam condensed 
on the char, causing the char to clump and to flow poorly when the valve was 
opened again. 

The sensitivity and speed of response of the flow monitor is clearly 
seen in Fig. 7. Even though the char density signal is uncalibrated, it 
provides valuable information to the plant operator. Stability of the flow 
is easily judged and the char density signal allows the operator to know 
when a previously used flow rate has been achieved. 
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Experience with the acoustic flow monitor has been sufficiently encourag- 
ing that BI-GAS is considering using the device to control oxygen feed to the 
lower stage of the gasifier. If this can be done reliably, the supplemental 
fuel gas feed to this stage can be eliminated, thereby achieving a major 
milestone for the plant. In the past, the fuel gas has been added to prevent 
a dangerous oxygen-rich condition from occurring in case of an undetected loss 
of char feed. But if oxygen flow can be closely matched to char flow, then 
the fuel gas is no longer needed. The acoustic flow monitor is currently the 
most promising device for providing the necessary char flow signal. 

7 .0 FUTURE PLANS 

Application of the acoustic flow monitor to the two coal feed lines 
to the BI-GAS gasifier is being considered. The coal lines are a different 
size from the char lines and the acoustic properties of the particles and 
the carrier gas are somewhat different. But the acoustic technique is still 
valid and is expected to work well in this application. 

Since no calibration has been performed on the char density signal, 
it is only an indication of relative char density or flow. This is adequate 
for maintaining steady flow or for establishing a previously used flow. 
But calibration will permit optimization of the gasifier operation by allowing 
an accurate balance to be made between steam, oxygen and char flow rates. It 
is for this reason that plans are being made to calibrate the device under 
actual plant operating conditions. 

The first step will be the calibration of the gamma-ray level monitor in 
the char feed vessel. Since this device is sensitive to gas temperature, 
pressure and composition, it is important that this step be performed at 
operating conditions. Once this has been done, the calibration of the flow 
monitor is obtained by noting the readout indication under conditions of steady 
char flow in the leg being monitored. The actual flow rate is obtained by 
measuring the rate at which the level drops in the char vessel. This assumes 
that char flow into the char vessel has been diverted for the period of the 
measurement. By repeating the measurement under different flow conditions, a 
full range calibration will be obtained. 

Such a calibration is necessarily dependent on the char velocity during 
the measurement. If this velocity is essentially constant, then there is a 
fixed relation between char density, as measured by the flow monitor, and the 
mass flow rate used in the calibration. But if char velocity tends to vary, 
then it is important that this velocity be known. For this reason, an acoustic 
velocimeter may also be n cessary in the char lines. This device would use 5 passive cross-correlation of the signals from two microphones to give char 
velocity. In essence, this technique measures the transit time for flow 
eddies to travel betwen the microphone locations. Since the separation of the 
microphones is known, the flow velocity can be directly calculated. When 
combined with the char density measurement, this gives mass flow rate of the 
char, even when the velocity is changing. This instrumentation would give the 
most reliable measure of char flow. 



8.0' CONCLUSIONS 

The char feed lines at the BI-GAS Pilot Plant represent a situation 
in which passive acoustic listening is especially well suited for char 
flow monitoring. The presence in each line of a strong acoustic source 
(the steam eductor) allows a measurement to be made of the acoustic atten- 
uation caused by the char. A high temperature microphone in the line and a 
relatively simple signal processor give rapid, sensitive indications of char 
density . 

Although the original goal of providing a flowlno-flow monitor has 
been achieved, it is now apparent that the same instrument can almost cer- 
tainly be used as a char density meter. For this, only a calibration is 
needed, since the device now provides an output signal that varies with 
char density ovet a wide range. lt the char velocity is also known, the 
actual char flow rate can be calculated. 

Auxiliary features of the flow monitor permit checking its operation 
and checking the input signal for proper amplitude. In addition, outputs 
are provided which can be used for making permanent records of the char 
density or for performing alarm or process control operations. As more 
operating experience is gained with the flow monitor, the device will likely 
undergo further changes to make it more reliable, more convenient and more 
useful in assisting the operation of BI-GAS. 
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STATUS OF THE EVALUATION OF A CORIOLIS 

EFFECT MASS FLOW METER FOR DENSE PHASE COAL nows 

W. E. Baucum 
The Energy Conversion Division 

The University of Tennessee Space Institute 

1. INTRODUCTION 

1.1 Statement of Problem 

In large scale cnal convcruion combustion systems, process control 
requires a conti~~uous monitoring of the mass flow of the coal in its carrier 
gas or liquid substance. This mass flow measurement represeilLs a key param- 
eter of coal sys terns including coal, F i r e d  ~agnctohyyritrilJ~ l~amlc (MflL)) energy 
cfillvrrslon research. A number of techniques have been considered for imple- 
menting the measurement of multi-phase flows. In situations where instan- 
taneous changes in flow are not critical, load cells can be used to determine 
a weight change which, considered with the corresponding time increment, pro- 
vides a measurement of the average mass flow during that period. Volumeric 
methods are also widely used to measure these flows. Other techniques rely 
on ultrasonic Dopler shift, optical density measurements, gamma-ray ab- 
sorption, density measurement, capacitance measurements, and techniques 
which rely on correlation. l 

Recently a new type of mass flow mctcr becalue commercially available 
which showed promise for appllcahtlity to the cual flow measurements. This 
mass tlow meter uses the carinlis fnrcr gene~ulcd by Llle flow of a substance 
co uleasure the mass which generates the force. 2,3 This device has succe~c- 
fully measured t h e  flow of high viscosity fluids in solid-liquid mixtures. 
Such measurements were found to be independent of such typical parameters as 
temperature and pressure of the flowing medium. This device is also capa- 
ble of measuring the approximate density of the flowing medium. 

Coal flow rates havc prcvioubly been measured at The University of 
Tennessee Space Institute (UTSI) R&D Facility through the use of load cells 
which measure the change in wcight ul: Lhe coal hopper. This method is gen- 
erally unsatisfactory. The change in wuight uf  che coal hopper tor the time 
intervals for which the flow indication is desired is small in comparison 
to the total weight of the hopper. Also, the output signal from the load 
cells contains extraneo~ls noise from several sources. These two problems 
combined cause the calculation of coal flow to be incorrect unless the load 
cell output is averaged over a long period of time, on the order of tens of 
seconds. 

An evaluation of the specifications of the coriolis effect mass flow 
meter indicated it was amenable to providing a continuous measurement of 



coal mass flow. The device was therefore purchased and plans formulated for 
its evaluation. The first step of the evaluation involved installating the 
coriolis meter in the coal feed system to determine if there were any major 
problems. 

The initial evaluation is discussed in section 3.1. Following this 
evaluation the mass flow meter was used in actual MHD power tests to deter- 
mine its performance and compare its measurements to those obtained.using 
the load cell (over the longer period of time) to determine a rough cali- 
bration with coal flow; this is discussed in section 3.2. The last step in 
the evaluation was to execute a series of more accurate calibration ex- 
periments to evaluate the meter's performance over a wide range of flow 
conditions as is discussed in section 3.3. 

2. FACILITY DESCRIPTION 

2.1 Coal Flow System 

The coal flow system used at the R&D facility at UTSI, as shown in 
Figure 1 and a photograph in Figure 2, delivers a mass flow of 0.3 to 1.1 
lb/sec to the combustion chamber. The system has two coal hoppers each of 
whose capacity is approximately 2000 pounds. When the hopper is pressurized 
up to about 100 psig, coal is forced by the pressure difference through 314" 
OD stainless steel tubing (0.65" 1.D) to the combustor located some distance 
away. After the coal leaves the hopper, transport nitrogen is introduced 
into the tubing at a pressure of approximately 15 psig above the hopper 
pressure to initiate the flow of the coal to the combustor (see Figure 1). 
When first installed, the mass flow meter was mounted at the base of the 
hopper in the coal line, at a position just downstream of where the transport 
gas was introduced. In later tests its position relative to the transport 
gas entrance was changed. In order to evaluate the effect of flow "slugging1' 
and its absence, the meter was also located upstream of the introduction of 
the transport gas. 

2.2 Mass Flow Meter 

The coriolis mass flow meter as.purchased from Micro-Motion Inc. of 
Boulder, Colorado has an analog output and operates in a flow range of 0 
to 1.5 lblsec. It is shown in Figure 3 as it is presently mounted to welded 
I-beams. The operation principle of the measurement relies on the coriolis 
force generated by mass flowing in a vibrating U-shaped tube. The tube, 
excited for vibration at its natural frequency, precesses about an axis 
perpendicular to its vibrational axis due to the influence of the coriolis 
force. The angle of precession is measured optically and is related to the 
mass flow through the tube.2,3 The tube is sized for a particular flow 
range so as to obtain as high a density of the flowing medium as possible 
with a minimum pressure drop. The tube size in this unit is 31" I, D. The 
density of the flowing medium can also be determined by measuring the vibra- 
tion frequency through it-& relationohip to the elastic constants of the tube 
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FPgure 2. Coal Delivery S y s t m  Figure 3. Coriolis Mass Flow Meter 



and t h e  dens i ty  of t h e  flowing medium.2y This measurement is somewhat ap- 
proximate, however, due t o  t h e  dependence of t h e  n a t u r a l  frequency on temp- 
e ra tu re .  A square wave output vo l t age  separa te  from t h e  flow rate output 
s i g n a l  is  suppl ied  t o  f a c i l i t a t e  t h e  densi ty  measurement. 

2 .3  Instrumentat ion and Data System 

8 8 

' - - . A l l  experimental d a t a  w a s  co l l ec ted  using a d i g i t a l  da ta  acqu i s i t ion  - 8 '  I 

# -  , system which c o n s i s t s  of s i g n a l  condit ioning ampl i f iers ,  s i g n a l  mult iplexer,  
analog t o  d i g i t a l  converter  and a Data General Eclipse S/230 computer. Scan 
rates of one h e r t z  and t e n  h e r t z  w e r e  u t i l i z e d  during t h e  experiments. Data 
taken during t h e  experiments were s to red  on magnetic tape  f o r  l a t e r  analys is .  

During t h c  f a c i l i t y  c o d  Iluw experiments, the  following d a t a  parameters 
w e r e  recorded us ing t h e  d i g i t a l  d a t a  acqu i s i t fon  system: Mass flow and 
dens i ty  from t h e  c o r i o l i s  mass flow meter, coal  l i n e  pressure ,  coa l  hopper 
pressure ,  d i f f e r e n t i a l  pressure,  absolute  pressure  and temperature of t rans-  
p o r t  gas a t  an  o r i f i c e  f o r  ca lcu la t ion  of t h e  flow rate of t r anspor t  gas, 
c o a l  hopper weight, and pos i t ion  of valves i n  t h e  coal  de l ive ry  system. 

I n  add i t ion ,  t h e  s i g n a l s  from t h e  flow meter and t h e  coal  l i n e  pressure  
t ransducers  were recorded on magnetic tape  by a Honeywell Model 5600 tape  
recorder  over a frequency range of 0 t o  5000 Hz. 

8 
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?- 3. TEST RESULTS 

3.1 I n i t i a l  Experiments 

Before at tempting t o  measure any coal  flow r a t e s ,  the  mass flow m c t e r  
w a s  f i r s t  c a l i b r a t e d  using w a t e r  a s  a flowing m e d i u m  f o r  flow r n t m  ranging 
irum U.17 t o  1 .23  pounds per second. A l i n e a r  response was confirmed. A 
lease-square curve f i t  t n  the d a t a  points  r e s u l t e d  i l l  Ll~r fullowtng ca l ib ra -  
t i o n  equation: 

where F is  mass flow rate i n  pounds per second and Q i s  t h e  flow m e t e r  output 
voltage.  

It was then decided t o  perform an experiment t o  dsterminc t h e  mrpter's 
response t o  coa l  flow. For t h i s  experiment, i t  was des i rab le  t o  set up 
s e v e r a l  s t a b l e  coal  flow r a t e s  through t h e  meter. This was found t o  be some- 
what d i f f i c u l t  s i n e e  t h i s  experiment was t o  be separa te  from t h e  normal MHD 
tests i n  which t h e  coa l  is  exhausted i n  a combustor at  a pressure of 4 atmo- 
pheres. I n  t h i s  case,  the coal was exhausted i n t o  a l a r g e  b a r r e l  a L  atmo- 
s p h e r i c  pressure  and thus,  t h e  normal p lan t  operat ing parameterscouldnot be 
used. Instead,  considerable experimentation with t h e  opera t ing parameters 
was required.  



During t h i s  experiment t h e  meter was mounted on a v e r t i c a l  s t and  beneath 
t h e  c o a l  hopper and was connected i n  t h e . c o a 1  l i n e  j u s t  downstream of t h e  
po in t  where t h e  t r a n s p o r t  gas and coa l  were mixed. 

Table I shows t h e  va r ious  parameter va lues  t h a t  were t r i e d  and t h e  r e -  
s u l t i n g  meter behavior .  It should be noted t h a t  cons iderable  v i b r a t i o n  i n  
t h e - c o a l  l i n e  was. ev ident  through t h i s  experiment,  i n d i c a t i n g  t h a t  t h e r e  were 
probable i n s t a b i l i t i e s  o r  "slugging" i n  t h e  c o a l  flow. No c o a l  l i n e  plugging 
was observed dur ing  any p a r t  of t h e  experiment.  Table I shows t h a t  t h e  flow 
meter appeared t o  fo l low t h e  flow only dur ing  t h e  e a r l y  phase of t h e  exper i -  
ment. The r e s u l t s  a r e  somewhat inconclus ive ,  however, s i n c e  i t  i s  doub t fu l  
any s t a b l e  flows were obta ined .  

Table I. Parameter Values Used i n  I n i t i a l  Coal Flow Experiment 

Hopper Hopper Valve Transport  
Pressure  S e t t i n g  Gas P res su re  Behavior of mass 
(PSIG) (% open) (PSIG) flow meter 

i nd ica t ed  flow be- , 

g i n n i n g a t 0 . 7 l b l s e c  : 

and i n c r e a s i n g  t o  
3 l b l s e c  a t  flow 
te rmina t ion  

6 5 100 75 e r r a t i c  (0-1 .5 lbIsec) .  

f u l l  s c a l e  reading  

The flow meter was l e f t  i n  p o s i t i o n  and used dur ing  an MHD power gener- 
a t i o n  experiment,  bu t  i ts  readings  va r i ed  randomly from 0 t o  1 .5  pounds per  
seco~ld  whi le  t h e  average flow as c a l c u l a t e d  from rhe  hopper weight was about 
1 pound per  second. Again, cons iderable  v i b r a t i o n  of t h e  coa l  l i n e  w a s  no- 
t i c e d ,  i n d i c a t i n g  t h e  c o a l  was s lugging  through t h e  l i n e ,  

Another experiment was performed which was s i m i l a r  t o  t h e  f i r s t  one i n  
which t h a t  t h e  coa l  flow was i n i t i a t e d  from t h e  hopper through the  flow 
meter i n t o  a drum; however, i n  t h i s  case  dur ing  t h e  l a t t e r  p a r t  of t h i s  
second experiment,  t h e  flow meter was connected upstream of t h e  t r a n s p o r t  
n i t rogen .  The purpose of t h i s  experiment was t o  compare t h e  behavior  of t h e  
flow meter f o r  t h e  more s t a b l e  coa l  flow which e x i s t e d  upstream of t h e  t r ans -  
p o r t  gas t o  t h e  l e s s  s t a b l e  flow downstream. During t h e  f i r s t  p a r t  of t h e  
experiment when t h e  flow meter was downstream of t h e  t r a n s p o r t  n i t r o g e n  i t  
behaved e r r a t i c a l l y .  During t h e  l a t t e r  p a r t  of t h e  experiment when i t  was 
upstream of t h e  t r a n s p o r t  n i t rogen ,  i t  behaved proper ly  and agreed w e l l  wi th  
t h e  load  cell .  c a l c u l a t e d  flow when averaged over  a per iod  of about  7 seconds. 

Following t h e s e  t e s t s ,  t h e  manufacturer was consul ted  a s  t o  why t h e  flow 
meter would o p e r a t e  proper ly  upstream of t h e  t r a n s p o r t  n i t r o g e n  but  no t  
downstream. The fol lowing p o s s i b i l i t y  was o f f e red .  



The tub ing  i n s i d e  t h e  flow meter through which t h e  c o a l  flows is  caused 
t o  o s c i l l a t e  by a d r i v e  c o i l  and i t  i s  poss ib l e  t h a t  i f  t h e  c o a l  were no t  
uniformly d i s t r i b u t e d  i n  a  t r a n s p o r t  gas but  was "slugging" through t h e  
tube ,  i t  could rob energy from t h e  o s c i l l a t i o n  and cause t h e  flow meter 
t o  cease  func t ion ing .  This could only  happen when t h e  flow meter was 
downstream of t h e  t r a n s p o r t  gas where t h e  coa l  might become non-uniformly 
d i s t r i b u t e d  i n  t h e  mixture.  The manufacturer mentioned t h a t  o t h e r s  had ex- 
per ienced t h e  same problem wi th  f l u i d  flows i f  t h e  bubble content  became 
too  l a r g e .  He f u r t h e r  suggested a  means by which we could monitor t h e  
o s c i l l a t i o n  of t h e  t u b e  dur ing  ope ra t ion  t o  s e e  i f  t h i s  was t h e  source  of 
t h e  problem. This  o s c i l l a t i o n  was monitored dur ing  s e v e r a l  subsequent t e s t s  
and i t  was found t h a t  t h e  o s c i l l a t i o n  yas indeed damped out  a t  those  times 
when t h e  f low meter  ceased t o  func t ion  proper ly ,  apparent ly  caused by Lhe 
c o a l  p a r t i c l e s  be ing  non-uniformly d i s t r i b u t e d  i n  t h e  t r a n s p o r t  gas .  Thus, 
f o r  those  t e s t s  prev ious ly  d iscussed  where t h e  meter d id  not  func t ion  pro- 
p e r l y ,  t h e  probable cause w a s  t h e  s lugging  c o a l  flow obta ined .  

3.2 I n i t i a l  C a l i b r a t i o n  Experiments 

In  o r d e r  t o  o b t a i n  an i n i t i a l  c a l l b r a t l 6 n  ehe  flow meter was used clurlllg 
two MHD power gene ra t ion  experiments connected upstream of t h e  t r a n s p o r t  
n i t r o g e n  and performed very w e l l  dur ing  both t e s t s .  A comparison of t h e  c o a l  
flow r a t e  c a l c u l a t e d  from t h e  load  c e l 1 , d a t a  averaged over 7 seconds and t h e  
v o l t a g e  ou tpu t  of t h e  mass flow meter showed a  p r o p o r t i o n a l i t y  cons tan t  
of 0.285 wi th  a s t anda rd  dev ia t ion  of  0.005 f o r  one experiment and a  va lue  of 
0.283 wi th  s tandard  dev ia t ion  of 0.003 f o r  t h e  o t h e r  experiment.  This  a l s o  
agreed w e l l  wi th  t h e  p r o p o r t i o n a l i t y  cpns tan t  of 0 .3  obta ined  dur ing  t h e  
water  flow c a l i b r a t i o n .  

Fol.l.owing t h e s e  experiments,  some problems were experienced wi th  t h e  
f l o w  meter, These problems appeared t n  a r i s e  from s e v e r a l  d i f f e r e n t  sources ;  
f i r s t ,  a  d r i f t  i n  t h e  zero v a l u e  occurred which was caused by a  s e n s i t i v i t y  
t o  v i b r a t i o n  and a  l a c k  of s u f f i c i e n t  r i g i d i t y  i n  t h e  mount. Second, 
moistured c o l l e c t e d  i n s i d e  t h e  case  causing cor ros ion  of t h e  c i r c u i t  board. 
A f t e r  c leaning  t h e  c i r c u i t  board a s  w e l l  a s  poss ib l e ,  we decided t o  mount i t  
on a very s t a b l e  p la t form i n  t h e  t e s t  bay a r e a  t o  prevent  t h e  zero d r i f t  and 
t o  p r o t e c t  i t  from t h e  weather.  Upon adjustment according t o  f a c t o r y  r e -  
commendations, t h e  flow meter funct ioned we l l  when water  was t h e  flowing 

, medium bu t  d i d - n o t  func t ion  a t  a l l  when c o a l  was t h e  medium. F i n a l l y ,  a f t e r  
making some adjustments  which were con t r a ry  t o  f a c t o r y  recommendations, t h e  
f low meter was made t o  func t ion  (upstream nf t h e  t r a n s p o r t  gas) wi th  t h e  
c o a l  medium but  i t  then  would no t  func t ion  wi th  water  a s  t h e  medium. 

I n  t h i s  cond i t i on  t h c  flow meter was used i n  fou r  MIiD power gcncra t ion  
tests t o  f u r t h e r  determine i t s  behavior under t e s t  cond i t i ons .  It  appeared 
t o  func t ion  proper ly  dur ing  a l l  t h e s e  t e s t s  and some v i s u a l  c o r r e l a t i o n s  
could be made among t h e  coa l  l i n e  p re s su re ,  plasma luminos i ty ,  exhaust  gas 
temperature and t h e  flow meter da t a .  For t h e  f i r s t  t h r e e  power genera t ion  
experiments a  comparison w a s  made between t h e  load c e l l  d a t a  and t h e  flow 
meter  d a t a  f o r  t h e  t o t a l  i n d i c a t e d  mass flow during t h e  e n t i r e  t e s t s .  To 
o b t a i n  t h e  t o t a l  mass flow from t h e  load c e l l  d a t a  t h e  average load c e l l  



reading  a f t e r  t h e  t e s t  was sub t r ac t ed  from t h e  average reading  be fo re  t h e  
t e s t  s i n c e  t h e r e  were n o . v i b r a t i o n a 1  e r r o r s  i n  t h e  load  c e l l  readings  be fo re  
and a f t e r  t h e  t e s t  a s  t h e r e  was dur ing  t h e  t e s t .  To o b t a i n  t h e  same quan- 
t i t y  from t h e  f low meter d a t a ,  t h e  output  vo l t age  was i n t e g r a t e d  us ing  
Simpson's r u l e  from beginning t o  end of t h e  t e s t ,  and t h i s  va lue  was s u b s t i -  
t u t e d  f o r  V i n  t h e  c a l i b r a t i o n  equat ion .  I n  t h i s  manner, good agreement w a s  
ob ta ined  between t h e  load c e l l  d a t a  and t h e  flow meter da t a .  

S ince  t h e  mass flow meter would not  o p e r a t e  proper ly  f o r  both water  and 
c o a l  and requi red  adjustment con t r a ry  t o  f a c t o r y  s p e c i f i c a t i o n s  t o  o p e r a t e  
w i th  c o a l  i t  was decided t o  r e t u r n  t h e  u n i t  t o  t h e  manufacturer ,  who.had 
agreed t o  i n s t a l l  new c i r c u i t  boards t o  r ep l ace  t h e  corroded ones,  be fo re  
beginning t h e  next  phase of t h e  c o a l  flow c a l i b r a t i o n  experiment.  When t h e  
u n i t  w a s  r e tu rned  t o  u s  by t h e  manufacturer i t  was r e c a l i b r a t e d  us ing  water 
as t h e ' f l o w i n g  medium and found t o  ope ra t e  proper ly .  

3 . 3  F i n a l  Coal Flow Ca l ib ra t ion  Experiment 

Up t o  t h i s  po in t  t h e  mass flow meter had been c a l i b r a t e d  us ing  only 
water  a s  t h e  f lowing medium and measurements made wi th  c o a l  flow could be 
c a l i b r a t e d  only us ing  t h e  load  c e l l  d a t a  which contained some e r r o r .  Thus 
it w a s  decided t o  at tempt  a  more a c c u r a t e  c a l i b r a t i o n  experiment wi th  coa l  
a s  t h e  flowing medium. 

The experimental  system used f o r  t h i s  c a l i b r a t i o n  experiment is shown 
i n  F igure  4. I n  t h i s  system t h e  c o a l  flows from t h e  c o a l  hopper i n t o  t h e  
314" OD tub ing  where t h e  t r a n s p o r t  gas is  mixed wi th  coa l .  The mixture flows 
through t h e  mass flow meter and c o a l  l i n e  p re s su re  t r ansduce r s ,  through a  
v a r i a b l e  b a l l  va lve  which is  used i n  conjunct ion wi th  t h e  c o a l  hopper 
p re s su re  t o  c o n t r o l  t h e  flow r a t e ,  and t o  a tee j o i n t  which is  c o n t r o l l e d  by 
two va lves  t h a t  a l lows t h e  c o a l  t o  flow i n t o  t h e  l a r g e  drum o r  i n t o  a  sma l l e r  
b a r r e l  which i s  s i t t i n g  on a s c a l e  t o  measure t h e  change i n  weight.  I n  o rde r  
t o  determine t h e  t r u e  mixture r a t i o  f o r  t h e  c o a l  and t r a n s p o r t  n i t r o g e n  gas,  
t h e  f low of n i t rogen  t o  t h e  hopper and t o  t h e  t r a n s p o r t  l i n e  was measured.. 
A flow meter connected i n  t h e  coa l  hopper p r e s s u r i z a t i o n  l i n e  measured t h e  
flow of t h e  n i t rogen  i n t o  t h e  c o a l  hopper and a  c a l i b r a t e d  o r i f i c e  was placed 
i n  t h e  t r a n s p o r t  gas l i n e  f o r  t h e  measurement of flow from t h i s  po in t .  The 
experimental  p lan  c a l l e d  f o r  t h e  es tab l i shment  of a s t eady  c o a l  flow a t  some 
predetermined flow r a t e  i n t o  t h e  l a r g e  drum. When t h i s  flow was e s t a b l i s h e d ,  
t h e  va lves  a t  t h e  t e e  were opera ted  t o  d i v e r t  t h e  flow of c o a l  i n t o  t h e  
b a r r e l  f o r  a per iod  of two minutes.  The average c o a l  flow dur ing  t h e  two 
minute per iod  was ca l cu la t ed  from t h e  change i n  weight of  t h e  b a r r e l .  Com- 
pa r i son  wi th  t h e  s i g n a l  from t h e  mass flow meter provides t h e  c a l i b r a t i o n .  
To ensure  t h a t  t h e  flow was i n  t h e  dense phase regime where optimum per- 
formance of t h e  mass flow meter had previous ly  been observed,  no t r a n s p o r t  
gas was used dur ing  t h i s  p a r t  of t h e  experiment.  During t h e  second p a r t  
o f  t h e  experiment,  a  range of flow r a t e s  f o r  t h e  t r a n s p o r t  gas was es tab-  
l i s h e d  f o r  t h e  purpose o f , v a r y i n g  t h e  c o a l  t o  n i t rogen  mixture r a t i o .  Sev- 
e r a l  r a t i o s  were included from 250:l t o  a  va lue  of about 50: l  by mass t o  
t e s t  t h e  performance of the. .meter  i n  t h e  l i g h t e r  phase flow regimes. 



Thus, i n  t h e  f i r s t  p a r t  of  t h e  experiment,  c o a l  mass flows of 1.34, 
0 .78 and 0.45 pounds p e r  second were each set  up and valved i n t o  t h e  b a r r e l  
f o r  two minute pe r iods .  The average  mass flow meter output  v o l t a g e s  calcu-  
l a t e d  f o r  t h e s e  p e r i o d s  of t ime a r e  shown i n  F igure  5. The p l o t  ob ta ined  
w a s  very  l i n e a r  and a l e a s t - squa re  curve f i t  t o  t h e s e  p o i n t  gave t h e  equa- 
t i o n  : 

F  = 0.346 V - 0.1 

where F is  t h e  f low rate i n  pounds per  second and V i s  t h e  ou tput  v o l t a g e  of 
t h e  mass f low m e t e r .  

The c o r r e l a t i o n  f a c t o r  of  t h e  curve  f i t  was 0.99 and t h e  es t imated  va r i ance  
i n  c a l c u l a t e d  v a l u e  was 0.135 v o l t s 2 .  Also i t  was Pound t h a t  a l i n e a r  
r e l a t i o n s h i p  e x i s t e d  w i t h  t h e  d i f f e r e n t i a l  p r e s s u r e  between t h e  c o a l  hopper 
and t h e  p r e s s u r e  t r ansduce r  ( l oca t ed  In t h e  c o a l  l i n e  just duwzlstrralu ol: 
t h e  mass f low meter)  and t h e  average  mass flow r a t e  a s  shown i n  F igure  6. 
This  i n d i c a t e d  t h a t  t h e  d e n s i t y  of t h e  f lowing medium was q u i t e  cons t an t  
du r ing  t h e  experiment and suggested t h a t  f o r  t h i s  p a r t i c u l a r  ca se  where t h e  
d e n s i t y  of t h e  f low i s  cons t an t  a  p r e s su re  d i f f e r e n t i a l .  measurement could 
be  used t o  measure t h e  mass flow r a t e .  F igure  7 shows t i m e  p l o t s  of t h e  
mass flow meter ou tpu t  v o l t a g e  f o r  t h e  t h r e e  flvw rates. The v a r i a t i o n  i n  
o s c i l l a t i o n  frequency of t h e  v i b r a t i n g  tube  f o r  t h e  t h r e e  flow r a t e s  a l s o  
i n d i c a t e d  t h a t  t h e  d e n s i t y  of t h e  flowing medium dur ing  t h e s e  t h r e e  flows 
was very  cons t an t .  Measurements of t h e  flow of p r e s s u r i z i n g  n i t r o g e n  i n t o  
t h e  c o a l  hopper i n d i c a t e d  t h a t  t h e  flow was j u s t  s u f f i c i e n t  t o  d i s p l a c e  t h e  
c o a l  flowing o u t  of  t h e  hopper and t h e r e f o r e  t h e  amount of p r e s s u r i z i n g  
n i t r o g e n  which flowed o u t  of t h e  hopper wi th  t h e  c o a l  must be  n e g l i g i b l e  s o  
t h a t  t h e  t h r e e  c o a l  f lows obta ined  w e r e  i n  t h e  very  h igh ly  dense phase 
regime. A l l  of  t h e  in format ion  shown h e r e  i n d i c a t e d  t h a t  t h e  mass flow 
meter opera ted  ve ry  w e l l  i n  t h i s  regime and t h e  c a l i b r a t i o n  curve ob t a ined  
was very l i n e a r .  

I n  t h e  second p a r t  of  t h e  experiment t h e  same experimental  system was 
used except ,  i n  t h i s  ca se ,  t r a n s p o r t  n i t r o g e n  gas was used t o  va ry  t h e  c o a l  
t o  n i t r o g e n  mix ture  r a t i o .  F igure  8  shows some r e s u l t s  of  t h i s  p a r t  of t h e  
experiment.  This  i s  a  t i m e  p l o t  of  t h e  mass flow ineter ou tput  v o l t a g e  over  
a t i m e  pe r iod  where f o u r  d i f f e r e n t  mixture  r a t i o s  w e r e  ob ta ined  a s  i n d i c a t e d  
on t h e  f i g u r e .  I n  a d d i t i o n ,  f i g u r e  9 shows t h e  t i m e  p l o t  of t h e  mass flow 
m e t e r  ou tput  v o l t a g e  f o r  a  f i f t h  mix ture  r a t i o  of  49 : l .  It is  ev iden t  from 
t h e s e  two f i g u r e s  t h a t  t h e  ou tpu t  v o l t a g e  from t h e  meter ,  which was q u i t e  
s t a b l e  f o r  flows wi thout  t r a n s p o r t  gas shows g r e a t e r  f l u c t u a t i o n s  a s  t h e  
c o a l  t o  n i t r o g e n  r a t i o  decreases .  I n  f a c t  t h e  ou tput  v o l t a g e  f l u c t u a t i o n s  
becomes exces s ive  a t  mix ture  r a t i o s  less t h a t  128:l. A t  one po in t  dur ing  
t h i s  experiment t h e  mass flow meter output  v o l t a g e  showed a  very  uniform 
f l u c t u a t i o n  frequency a s  i n d i c a t e d  i n  t h e  t o p  p a r t  of  F igure  10 ;  t h e  p re s su re  
f l u c t u a t i o n s  i n  t h e  c o a l  l i n e  a t  t h e  same per iod  of t ime a r e  shown i n  t h e  
middle  p a r t  of t h i s  f i g u r e  and can be seen  t o  c o r r e l a t e  very  w e l l  wi th  t h e  
f l u c t u a t i o n s  of t h e  ou tput  v o l t a g e  of t h e  mass f low meter.  

This same c o r r e l a t i o n  can be  seen  a t  o t h e r  t ime pe r iods  a l s o ,  where 
t h e r e  were f l u c t u a t i o n s  i n  t h e  flow meter ou tput  v o l t a g e .  A t i m e  p l o t  of 
t h e  d e n s i t y  s i g n a l  from t h e  mass flow meter shown i n  t h e  lower p a r t  of 
f i g u r e  1 0  i n d i c a t e s  f l u c t u a t i o n s  i n  t h e  d e n s i t y  o f  a  f lowing medium which 
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c o r r e l a t e  wi th  t h e  l a r g e  f l u c t u a t i o n s  i n  flow meter ou tput  vo l t age  and coa l  
l i n e  pressure .  These last t h r e e  f i g u r e s  taken toge the r  i n d i c a t e  t h a t  during 
t h i s  t i m e  per iod  t h e  c o a l  w a s  f lowing i n  a  very  uns t ab le  f a sh ion  I n  such a  
way t h a t  a l t e r n a t e  s l u g s  of c o a l  and t r a n s p o r t  gas were f lowing through t h e  
f low meter and p re s su re  t ransducer  t o  g i v e  r i s e  t o  t h e  l a r g e  f l u c t u a t i o n s  i n  
f low meter ou tput  v o l t a g e  and p re s su re  t ransducer  response.  Thus, t h e  good 
c o r r e l a t i o n  between f low meter ou tput  vo l t age  and c o a l  l i n e  p re s su re  shows 
t h a t  t h e  mass flow meter  is  indeed responding t o  a c t u a l  v a r i a t i o n s  i n  c o a l  
f low when i t  shows t h e s e  wide f l u c t u a t i o n s ,  so  long  a s  t h e  f l u c t u a t i o n  ' 

frequency i s  i n  t h e  range t o  which t h e  flow meter can respond. It should 
b e  noted h e r e  t h a t  t h e s e  f l u c t u a t i o n s  a r e  minimal dur ing  t h e  MHD experiment 
s i n c e  t r a n s p o r t  n i t r o g e n  is used only  t o  i n i t i a t e  t h e  flow and is  s h u t  o f f  
'once t h i s  is  achieved.  

Luuklng aga in  a t  fignres 8 and 9 one can cur~clude  t h a t  i n  t h i s  system 
t h e  c o a l  f low becomesincreas ingly  uns t ab le  a s  more and more t r a n s p o r t  gas is  
added and t h a t  s t a b l e  f lows cannot be obta ined  f o r  a mixture r a t i o  lower 
about  128: l .  It was expected t h a t  flows would become uns t ab le  i n  t h e  in -  
te rmedia te  phase regime, but  t h e  i n s t a b i l i t i e s  were obta ined  a t  h ighe r  
mix tu re  r a t i o s  t han  were expected. This  is  probably due t o  t h e  way i n  
which t h e  c o a l  and t r a n s p o r t  N; are m.i.xed. It had o r i g i n a l l y  beeri planned 
t b  proceed t o  lower mixture  r a t i o s  down t o  about 1:'l but  t hese  lower r a t i o s  
could not  b e  e a s i l y  achieved wi th  t h e  p re sen t  system so  i t  was decided t o  
con t tnue  t h e s e  experiments a t  a  l a t e r  t ime us ing  a system which mixes t h e  
c o a l  and t r a n s p o r t  gas i n  a  more uniform fa sh ion  t h a t  is  more c h a r a c t e r i s t i c  
of t h e  c o a l  d e l i v e r y  system i n  t h e  Coal F i red  Flow F a c i l i t y ,  a  DOE MHD t e s t  
f a c i l i t y  p r e s e n t l y  be ing  completed a t  UTSI. 

4. CONCLUSION 

The purpose of r h i s  s tudy  was t o  eva lua t e  t h e  performance of t h e  c o r i -  
o l i s  e f f c c t  m a s s  f luw mecer a s s i t  was app l i ed  t o  t h e  measurement of c o a l  flow 
a t  t h e  RbD f a c i l i t y  of  t h e  Energy Conversinn Divis ion  a t  UTSI. T l ~ l s  eval -  
uaLLon has successfuf  l y  demonstrated t h a t  t h e  mass flow meter  ope ra t e s  very 
w e l l  i n  t h e  dense phase reg ion  in. our  c o a l  f ced  system. 

A c a l i b r a t i o n  curve  was obta ined  f o r  t h e  meter under t h e s e  condi t ions .  
A summary of t h e  experimental  r e s u l t s  i s  g d v ~ n  fn Tabla 11, Alsa i L  was 
fuuud t h a t  even i n  t h e  l i g h t e r  phase r eg ions  t h e  flow meter appeared t o  
fo l low t h e  i n s t a b i l i t i e s  i n  c o a l  flow i n  t h a t  i s  showed good c o r r e l a t i u n  wi th  
c o a l  l i n e  p re s su re  f l u c t u a t i o n s .  Also, t h i s  s tudy  shows t h e  g r e a t  valuc of 
such a mass fluw meter i n  the  eva lua t ion  of a  p a r t i c u l a r  c o a l  de l ive rysys t em.  
It showed t h a t  f o r  t h e  p a r t i c u l a r  c o a l  d e l i v e r y  system t e s t e d ,  very  s t a b l e  
f lows could be  obta ined  i n  t h e  very  dense phase reg ton  which is  used i n  MHD 
experiments.  It w a s  a l s o  shown t h a t  t h e  flow became more uns t ab le  a s  t h e  
coa l :  t r a n s p o r t  gas r a t i o  decreased and became extremely uns t ab lc  a t  r a t i o s  
below 128: l .  The performance of t h i s  mass flow meter has  n o t  been t e s t e d  a t  
mix ture  r a t i o s  below 5 0 : l  bu t  i t  is  planned t h a t  t h i s  w i l l  be  done i n  t h e  
f u t u r e  wi th  an  improved c o a l  d e l i v e r y  system. 



Table 11. SUMMARY OF EXPERIMENTAL RESULTS 

Coal Nitrogen 
Mass Mass Hopper Coal L ine  
Flow Flow Rat io  . Pres su re  P re s su re  
( l b l s e c )  ( l b l s e c )  (Coal/N2) (PSIG). (PSIG) Flow S t a b i l i t y  

0.45 0 .  - 60 36 , v e r y  s t a b l e  

0.78 . 0 - 80 4 6 ve ry  s t a b l e  . 

ve ry  s t a b l e  

s t a b l e  

7  8  2 3 somewh.at uns t ab l e  

78 25 u n s t a b l e  

7  8  2 5  u n s t a b l e  

0.6 0.012 4911 78 . 54 uns t ab l e  . 
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Capac i t i ve  Transducers  f o r  Mass Flow Measurement, An Overview 

by W. W. Managan and R. W. Doering 

Argonne Nat iona l  Laboratory 

I n t r o d u c t i o n  

The des ign  of a  c a p a c i t i v e  t r ansduce r  and a s s o c i a t e d  e l e c t r o n i c s  have 
been repor ted ,  i n c l u d i n g  t h e  r e s u l t s  of t e s t i n g  a t  t h e  HYGAS p l a n t  i n  Chicago, 
1 l l i n o i s . l  Th i s  paper  p r e s e n t s  f u r t h e r  a n a l y s i s  of t h e  HYGAS da t a ,  i nc lud ing  
some of t h e  d i f f i c u l t i e s  of the  capaciti.Ge method fol lowed by r e s u l t s  of t e s t -  
i n g  t h e  HYGAS c a p a c i t o r  on a  low dens i ty  s o l i d s / g a s  flow and f i n a l l y  a  discus-  
s i o n  of two unusual  c a p a c i t o r  designs.  

The schematic  of t h e  HYGAS experiment d a t a  a c q u i s i t i o n  equipment i s  shown 
i n  Fig. 1. Note t h e  s e p a r a t i o n  by approximately 90 meters  of t h e  po in t  of meas- 
urement from t h e  record ing  equipment i n  t h e  i n s t rumen ta t i on  t r a i l e r  and t h e  HP 
5420A S igna l  Analyzer. The e l e c t r o d e  layout  of t h e  c a p a c i t o r  i s  shown i n  Fig- 
u r e  2. The i n s i d e  d iameter  of t h e  ceramic tube  i s  chosen t o  main ta in  a  smooth 
c o n t i n u i t y  of f low without  d iameter  change from t h e  ad jo in ing  p ipe  s e c t  ions. 
The c a p a c i t i v e  e l e c t r o d e s  a r e  l oca t ed  immediately o u t s i d e  t h e  ceramic tube. 
The arrangement shown i s  a  p a r a l l e l  p l a t e  c a p a c i t o r ,  t h e  d r iven  p l a t e  a t  the 
t o p  and t h e  s ens ing  p l a t e  a t  t h e  bottom. Between t h e s e  a r e  p o t e n t i a l  e l e c t r o d e s  
he ld  a t  an a p p r o p r i a t e  . f r a c t i o n a l  vo l tage  by means of a  r e s i s t a n c e . v o l t a g e  d iv ide r .  
The s i g n a l  e l e c t r o d e  i s  surrounded by a  grounded guard p l a t e  and i s  he ld  very 
n e a r l y  a t  ground p o t e n t i a l .  The s i g n a l  e l e c t r o d e  i s  segmented along t h e  flow 
d i r e c t i o n  t o  provide  f o r  a  d e n s i t y ' e l e c t r o d e  s i g n a l  a s  we l l  a s  a  number of 
v e l o c i t y  e l e c t r o d e  s i g n a l s  w i th  vary ing  sepa ra t i ons .  Separa t ions  i n  t h i s  
ca se  range from 1 5  mm up  t o  142 mm. A second s e t  of e l e c t r o d e s  not shown 
he re  i nc reased  t h e  maximum s e p a r a t i o n  to ,  293 mm. 

C a l i b r a t i o n  and Dens i ty  E f f e c t s  

The c a l i b r a t i o n  procedure is based on t h e  use of g r ab  samples ,admit tedly 
an  imprec ise  method. For a n  i d e a l i z e d  two-phase cha r / t o luene  s l u r r y  a n  i dea l -  
i z ed  s i t u a t i o n  . i s  cons idered  f i r s t  and secondly '  some sources  of e r r o r .  The 
output  vo l t age  ob ta ined  f o r  d i f f e r e n t  p e r c e n t - b y  weight s o l i d s  (PWS) i s  shown 
i n  Fig. 3. The output  v o l t a g e  has  t h e  approximately l i n e a r  form 
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It i s  d e s i r e d  t o  s e p a r a t e  t h i s  t o t a l  mass flow output  vo l t age  i n t o  two separ- 
a t e  mass flow measures of t h e  s o l i d s  and l i q u i d s .  This  i s  poss ib l e  f o r  the  i dea l -  
i z e d  two-phase system where one has knowledge of the  d e n s i t i e s  of each component. 
~ o w e v b r ,  i f  o t h e r  phaoeo a r c  preeent ,  a d d i t i o n a l  in format ion  i o  required.  



S t a r t i n g  from t h e  d e f i n i t i o n  of percent  by weight s o l i d s  (PWS) and wi th  a  
knowledge of t h e  r e spec t ive  d e n s i t i e s  of t h e  two phases,  a  t a b l e  of mass p e r  u n i t  
l e n g t h  of p ipe  ve r sus  output  vo l t age  can be cons t ruc ted  u s ing  t h e  percent  by weight 
s o l i d s  f o r  t h e  a s s o c i a t e d  grab samples a s  a  t r a n s f e r  func t ion  between output  v o l t -  
age and mass p e r  u n i t  l eng th  of pipe. Also, when t h e  percent  by weight s o l i d s  is 
zero,  t h e  output  vo l t age  w i l l  be e n t i r e l y  due t o  t h e  l i q u i d .  These r e l a t i o n s h i p s  
a r e  shown i n  Fig. 4  i n  which t h e  t o t a l  mass per  u n i t  l e n g t h  i s  d i sp layed  a s  a  
f u n c t i o n  of t h e  measured output  vo l tage .  Given t h e  known d e n s i t i e s  of t h e  l i q u i d  
and s o l i d  phases ,  t h e i r  r e spec t ive  mass flows pe r  u n i t  l e n g t h  can be obtained by 
mu l t i p ly ing  t h e  mass pe r  u n i t  l e n g t h  by the  v e l o c i t y  through t h e  pipe.  

This i s  a  l i n e a r  approximation. It should be noted however t h a t  t h e  
curves  a r e  d e f i n i t e l y  nonl inear .  The output  vo l t age  a s  a  func t ion  of percent  
by weight s o l i d s  was approximately l i n e a r ,  l e ad ing  one t o  expect  t h e  bulk 
dens i ty  of t h e  grab samples t o  have a n  approximately l i n e a r  r e l a t i o n s h i p  w i th  
t he  percent  s o l i d s  by weight. However, Fig. 5 shows a  l a r g e  s c a t t e r  i n  t he  
da ta .  I n  f a c t ,  t h e  s c a t t e r  i s  s o  l a r g e  compared t o  t h e  p r e c i s i o n  of t h e  meas- 
urements a s  t o  r a i s e  t he  ques t i on  whether a  t h i r d  phase may not  be presen t .  
This hypothes i s  was s t rengthened  by n o t i n g  t h a t  i n  some of t h e  grab samples a  
po r t i on  of t h e  s o l i d s  a c t u a l l y  f l o a t e d  on t h e  so lvent .  This was a t t r i b u t e d  t o  
non-wetting of those  s o l i d s  by the  so lven t ,  r e s u l t i n g  i n  t h e  p o r o s i t i e s  of t h e  
s o l i d s  being f i l l e d  with voids  r a t h e r  than wi th  so lven t ,  thereby reducing t h e  
apparent  bulk dens i ty .  

Assuming t h e  volume and dens i ty  measurements on t h e  grab samples were 
r e l a t i v e l y  p rec i se ,  i t  was p o s s i b l e  t o  e s t i m a t e  t he  void f r a c t i o n  f o r  each 
grab  sample and t o  c a l c u l a t e  a  rev ised  bulk dens i ty .  When t h i s  c o r r e c t i o n  is  
app l i ed  t h e  s c a t t e r  i s  almost completely e l imina ted  a s  shown i n  Fig. 5. 
Thus t h e  conc lus ion  i s  reached t h a t  i n  a  number of the samples a  t h i r d  phase 
was indeed p re sen t  a s  voids  o r  gas. 

Veloc i ty  S i g n a l s  

The v e l o c i t y  signals '  a r e  processed by a  Hewlett Packard Model 5420A s i g n a l  ana lyzer .  
The c r o s s  c o r r e l a t i o n  output  is  a  correlogram a s  shown i n  Fig. 6. The peak of the 
correlogram corresponds t o  t h e  average delay time o r  t r a n s i t  time between t h e  two 
v e l o c i t y   electrode^.^ Dividing t h e  e l e c t r o d e  s epa ra t i on ,  L, by t r a n s i t  time: T, a n  
e s t i m a t e  of t h e  s t ream v e l o c i t y  V = L/T,  i s  obtained.  I n  t h i s  p a r t i c u l a r  i n s t ance  
t h e  s t ream v e l o c i t y  was approximately 4 meters  per  second. 

During a  per iod of s teady  ope ra t i on  i n  t h e  HYGAS experiment,  a  s e r i e s  of 
correlograms were taken f o r  a l l  of t he  combinat i ons  of e l e c t  rode separa t ion .  
The t r a n s i t  t i n e s  f o r  t he se  a r e  shown i n  Fig. 7. A l e a s t  squares  f i t t e d  
s t r a i g h t  l i n e  i s  shown. The r e c i p r o c a l  of t h e  s lope  g ives  t he  v e l o c i t y  a t  4.1 
meters pe r  second. The c o r r e l a t i o n  c o e f f i c i e n t  approaches u n i t y  i n d i c a t i n g  a  
high l e v e l  of i n t e r n a l  cons is tency  i n  t he  d a t a ;  t h a t  is ,  a l l  of t he  e l e c t r o d e  
p a i r s  i n d i c a t e  t h e  sane ve loc i ty .  



It was found t h a t  t h e  d i f f e r e n t  e l e c t r o d e  p a i r s  d i d  not provide t h e  same 
t i m e  r e so lu t ion .  The correlogram a s  shown i n  Fig. 8  may be cha rac t e r i zed  by 
t h e  f u l l  w id th  a t  ha l f  maximum (FWHM), t h e  average delay time, T', and t h e  time 
r e s o l u t i o n  de f ined  a s  t h e  r a t i o  of t he  f u l l  wid th  a t  ha l f  maximum (FWHM) and 
average t ime de lay  T ,  Reso lu t ion  = (FWHM/-r). Small va lues  of - r e s o l u t i o n  a r e  
des i r ed .  Seve ra l  va lues  of time r e s o l u t i o n  a r e  shown i n  Fig. 9 a s  a  f u n c t i o n  
of t h e  e l e c t r o d e  spacing.  The correlogram i n  Fig. 6 h a s  an es t imated  FWHM of 
80 mi l l i s econds  and a n  average delay T of about  4.4 mi l l i seconds ,  g iv ing  a  
t i m e  r e s o l u t i o n  of 18  f o r  a n  e l e c t r o d e  s e p a r a t i o n  of 15  mm. Larger  e l e c t r o d e  
s e p a r a t i o n s  showed s i g n i f i c a n t  reduct  ions  i n  time r e so lu t ion ,  t h e  FWHM being 
reduced w h i l e  t h e  mean delay o r  t r a n s i t  time was increas ing .  The so l id s - l i qu id  
curve denoted by t h e  squa re s  is  f o r  t h e  HYGAS s o l i d s / l i q u i d  f eed  slurry. The 
pipe  i n s i d e  d iameter  i s  approximately 54 mm. I n  t h i s  experiment a  s i g n i f i c a n t  
.i.mprnvemer?t i n  t i m e  r o e o l u t i o n  is obtained b y  i l l c reas ing  che electrode spacing 
t o  a t  l e a s t  1, and p r e f e r a b l y  2  o r  3, p ipe  diameters.  For low v e l o c i t y  flow a t  
HYGAS, t h e  time r e s o l u t i o n s  became l a r g e  (poor) ,  e s p e c i a l l y  f o r  l a r g e  e l e c t r o d e  
s epa ra t i ons .  

When t h e  same c a p a c i t u r  was I n s t a l l e d  and t e s t e d  on t h e  s o l i d s / g a s  flow 
t e s t  f a c i l i t y  (S/GFTF) a t  t h e  Argonne Nat iona l  Laboratory,  i t  was f n ~ ~ n d  t h a t  
che h ighe r  v e l o c i t y  (16-24 meters  per  second) l e d  t o  v e l o c i t y  s i g n a l s  wi th  
much h ighe r  f requency components a s  shown i n  Fig. 1 0  and correspondingly 
LeLLer 'time de lay  r e so lu t ion .  Typicai  FWHM ranged from 0.5 t o  1.6, a s  shown 
i n  Fig. 9. The e f f e c t  i s  most pronounced f o r  smal l  e l e c t r o d e  s epa ra t i ons .  
Having d e a l t  w i th  t he  in format ion  i n  t he  time domain, l e t  u s  proceed t o  
examine s i m i l a r  in format ion  i.n t h e  frequency domain. 

A culivenienr means i s  t o  use t he  t r a n s f e r  func t ion  of t he  HP 5420A s i g n a l  
ana lyzer .  This  views t h e  v e l o c i t y  s i g n a l s  a t  c a p a c i t o r  A a s  t h e  input  being 
t r a n s f e r r e d  through the  pipe t o  t he  c a p a c i t i v e  e l e c t r o d e  a t  B some d i s t ance ,  
L, downstream. Before 1.eavlng the time domain, t y p i c a l  s o l i d / g a s  time domain 
s i g n a l s  a r e  shown i n  Fig. 10. The expanded s c a l e  0-100 mocc permi ts  the tra11siL 
de lay  T t o  be seen. The au tospec t r a  a r e  shown i n  Fig. 11. The t r a n s f e r ' f u n c t i o n  
over  a  range of 0-3 kHz i s  shown i n  Fig. 12 a long  wi th  a  coherence funct ion.  
The t r a n s f e r  f u n c t i o n  i s  seen t o  be f a i r l y  cons t an t  over  t he  low frequency por- 
t i o n ,  f a l l i n g  o f f  a t  h ighe r  freguenci.es.  The c n h e r ~ n c a  func t ion  i a  a l s o  r e l a , -  
t i v e i y  cons t an t  a t  very low f requenc ies  but  fa11.s o f f  at  higher  f rcquenc ies  wi th  
a  -much lower c u t o f f  frequency than  t h e  t r a n s f e r  c h a r a c t e r i s t i c .  The coherence 
f u n c t i o n  i s , a  measure from 0  t o  1 o f  the  c a u s a l i t y  of B from A; t h a t  is, a  measure 
t h a t  t h e  ou tput  a t  B i s  caused by t h e  input  a t  A. Where t h e  coherence func t ion  
goes t o  very smal l  value,  one can say that: t h e r e  f s  a  very small  p r o b a b i l i t y  t h a t  
t h e  output  a t  B . s  sppn i n  the f r s n c f c r  f11nct5an i s  caugud by A. Conversely, 
where t h e  coherence is  g r e a t e r  t han  a  h a l f ,  o r  p r e f e r ab ly  g r e a t e r  input  a t  A. 
Le t  us  adopt  t he  concept t h a t  a  l i m i t i n g  "frequency can  be def ined i n  terms of a 
coherence l i m i t  a t  cons t an t  v e l o c i t y  f o r  d i f f e r e n t  e l e c t  rode s epa ra t i ons  o r  f o r  
d i f f e r e n t  v e l o c i t i e s  between t h e  same e l e c t r o d e  pa i r .  



Another phys i ca l  i n t e r p r e t a t i o n  of t h e  t r a n s f e r  concept w i th  a , c o n s t a n t  t i m e  
delay between A and B i s  t h a t  the  phase angle  between. t h e  s i g n a l s  a t  A and B w i l l  
i n c r e a s e  l i n e a r l y  w i th  t h e  frequency of t h e  c o r r e l a t e d  s i g n a l  components. We 
s h a l l  r e t u r n  t o  t h i s  l a t e r .  

Adopting t h e  concept of an  upper frequency l i m i t  f o r  coherence va lues  equa l  
o r  g r e a t e r  t han  0.5 and 0.8, we a r e  a b l e  t o  r e p l o t  t h e  d a t a  a s  upper frequency 
l i m i t  v e r sus  e l e c t r o d e  spacing a s  shown i n  Fig. 13. Here w e  s e e  an  exponent ia l  
decay of t h e  upper frequency l i m i t  w i t h  i nc reas ing  s p a t i a l  s e p a r a t i o n  of t he  
e l ec t rodes .  

Another i n t e r p r e t a t i o n  of Fig. 13  i s  i n  terms of t h e  n a t u r e  of t u rbu len t  
flow. A c h a r a c t e r i s t i c  of turbuler i t  f low i s  the  formation of v o r t i c e s  
of varying s i z e s  a long t h e  pipe. To a crude approximation each vo r t ex  has  
i t s  maximum ampli tude and h i g h e s t  frequency con ten t  a t  t he  time of formation. 
It l o s e s  energy and frequency con ten t  exponen t i a l l y  wi th  d i s t a n c e  a s  i t  is 
swept downstream from t h e  point  of formation. Thus, t h e  exponent ia l  decay 
observed i n  Fig. 13  i s  i n  keeping with t h i s  t h e o r e t i c a l  model. This  l e a d s  i n t o  
t h e  next t op i c ,  s p a t i a l  f i l t e r i n g .  

s p a i i a l  F i l t e r i n g  

Passage of a d i s c r e t e  f l u c t u a t i o n  (such a s  a bubble) c r e a t e s  a s i g n a l  i n  t h e  
time domain which can be analyzed o r  transformed i n t o  i t s  F o u r i e r  components i n  

, t h e  frequency domain. The output  s i g n a l  from a n  e l e c t r o d e  i s  the  i n t e g r a l  of a l l  
t h e  frequency components which i t  subtends. The dimension of t h e  e l e c t  rode. a long  
t h e  flow d i r e c t i o n  may be thought of a s  the  i n t e g r a t i o n  l i m i t s  over  t h e  p o r t i o n  of 
a wavelength subtended a t  each frequency. The s i g n a l  goes t o  ze ro  when the  e lec-  
t r ode  subtends one or  a n  i n t e g r a l  number of wavelengths. A s  a n  example, a t  f r e -  
quencies  of 10, 100, and 1000 Hz and a v e l o c i t y  of 4 meters  pe r  second, t h e  l onges t  
wavelengths f o r  z e r o  s igr la l  a r e  400, 40, and 4 mm, r e spec t ive ly .  Consider a 15 mm 
long e l ec t rode .  It w i l l  subtend one wavelength of 15mm and have ze ro  ou tput  a t  
approximately 266 Hz. 

Consider ing t h e  dens i ty  e l e c t r u d e  which has a l e n g t h  of 121 mm, t h e  frequency 
a t  which one wavelength w i l l  be subtended i s  33 Hz. 

The expected minimmum nea r  38 Hz f o r  s o l i d s l l i q u i d  f low p a s t  a 121 rn long 
e l e c t r o d e  i s  shown i n  t h e  t r a n s f e r ,  coherence and phase func t ions  i n  Figs.  14 and 
15. I n d i c a t i o n  of a second harmonic minimum n e a r  76 Hz i s  seen i n  Fig. 14. For a 
15  mm.long e l e c t r o d e  i n  t h e  same s o l i d s / l i q u i d  flow, a minimum nea r  266 Hz i s  shown 
i n  Fig. 16. 

Moving t o  a s i m i l a r  considerat1011 of s o l i d s / g a s  flow t h e  v e l o c i t y  i s  s i g n i f i -  
c a n t l y  h igher ,  being i n  t he  range of 16-24 meters  pe r  second. Here a 15 mm long 
e l e c t r o d e  and wavelength w i l l  have zero  output  a t  f requenc ies  of approximately 1 kHz 
t o  1.5 kHz. S imi l a r ly ,  t h e  dens i ty  e l e c t r o d e  of l e n g t h  121 mm w i l l  have z e r o  out- 
~ u t  a t  a frequency of 132 Hz t o  200 Hz. The expected minima nea r  160 Hz and 1.5 
cHz f o r  t he  121 and 1 5  mm long e l e c t r o d e s  i n  s o l i d s / g a s  flow a r e  shown i n  Figs.  12, 
17, and 18. 



The i d e a  t h a t  e l e c t r o d e s  a c t  a s  f i l t e r s  i s  confirmed. They have unresolved 
n u l l s  a t  wavelengths p ropor t i ona l  t o  t h e i r  l e n g t h  independent of t h e  stream velo- 
c i t y  --- o r  a t  f r equenc i e s  i n v e r s e l y  p ropor t i ona l  t o  t h e i r  l e n g t h  but  d i r e c t l y  pro- 
p o r t i o n a l  t o  ve loc i ty .  This  i s  an important  des ign  cons idera t ion .  Another impor- 
t a n t  des ign  c o n s i d e r a t i o n  is  s p a t i a l  averaging. 

S p a t i a l  Ave rag ing  

The concept  of s p a t i a l  f requency o r  wavelength f i l t e r i n g  has  been mentioned 
i n  connect ion w i t h  e l e c t r o d e  l eng th  and the  v e l o c i t y  of t he  flowing medium. A d i f -  
f e r e n t  problem occurs  where t h e r e  a r e  inhomogeneitj  es, slugflow,  o r  s t r a t  i f  i c a t i o n  
of t h c  two pliases between t h e  e l e c t r o d e s  of t h e  capac i to r .  Here t he  problem i s  
t o  o b t a i n  an average n v P r  a fhrclc d i n ~ e ~ ~ s l u ~ i a l  ~ y l i n r l r i c a l  volume (p ipe  seecioil)  
which i s  illcleprndenr o t  the geometrical. d i s t r i b u t i o n  of t h e  two phase's w i t h i n  
t h a t  volume. 

The e l e c t r o d e  des ign  of t he  HYGAS p a r a l l e l  p l a t e  c a p a c i t o r  was intended t o  pro- 
v i d e  a  uniform e l e c t r i c  f i e l d  and thereby  r e l a t i v e l y  uniform s e n s i t i v i t y  throughout 
t h e  volume subtended by t h e  d e n s i t y  e l ec t rode .  I n  a.ddi t i o n ,  t h e  dens i ty  e l e c t r o d e  
was made s e v e r a l  dlameeers long s o  a s  t o  provide.some smoothing (averag ing)  of 
inhomogeneities.  A t y p i c a l  c r o s s  s e c t i o n a l  electr ic f i e l d  map i s  shown i n  Fig. 19 
f o r  t h e  HYGAS capac i to r .  Consider t h e  e f f e c t  of a  bubble appearing a t  d i f f e r e n t  
p o s i t i o n s  i n  t h i s  f i e l d  map. The e f f e c t  i n  terms of t he  number of f i e l d  l i n e s  
t e rmina t ing  on t h e  sens ing  e l e c t r o d e  i s  not t he  same f o r  a l l  p o s i t i o n s  of t h e  
bubble nor i s  i t  p ropor t i ona l  t o  t he  s i z e  of t h e  bubble. S t r a t i f i e d  l i q u i d  
p a r t i a l l y  f i l l i n g  a  h o r i z o n t a l  s e c t i o n  i s  ano the r  s eve re  case.  This  i s  a  volume 
sampling problem which has long been recognized. Within t he  i a s t  few years ,  two 
i n t e r e s t i n g  and q u i t e  d i f f e r e n t  c a p a c i t i v e  sensors  f o r  a t t a c k i n g  t h i s  problem 
have been devised:  one i s  t h e  use  of a r o t a t i i ~ g  e l e c r r i c  f i e l d  over  a  def ined 
l eng th ;  t h e  o t h e r  i s  t h e  use nf a h e l i c a l  s e t  o1 e l e c t r o d e s  having e x a c t l y  a n  
i n t e g r a l  number of terms, 

Ro ta t i ng  E l e c t r i c  F i e l d  Ca-cer 
. . 

The Auburn I n t e r n a t i o n a l  Company o f f e r s  i t s  Model 1090 volume f r a c t i o n  moni- 
t o r  f o r  f r a c t i o n s  of two non-conductive hases  having d i f f e r e n t  d i e l e c t r i c  c.on- 
s t a n t s  i n  a  c i r c u l a r  p ipe  c ros s  section. '  The sens ing  technique employs s i x  capa- 
c i t o r  p l a t e s  l o c a t e d  around t h e  circumference of a  non-conductive p ipe  sec t ion .  
A s  shown i n  Fig. 20, a f i e l d  i s  developed a c r o s s  t he  c r o s s  s e c t i o n  by d r i v i n g  one 
p l a t e  and r e c e i v i n g  on. the oppos i t e  t h r ee  plates. The f i e l d  i s  " r o t a t e d "  through 
t h e  c r o s s  s e c t i o n  a t  938 r e v o l u t i o n s  pe r  second, by e s s e n t i a l l y  s h i f t i n g  t h e  e lec-  
t r i c a l  p o s i t i o n  of t h e  p l a t e s .  

The averaged capac i tance  va lue  produces a  s i g n a l  p ropor t i ona l  t o  the  vo111me 
f r a c t i o n  of one phase. This s i g n a l  i s  i ~ ~ d l c a t e d  by a  meter  a s  w e l l  a s  a  0-10 v o l t  
ou tput  s i gna l .  A "zero" c o n t r o l  i s  provided f o r  n u l l i n g  t h e  capac i tance  of t h e  
phase w i t h  t h e  lower d i . e l e c t r i c  cons tan t .  A "span" c o n t r o l  i s  provided f o r  s c a l e  
adjustment  due t o  t h e  capac i tance  of the  phase w i t h  t h e  h ighe r  d i e l e c t r i c  constz 



During t h e  p a s t  yea r  t e s t s '  of t h i s  instrument  have been conducted a t  a  
number of f a c i l i t i e s  inc lud ing  t h e  P i t t s b u r g h  Energy Technology Center  by D r .  
Hendro Matur w i t h  f avo rab l e  r e s u l t s  where only two phases were presen t .  

A conduc t iv i t y  v a r i a t i o n  of t h i s  concept i s  a l s o  o f f e r ed  by t h e  Auburn 
I n t e r n a t i o n a l  Company. 

The H e l i c a l  Capac i tor  

The h e l i c a l  c a p a c i t o r  concept was descr ibed  by Gregory i n  1973 and more 
r e c e n t l y  by h i s  a s s o c i a t e s  a t  t h e  Un ive r s i t y  of Calgary. 5, Gregory i n t r o -  
duced t h e  h e l i c a l  s enso r  t o  measure t h e  i n - s i t u  volume f r a c t i o n s  i n  petroleum 
p i p e l i n e  s i t u a t i o n s .  The h e l i c a l  s enso r  provides  a  nea r ly  l i n e a r  measure of 
the  percentage by volume of o i l  o r  wa te r  i n  a  two-phase flow independent ly  of 
t h e  geomet r ica l  d i s t r i b u t i o n  of the two ph i se s  w i t h i n  t h e  pipe.  15 

The use of an  i n t e g r a l  number of t u r n s  i n  t h e  h e l i x  i s  a  key f a c t o r  i n  
providing t h i s  freedom from s e n s i t i v i t y  t o  t h e  l o c a t i o n  of t h e  phases w i t h i n  
t h e  pipe. 

The mechanical l ayout  of the  e l e c t r p d e s  i s  shown i n  Fig. 21. The two 
: e l ec t rodes  a r e  wound h e l i c a l l y  around a  t h i n ,  d i e l e c t r i c  tube s e c t i o n  such 
t h a t  they a r e  a lways.  oppos i t e  each o the r ,  and a r e  cemented i n  place.  A 
t h i c k e r  i n s u l a t i n g  tube  s e c t i o n  covered wi th  t he  meta l  f o i l  s h i e l d  i s  f i t t e d  
over  t he  i n i t i a l  s e c t i q n ,  and t h i s  sh ie lded  e l e c t r o d e  assembly i s  enclosed 
.between a p p r o p r i a t e  mounting f langes .  

E l e c t r i c a l  connect ions a r e  made t o  t h e  h e l i c a l  e l e c t r o d e s  by means of 
sp r ing  loaded coax ia l  c ab l e  connectors,  t h e  o u t e r  p o r t i o n  of each being i n  
contac t  w i t h  t he  o u t e r  m e t a l l i c  sh i e ld .  

Conclusions 

1. P a r a l l e l  p l a t e  capac i tance  t ransducers  have been shown t o  provide u s e f u l  
measures of d e n s i t y  and v e l o c i t y  f o r  two-phase non-conductive flows over  a  
dens i ty  range from 0.005 g/cm3 f o r  ~ o l i d s / ~ a s  flows t o  about  1.2 g/cm3 f o r  
s o l i d s / l i q u i d  flows. The v e l o c i t y  measurement improves w i th  i nc reas ing  
ve loc i ty .  

2. Presence of a  t h i r d  phase renders  the  d e n s i t y  ou tput  inde te rmina te  but 
does not  n e c e s s a r i l y  degrade t he  v e l o c i t y  s igna l s .  

3. Uniformity of c a p a c i t i v e  sampling of two-phase non-conductive flows over  a  
l e n g t h  of pipe may be s i g n i f  i .cant ly  improved over  p a r a l l e l  p l a t e  e l e c t r o d e s  
by us ing  a  r o t a t i n g  e l e c t r i c  f i e l d  des ign  o r  a  h e l i c a l  c a p a c i t o r  design where 
t h e  h e l i x  has  a n  i n t e g r a l  number of tu rns .  

4 i  Spat ia l .  f  i l t e s i n g  by t h e  e l e c t r o d e s  is an important  des ign  cons idera t ion .  
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General Description 

The Auburn Model 1090 is designed to monitor the fractions of two non-conductive phases having differing dielectric 
constants in a circular pipe cross section. The sensing technique employs six capacitor plates located around the circum. 
ference of a nonconductive pipe section. As shown below, a field is developed across the cross section by driving one plate 
and receiving on the opposite three plates. The field i s  'rotated' through the cross section at 938 RPS, by sequentially 
shifting the electrical position of the plates. 

The averaged capacitance value produces a signal proportional to the volume fraction of one-phase. This signal is indicated 
by a meter rzading, as well as a 0 - 10 volt output signal. A 'Zero' control is provided for nulling of the capacitance of the 
phase with the lower dielectric constant. A 'Span' control i s  provided for scale adjustment, due to the capacitance of the 
phase with the higher dielectric constant. 

.FIELD LINES 5 

FIELD ROTATION 

t a 

Specifications: 

Power: 11 5 or 220 VAC 50160 Hz 

Excitation: 0-20 VPP, 30 KHz 

Field Rotatinn Rate:  938 RPS 

niel~vl! in: Cu118tiirct (b) Rango: : C 2 1 

Signal Ocrtput (% higher E Range): 0-10 VDC @ '1 mAmp 

Dimensions (Electronics) : 17" wide x 5%" high x 12" deep 

(Mountable in 19" rack) 

Sensor: Pressure and Temperature + Dimensions 
on request. 

Fig. ' 20 
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ARROW INDICATES A FIXED POSITION ON THE 
SENSOR PERIMETER 

- Schem.atic illustration of the Proposed Capacitance-Typc 
In-Situ Liquid Volume Fraction Sensor. 

- Effcctive Liquid Distribution 
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RADIOISOTOPE TECHNIQUES FOR COAL CLEANING PROCESSES 

S. K. ~ a w a t r a  and D. M. Larsen 
Department o f  M e t a l l u r g i c a l  Engineering 

Michigan Technological U n i v e r s i t y  
Houghton, Michigan 49931 

1. ABSTRACT 

A method f o r  o n - l i n e  ana lys i s  o f  coal  ash i s  being developed a t  t he  

Department o f  M e t a l l u r g i c a l  Engineering o f  Michigan Technological Un ive rs i t y .  

A t e s t . u n i t  i s  being constructed which incorpora tes  two rad io i so tope  sources 

and r a d i a t i o n  de tec tors .  The t e s t  ~ r n i t  i s  e a s i l y  po r tab le  and designed .for- 

use i n  a  rugged environment. This  paper describes the  theory  and development 

o f  t h e  system i n  d e t a i l .  

2. INTRODUCTION 

Recent increased i n t e r e s t  i n  coal p roduct ion  has brn~rght. about i n c e n t i v e  

t o  automate coal  processing p lan ts .  Such work i s  genera l l y  mot ivated by 

economic gains r e s u l t i n g  from increased recovery and q u a l i t y  o f  coa l .  

Ma in ta in ing  optimum cond i t i ons  i n  a  coal processing p l a n t  t o  achieve 

the  maximum recovery and qua1 i t y  des i red  i s  o f t e n  extremely d i f f i c u l t ,  as . 
. v a r i a t i o n s  i n  feed and opera t ion  o f  t he  p l a n t  d i c t a t e  minute t o  minute 
'. man ipu la t ion  o f  many opera t ing  var iab les .  It i s  i m p e r a t i v e ' t h a t  t he  response 

o f  ,the product  stream t o  such manipulat ions be known. ,The most e f f e c t i v e  

means o f  o b t a i n i n g  important  opera t ing  in fo rmat ion '  i s  thr'ough on-1 r'r.~e analysis. 

Measurement ~f ash content  i n  coal  i s  an important  fpctot- i n  ' q u a l i t y  

c o n t r o l .  The development of an inst rument  f o r  o n - l i n e  measurement o f  ash 

content  would a i d  tremendousiy i n  improving p l a n t  such as, 

u t i l i z i n g  t h e  s igna l  from the  coal ash sensor t o  c o n t r o l  .reagent add i t i ons  

i n  t h e  f l o t a t i o n  c i r c u i t .  

Development o f  such an inst rument  f o r  ana lys i s  o f  coal  s l u r r i e s  cannot 

be considered apa r t  from the  opera t ing  cond i t i ons  o r  process t o  which i t  w i l l  

be subjected. Keeping thSs p o i n t  i n  mind, t he  experimental  work requ i red  

f o r  development can be 

(i ) Eva1 u a t i o n  o f  t he  prmocess 

( i  i ) Development o f  rad iomet r i c  techniques, and 

( i i i )  Tes t ing  o f  the  equ3pment under p l a n t  cond i t ions .  



3. PROCESS EVALUATION 

I n i t i a l l y  a  f e a s i b i l i t y  study t o  evaluate t h e  process would e n t a i l  t he  

c o l l e c t i o n  o f  data from a  coal  concent ra t ing  p l a n t .  C r i t i c a l  i n fo rma t ion  

der ived from opera t ing  data would inc lude:  

(1 )  t he  range o f  percentage o f  so l  i ds ,  

( 2 )  t he  chemical composit ion o f  t he  so l  i ds ,  i n d i c a t i n g  what 

m a t r i x  i s  associated w i t h  the  s o l i d s ,  and t o  what ex ten t  

t he  matr.ix can vary  under d i f f e r e n t  opera t ing  cond i t i ons ,  and 

(3)  the  p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  var ious  streams which would 

suggest whether o r  n o t  an a d d i t i o n a l  g r i n d i n g  l oop  would be 

requ i red  w i t h  the  rad iomet r i c  inst rument .  

A bas ic  f lowsheet represent ing  a  t y p i c a l  coal  p repara t ion  p l a n t  i s  

shown i n  F igure  1  . 
4. DEVELOPMENT OF RADIOMETRIC TECHNIQUES 

Determinat ion of ash content  o f  coal  . in  s l u r r i e s  invo lves  making two 

measurements (1 -4) : 

(a )  Percentage o f  s o l i d s  i n  t he  s l u r r y  

(b )  Ash content  o f .  the coal s l u r r y .  

Thus, two gauges must be employed; the  ou tpu t  o f  one being p ropo r t i ona l  

t p  the  percentage o f  s o l i d s  i n  theP:slurry and t h a t  o f  t he  o the r  t o  t h e  ash 

c o n t e n t ' o f  the  s l u r r y .  The percentages o f  s o l i d s  can be determined by a  

gamma t ransmiss ion gauge which i s .  designed on p r i n c i p l e s  whlch a re  now w e l l  

es tab l ished (1 -4).  

5. METHODS OF DETERMINING ASH CONTENT IN  SOLIDS 

Ash content  i n  t he  s l u r r y  can be measured by one o f  t he  techniques 

described be1 ow: 

(a )  Beta p a r t i c l e  backscat ter  (5,6) : 

The i n t e n s i t y  o f  b e t a  p a r t i c l e s  backscat tered from a  mater i  a1 

increases w i t h  increas ing  mean atomic number o f '  t he  m a t e r i a l .  I n  the  case 

of coal ,  the  mean atomic number. increases wi.th i nc reas ing  ash content .  

The i n tens i t y , '  Is, o f  beta p a r t i c l e s  sca t te red  back from s a t u r a t i o n  

th ickness o f  a  ma te r i a l  ' o f  atomic number, f, i s approximately p ropo r t i ona l  

t o  ioe5, where 7 i s  the  e f f e c t i v e  atomic number o f  t he  ma te r ia l  and i s  

g iven by 
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where yi i s  t h e  weight  f r a c t i o n  o f  t h e  element w i t h  atomic number Zi. 

Normally, ? ( coa l )  - 6  and i ( a s h )  - 12. 

Thus, 

Therefore, t h e  change i n  Is from zero t o  one hundred percent  ash i s  

approx imate ly  40%. A t  10% ash, t h e  r e l a t i v e  s e n s i t i v i t y  t o  ash ( t h a t  i s ,  

t he  percentage change i n  backscat tered i n t e n s i t y  f o r  a  1% r e l a t i v e  change 

i n  ash conten t )  i s  approx imate ly  0.04. Th is  can be measured accura te ly .  

The main advantage o f  t h i s  technique l i e s  i n  i t s  s i m p l i c i t y .  The 

technique does n o t  i nco rpo ra te  t h e  use o f  any s o p h i s t i c a t e d  e l e c t r o n i c  

equipment. However, i f  the re  a r e  l a r g e  v a r i a t i o n s  i n  t h e  i r o n  conten t  o f  

t he  ash, t h i s  method i s  n o t  h i g h l y  accurate as t h e r e  i s  no known s imp le  

way o f  c o r r e c t i n g  f o r  i r o n  v a r i a t i o n s  r e s u l t i n g  f rom backsca t te r i ng  o f  

beta p a r t i c l e s .  

A schematic diagram o f  t he  system i s  shown i n  F igure  2. 

(b )  Transmission o f  e lect romagnet ic  r a d i a t i o n  

The i n t e n s i t y  o f  e lect romagnet ic  r a d i a t i o n  t r a n s m i t t e d  through 

a  m a t e r i a l  o f  f i x e d  sur face  d e n s i t y  (rnass/area) decreases w i t h  i nc reas ing  

mass a t t e n u a t i o n  c o e f f i c i e n t  o f  t h e  b u l k  m a t e r i a l .  

A t  energ ies l e s s  than 100 KeV, t he  mass a t t e n u a t i o n  c o e f f i c i e n t  changes 

r a p i d l y  w i t h  atomic number, and hence, t he  t ransmi t t ed  i n t e n s i t y  i s  s e n s i t i v e  

t o  t he  ash conten t  o f  coa l .  By s i m i l a r  c a l c u l a t i o n ,  (as f o r  backsca t te r i ng  

o f  beta p a r t i c l e s )  i t  can be shown t h a t  a  very  h igh  s e n s i t i v i t y  can be 

obta ined w i t h  a  t ransmiss ion  system. This  method i s  expected t o  be more 

s e n s i t i v e  than the  beta s c a t t e r i n g  method. The t ransmiss ion  system a l s o  

a l lows c o r r e c t i o n  f o r  i r o n  v a r i a t i o n s  i n  t h e  ash. For instance,  suppose 

an Fe-55 source i s  se lec ted .  Th is  source emi ts  6.0 KeV MnK r a d i a t i o n .  A t  

t h i s  energy, t h e  mass absorp t ion  c o e f f i c i e n t  o f  i r o n  i s  equal t o  t h a t  o f  

t h e  r e s t  o f  t h e  ash. Hence, v a r i a t i o n s  i n  t h e  i r o n  conten t  can be cor rec ted .  

However, a  t ransmiss ion technique i s  more s e n s i t i v e  t o  a i r  con ten t  o f  

a  s l u r r y  than a  backsca t te r i ng  technique. I t  a l s o  does n o t  c o r r e c t  f o r  

v a r i a t i o n  o f  sulphur,  c h l o r i n e  and calc ium i n  t h e  ash, a l though much o f  t h e  

t ime t h e  e r r o r s  in t roduced by v a r i a t i o n  o f  these elements a r e  w i t h i n  

acceptable p rec i s i on .  
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A schematic diagram is shown in Figure 3. 

(c) Backscatter of el ectromagneti c radiation 
The intensity of electromagnetic radiation backscattered from a 

sample is proportional to the scattering mass attenuation coefficient of 
the sample divided by the tota1,mass attenuation coefficient. The magnitude 

of the total mass attenuation coefficient is a function of the average 
atomic number of the sample and the energy of the incident radiation. Thus 

the scattered intenstiy increases and becomes increasingly more sensitive 
to coal ash as the energy of the radiation is decreased from 100 to 20 KeV. 

Pu-238 or Cd-109 sources with x-ray energies o f  12-21 KeV and 22 KeV 
respectively are quite suitable for this purpose. Both of these sources 

can be used to produce FeK fluorescent x-rays if large variations of iron 
content occur. The intensity of the FeK x-rays produced can be used for a 
correction of large variations of iron content in the coal. 

Slurry streams in most modern coal processing plant contain considerable 
amounts of entrained air bubbles. The coal itse1.f may contain large 
variations in iron content. Hence for the analysis of coal slurry streams, 

the technique of. using backscattered electromagnetic radiation is most 
sui tab1 e. Backscatter techniques have the advantage over transmission 
techniques of not being affected by air bubble content. Also, the beta 
particle backscatter technique would require an additional radioisotope 

source to allow for the correction of iron content in the slurry. Using 
the backscattered electromagnetic radiation technique this additional 
sensor is not required. FeK fluorescent x-rays wi 11 be produced and detected 
direcily by the ash sensor. 

6. DESIGN OF EXPERIMENTAL APPARATUS 
A Gd-153 gamma-ray source and a scintillation detector make up the 

slurry density gauge. A 40 m Ci . Cd-109 source (22 KeV) and a 
Xenon filled proportional counter compose the ash sensor. The Cd-109 source 
is set at a 45' angle to a 0.5 mil. polypropylene window in the ash flow 
cell. The backscattered radiation normal to the window enters the prupor- 
tional counter. The signal from the proportional counter is sent to a MCA. 
The result is printed out on a TI-700 silent terminal. 

The test rig (Figure 4) incorporates a centrifugal pump feeding the 

slurry to a constant pressure head t d r ~ k .  The coal slurry gravity feeds the 
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F igu re  4. Schematic diagram o f  t h e  t e s t  r i g .  



ash sensor f l o w  c e l l .  A1 1  p roduc ts  a r e  c o l l e c t e d  i n  a  common sump f o r  

r e c i r c u l a t i o n  by t h e  pump. The system i s  designed t o  use a  r e c i r c u l a t i n g  

c o a l  sample o r  accept  p l a n t  feed  and opera te  on an i n - l i n e  bas i s ;  The 

e n t i r e  t e s t  apparatus i s  mounted on a  wood base and frame w i t h  cas te r s  f o r  

easy t r a n s p o r t a t i o n  and setup. 

The combined i n f o r r n a t i o n . f r o m  t h e  ash sensor and t h e  d e n s i t y  gauge 

can be f e d  i n t o  an a p p r o p r i a t e  equa t ion  t o  y i e l d  t h e  pe rcen t  ash by we igh t  

i n  t h e  coa l .  An a d d i t i o n a l  c o r r e c t i o n  f o r  v a r i a b l e  i r o n  con ten t  can a l s o  

be i n c o r p o r a t e d  i n t o  t h e  equat ion .  T h i s  c o r r e c t i o n  w i l l  be based on t h e  

i n t e n s i t y  o f  FeK f l u o r e s c e n t  x - rays  obtai'ned d i r e c t l y  f rom t h e  ash sensor- 

. MCA s.ystem. 

7. CONCLUSION 

A method f o r  o n - l i n e  a n a l y s i s  o f  coa l  ash i s  be ing  developed which uses 

two r a d i o m e t r i c  sensors;  a  d e n s i t y  gauge and an ash sensor. The d e n s i t y  

gauge operates on p r i n c i p l e s  a l r e a d y  w e l l  es tab l i shed .  The o p e r a t i o n  o f  

t h e  ash sensor i s  based an t h e  e lec t romagnet i c  r a d i a t i o n  f rom a ' r a d i o i s o t o p e  

backsca t te red  by a  c o a l  s l u r r y  sample. These u n i t s  a r e  i nco rpo ra ted  i n t o  

a  t e s t  r i g  designed t o  t o l e r a t e  t h e  abus ive environment o f  a  m ine ra l  

p rocess ing  p l a n t .  The t e s t  r i g  can be e a s i l y  t r anspo r ted  t o  va r i ous  

p l a n t  s i t e s  f o r  o n - l i n e  o p e r a t i o n a l  tes twork .  
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ABSTRACT 

Methods f o r  on (and of f )  1  i n e  nondest ruc t ive  composit ion ana lys i s  o f  coal  

a r e  described. Nuclear methods based on prompt neutron a c t i v a t i o n  ana lys is  

have been ex tens i ve l y  developed f o r  r a p i d  o n - l i n e  process c o n t r o l  i n  an i n -  

d u s t r i a l  environment. Several inst ruments were developed t o  perform on- l  i n e  

elemental ana lys i s  o f  coa l  i n  f o s s i l  burn ing  power p lant .  o r  coal mines. Re- 

s i l t s  a r e  general l y  i n  good agreement w i t h  the  more e labora te  standard ASTM 

a n a l y t i c a l  methods when t h e  sampling e r r o r s  i n  t he  l a t t e r  a r e  minimized, Non- 

i n v a s i v e  methods based on capac i t i ve  and microwave i n t e r r o g a t i o n  have been 

successful  l y  demonstrated fo r  mo is tu re  de terminat ion  i n  coal  . A p p l i c a t i o n  o f  

h igh  energy neutron a c t i v a t i o n  ana lys i s  method i s  recommended f o r  r a p i d  de ter -  

m ina t i on  o f  t he  oxygen content  and o the r  d i f f i c u l t  t o  determine elements such 

as magnesium i n  coa l .  

INTRODUCTION 

The need t o  acce lera te  and expand t h e  u t i l i z a t i o n  of coal  has been broad ly  

recognized i n  the  l a s t  few years. I n  p a r a l l e l ,  an ex tens ive  e f f o r t  has been 

made t o  develop r a p i d  and non-invasive techniques f o r  measuring coal  composS- 

t i o n  and q u a l i t y .  Of p a r t i c u l a r  s i g n i f i c a n c e  i s  t he  development o f  advanced 

methods f o r  o n - l i n e  composit ional ana lys i s  o f  t he  e n t i r e  process stream. These 

techniques a r e  h i g h l y  s u i t a b l e  f o r  process c o n t r o l  s ince  they e l i m i n a t e  the  

need f o r  e labora te  sampl i n g  and sample prepara t ion  procedures requ i red  i n  a1 1  

standard methods f o r  coal ana lys is .  



Since 1976 the  coal instrumentation group of the  Advanced Nucleonics D i -  

vision,  under sponsorship of the Elect r ic  Power Research I n s t i t u t e  ( E P R I )  , 
Science Appl ica t ions ,  Inc. (SAI) and Kennedy Van Saun Corporation (of the  Mcrhlly 

P i  t tsburg group) i s  evaluating, developing and manufacturing various ins t ru-  

ments f o r  rapid nondestructive assay of coal .  Applications include continuous 
coal measurements f o r  monitoring mining, power plants operati  on, coal prepara- 

t ion and spec i f ic  bo i le r  operations f o r  slagging and fouling control .  The 
f o l l  owing areas a r e  covered. 

' a.  Complete elemental analys is  

b. ~ o i s t u r e  measurement 

c.  Sulfur determination 

d. Ash  analysis  

e. B t u  content determination 

f .  Oxygen measurement 

This paper presents some of the  recent instrumentation developments f o r  

coal analysis'. The basic principles and systems design c r i t e r i a  a r e  b r i e f l y  

discussed. 

Application of nuclear techniques based on prompt neutron act ivat ion 

analysis  (PNAA). f o r  coal elemental analysis  o f f e r  the  poss ib i l i ty  of non- 

i nvasi ve, continuous , on-1 i ne monitoring of process streams. The pr inciple  

of PNAA of coal have been discussed extensively i n  the  l j  t e r a tu r e  Ref. (1-10). 

Br ief ly  a source of f a s t  neutrons i s  placed near o r  ins ide  a mass of coal .  

A large  f rac t ion  of the  f a s t '  neutrons a r e  slowed down t o  thermal energies and 

a r e  captured by the  nuclei of the various const i tuents  of coal .  The proba- 

b i l i t y  of neutron capture by a . s p e c i f i c  const i tuent  depends on i t s  capture 
cross-section and weight percent. In coal measurement between 80 t o  95% of a l l  ab- 
sorption occur in the  nuclei of hydrogen. The.absorption i n  su l fu r  consti . tutes be- 
tween 0.1% f o r  low su l fur  coal and up  to  3% of the to ta l  absorption f o r  high 

su l fu r  coal .  The nuclei tha t  captured the neutron emit, within every shor t  

time (<lo- '  s ec ) ,  chardc te r i s t i c  gamma rays which provide quan t i t a t ive  "signatures" 

of the various const i tuents .  Most of these cha rac t e r i s t i c  gamma rays have h i g h  , 

energy and can readily penetrate the mass of coal .  A gamma ray detector  i s  



p l a c e d  o u t s i d e  t h e  coa l  and d e t e c t s  t he  gamma rays. The r e l a t i v e  amount o f  t he  

c o a l  c o n s t i t u e n t  i s  determined from the  de tec ted  s p e c i f i c  gamma rays. The 

a b i l i t y  o f  t h e  d e t e c t o r  t o  d i s t i n g u i s h  between t h e  mu1 ti tude o f  1  i nes  i s  c a l l  ed 

r e s o l u t i o n .  Examples o f  h i g h  r e s o l u t i o n  de tec to r s  a r e  Ge(Li ) and hyper-pure Ge, 

a  medium r e s o l u t i o n  d e t e c t o r  i s  NaI(TR) and low r e s o l u t i o n  d e t e c t o r  i s  t he  

. p l a s t i c  s c i n t i l l a t o r .  T y p i c a l l y  a  h i g h  r e s o l u t i o n  d e t e c t o r  i s  used i n  t h e  

CONAC system ' for mu1 t i - e l emen t  ana l ys i s .  I f  o n l y  t h e  s u l f u r  and a few, o t h e r  

ma jo r  elements i n  coa l  a r e  des i red ,  NaI(TR) can be used. 

Du r i ng  t h e  p a s t  t h r e e  years,  SAI, i n  c l o s e  con tac t  w i t h  a  number o f  

l a r g e  u t i l i t i e s ,  has done an e x t e n s i v e  i n v e s t i g a t i o n  us ing  b o f h  Ge and NaI 

d e t e c t o r s  t o  determine optimum c o n f i g u r a t i o n  f o r  PNAA o f  coa l  f o r  use w i t h  

t h e  CONAC system. Opt im iz ,a t ion  o f  accuracy and r e p r o d u c a b i l i t y  i n v o l v e s  con- 

s i d e r a t i o n  o f  neu t ron  and gamma r a y  i n t e r a c t i o n s  i n  t h e  coa l ,  coa l  r h e o l o g i c a l  

p r o p e r t i e s  and a l s o  methods o f  coa l  conveyance. 

A conceptual  des ign  o f  a  CONAC i n s t a l l a t i o n  i s  shown i n  F igu re  1. Var ious 

types  o f  coa l  w i t h  $ l i de l y  v a r y i n g  composi t ions have been analyzed w i t h  a  
l a b o r a t o r y  CONAC system. These i n c l u d e  coa l  from h i g h  t o  low rank w i t h  low, 

medium and h i g h  s u l f u r  and ash con ten t s  and w i t h  tope s i z e  between l e s s  than 

-1/4 i n . ( 0 .6  cm) t o  l e s s  than -3 in . (7 .5  cm). F i g u r e  2 i l l u s t r a t e s  a t y p i c a l  

neut ron- induced gamma r a y  spectrum measured f o r  a  sample o f  P i t t s b u r g  #8 coal  

u s i n g  a h i g h  r e s o l u t i o n  Ge(L i )  de tec to r .  As seen, the  spectrum con ta ins  a 

p r o f u s i o n  o f  c l o s e l y  spaced s p e c t r a l  l i n e s .  Obvious ly  h i q h  r e s o l u t i o n  d e t e c t o r  

and an advanced so f twa re  a r e  r e q u i r e d  f o r  ana l yz i ng  such a spectrum t o  determine 

t h e  e lementa l  compos i t ion  o f  t h e  sample. Gamma spec t ra  f r om v a r i o u s - c o a l  types 

and b lends have been analyzed t o  assess t he  accuracy o f  t h e  CONAC system. The 

r e s u l t s  were compared w i t h  s tandard ASTM chemical a n a l y s i s  c a r r i e d  o u t  by 

severa l  l a b o r a t o r i e s .  General l y  t h e  CONAC r e s u l  t s  were more accu ra te  than t h a t  

ob ta i ned  f rom ASTM a n a l y t i c a l  and sampl ing methods. Table 1 shows t h e  e r r o r  

spread f o r  f o u r  elements (H, S, C, and CR) ub td ined  i n  seven d i f f e r e n t  coa l  

samples by t h e  CONAC system and by ASTM methods. The P i t t s b u r g h  coa l  sample 

was se lec ted  as a s tandard i n  t h i s  ana l ys i s ,  s i n c e  t h e  spread between the  va r i ous  

ASTM r e s u l t s  f o r  t h i s  coa l  was smal l  e n o l ~ g h  and deemed acceptable.  

A l a b o r a t o r y  v e r s i o n  of t h e  CONAC system has been b u i l t  and t e s t e d  a t  SAI. 

I t  enables r a p i d  elemental  a n a l y s i s  o f  a  l a r g e  sample (75-100 Kg) o f  coa l .  

F i g u r e  3 shows' t h e  major  components o f  t h e  system. A Ge(L i )  d e t e c t o r  i s  used 

f o r  t h e  complete elemental  a n a l y s i s  o f  t he  sample. A computer ized ana lyzer  and 

s t a t e - o f - t h e - a r t  e l e c t r o n i c s  ( F i g u r e  4 )  a r e  used t o  process t h e  gamma s igna-  



TABLE 1 

Concentrat ion O f  Some Elements I n  Various Types Of Coal As Determined By CONAC And Conventional ASTFI Techniques 

tPNAA u n c e r t a i n t i e s  i n  ana l ys i s  PNAA = Prompt Neutron A c t i v a t i o n  Ana lys is  

*ASTM uncer ta in t i ,es  based on dev ia t i ons  between 2 o r  3 l a b o r a t o r y  r e s u l t s .  With Ch lor ine  where no u n c e r t a i n t i e s  
a re  quoted, o n l y  cne l a b o r a t o r y  submit ted r e s u l t s .  

**PNAA r e s u l t s  ar.e normal ized t o  ASTW r e s u l t s  for -PITTS $8 coa l .  . Th is  es tab l i shes  the  abso lu te  c a l i b r a t i o n  of 
t h e  PNAA r e s u l t s  f o r  these measurements. 

A N A L Y S I S ("As .ReceivedH Basis)  

C-OAL TY'E 

E.Ohio(lJ6) 

DEK 

E. KEN 

3lend 1 

3 lend 2 

NM ( k )  

PITTS.** 

HYDROGEN 

PMAAt 

'5.17 + -02  

6.44 + .02 

5.62 + .02 

5.74 + -02 

6 . 0 3 +  .02 

4.75 t .02 

5.13 + .,02 
, 

ASTF'I* 

5.02 + 0.11 

5.23 + 0.99 

4.93 + 0.19 

5.52 + 0.64 I 

5 . 6 3 2 0 . 9 8  

4.70 + 0.53 

5.13 + 0.0.7 
J 

SULFUR 

PNAAt 

2.91 + .02 

0.38 + .01 

0:90 + .01 

1.25 + .01 

1 . 3 4 +  .O1 

0.93 + .01 

2.91. + .02 

ASTM* 

2.91 .+ .13 

0.39 + .07 

9.82 + .04 

1 . 2 8 +  .17 

1.21 + .09 

0.94 + .03 

2.91 2 .03 

CARBON 

PNAAt 

68.65 -+ .9 

56.36 + .7 

69.11 + .9 

'68.77 + .8 

6 5 . 1 6 +  .8 

51.59 + .7 

71.43 2 .9 

CHLORI WE 

ASTY* 

68.7 + 1.3 

60.5 + 5.2 

67.8 + .1 

6 7 . 8 ' 4 . 4  

6 4 . 9 k 4 . 4  

55.8 + 4.0 

71.4 + .7 

PNAAt 

0.128 + .002 

0.0038' .0006 

0.039 + .001 

0.051 + .001 

0 .050+ . .001  

0.066 + .001 

0.144 + .001 

ASTM* 

0.086 

0.018 

0.037 

0 .042 '  .018 

0.086+1).034 

0.082 

0.144 + 9.023 



t u r e s  f o r  de te rm in i ng  t h e  e lementa l  compos i t i on  o f  t he  sample. The system 

i s  c a l  i b r a t e d  r o u t i n e l y  us i ng  known re fe rence  samples o f  coa l  . Ca re fu l  p re -  

p a r a t i o n  o f  t h e  r e f e r e n c e  samples i n v o l v e s  de te rm in i ng  t h e  b u l k  d e n s i t y  and 

mapping o f  t h e i r  d e n s i t y  d i s t r i b u t i o n  by gamma t r ansm iss i on  techniques.  Th i s  

i n f o r m a t i o n  i s  then  used f o r  a  smal l  dens i t y  c o r r e c t i o n .  

The CONAC system can be e a s i l y  i n t e g r a t e d  i n  t h e  o v e r a l l  coa l  convey ing 

system o f  a  p l a n t .  I t  can be des igned t o  handle  1%, 10% o r  even 100% o f  t h e  

coa l  f l o w  i n  a  t y p i c a l  process stream. However, if i t  i s  necessary t o  measure 

a  l a r g e  f r a c t i o n  o f  * t h e  coa l  th roughpu t ,  mu1 t i p l e  neu t ron  sources and d e t e c t o r s  

may be r e q u i r e d  ac ross  t h e  b e l t  s i n c e  one source /de tec to r  comhinat ion o n l y  

into.rwgaLt ls a s , t r . lp  o f  coal approx imate ly  2 ft. ( 6 1  cm) wide. The speed o f  

t h e  b e l t  f o r  t h e  p r o t o t y p e  system i s  des igned t o  va r y  so as t o  p resen t  between 

1 and 50 t ons  o f  coa l  p e r  hour  f o r  a n a l y s i s .  F i g u r e  5 shows one p o s s i b l e  concep- 

t u a l  arrangement f o r  i n t e g r a t i n g  t h e  CONAC i n t o  a  coa l  -fi r e d  power p l a n t .  D i v e r s i o n  

of t h e  coa l  i s  accompl i shed by c u t t i n g  a  p r imary  stream o f  coa l  t o  t h e  p l a n t  

and sending a  s t ream of coal  t n  t . h ~  a n a l y s i s  s e c t i o n  l o c a t c d  i n  a  sample houie .  

F o l l o w i n g  t h e  a n a l y s i s ,  t h e  coa l  can be r o u t e d  back i n t o  t h e  main stream. 

A l l  CONAC components l e n d  themselves t o  f i e l d  use. I n  an a c t u a l  i n s t a l l a t i o n  

t h e  o p e r a t o r  i s  p rov i ded  w i t h  b a s i c  da ta  such as we igh t  percer i t  o f  t h e  s i g n i f i -  

can t  c o n s t i t u e n t s  i n  t h e  coa l .  I n  a d d i t i o n  i n f o rma t i on  on t h e  s t a t u s  o f  t h e  

equipment and i t s  r a d i a t i o n  and mechanical  sa fe t y  i n t e r l o c k s  a r c  a v a i l a b l e .  T h i s  

d a t a  c o u l d  be f u r t h e r  processed t o  g i v e  t h e  o p e r a t o r  more i n f o rma t i on  on t h e  

coa l  t h a t  w ~ l  l be used t o  generate  power w i t h i l l  hours .  Such i n f o r m a t i o n  cou ld  

be i n  t h e  fur*~l l  uf f o u l i n g  and s l a g g i n g  i n d i c e s ,  B t u  va lue,  h o u r l y  and d a i l y  

averages of s u l f u r  and mo i s tu re  con ten t ,  e t c .  The s p e c i f i c  f n r m  of t h e  proccsscd 

i n f o rma t i on  can he. mnd i f ied  t o  s u i t  t h c  s p e c i f i c  u t - i l  i l y  rieeds as exper ience  

i s  ga incd.  Q u a l i t y  and process c o n t r o l  i n  coa l  mines can a l s u  be ach ieved by 

p rope r  l o c a t i o n  of t he  CONAC i n  t he  f l o w  m a t e r i a l s  stream and p roper  u t i l  i aa t imn  

of t he  data i t  generates.  

HYDROGEN AND MQISTURE MEASUREMENT 

Hydrogen appears i n  coa l  i n  two  d i f f e r e n t  forms: m o i s t u r e  and v o l a t i l e  

m a t t e r .  Both a r e  n o r m a l l y  determined u s i n g  s tandard ASTM a n a l y t i c a l - c h e m i c a l  

techn iques .  These techniques,  however. a r e  t.ime consuming and r e q u i r e  a  major  

e f f o r t  i n  o b t a i n i n g  and p rocess ing  a  smal l  (gram s i z e )  r e p r e s e n t a t i v e  sample 

from a  f l o w  o f  t ens  t o  hundreds tons  o f  coa l  p e r  hour .  A r a p i d  rnethod t o  



measure t h e  t o t a l  hydrogen of coa l  when used i n  c o n j u n c t i o n  w i t h  a  cont inuous 

mo i s tu re  meter  cou ld  p rov ide  a  de ta i l ed .  i n f o rma t i on  on t h e  v o l a t i l e  m a t t e r  
, . con ten t  and on t h e  B tu  va lue  of  t he  c o a l .  

Dur ing  t h e  pas t  severa l  years,  we have been i n v e s t i g a t i n g  va r i ous  nuc lea r  

and non-nuclear techniques ' fo r  hydrogen and mo i s tu re  de te rm ina t i on  i n  c o a l .  

C r i t i c a l  rev iew of t h e  a v a i l a b l e  methods and recomendations f o r  a  cont inuous 

on-1 i n e  measurement a r e  summarized i n  Ref .  ( 1  1  ) t o  ( 13 ) .  It has been shown 

t h a t  among t h e  p o s s i b l e  nuc lea r  techniques f o r  t o t a l  hydrogen de te rm ina t i on  

a  system based on measuring t h e  leakage o f  ep i therma l  neut rons p rov ides  t h e  

b e s t  i n d i c a t i o n  o f  hydrogen dens i ty ,  w i t h  t he  l e a s t  dependence on coa l  compo- 

s i t i o n .  Us ing  t h a t  method, t he  t o t a l  hydrogen d e n s i t y  i n  coa l  i s  measured wsth 

an average absol  u t e  e r r o r  o f  1.8 x g/cm3. The system response i s  shown 

i n  F i g u r e  6 as a  f u n c t i o n  o f  t he  hydrogen d e n s i t y  (w t .  % hydrogen x b u l k  d e n s i t y ) .  

Resu l ts  a r e  shown f o r  va r i ous  types o f  coa l  r ep resen t i ng  a  wide range o f  corn- . 

p o s i t i o n s  and b u l k  d e n s i t i e s  expected i n  p r a c t i c e .  

Two e lec t romagnet i c  techniques:  capaci tance and microwave abso rp t i on ,  

have been i n v e s t i g a t e d  f o r  o n - l i n e  mo i s tu re  m o n i t o r i n g  of  coa l .  The response 

o f  ins t ruments  based on these techniques was measured us ing  a  r e p r e s e n t a t i v e  

range o f  U.S. coa l  types and mo i s tu re  l e v e l s .  F i gu re  7  i l l u s t r a t e s  t h r e e  

bas i c  c a p a c i t o r  geometr ies i n v e s t i g a t e d  f o r  "on-1 i n e  appl  i c a t i o n s  : t h e  c y l  i n d r i -  

c a l  chute, t h e  p a r a l l e l  p l a t e  pass-through and t h e  p a r a l l e l  p l a t e  s k i .  The 

p a r a l l e l  p l a t e  pass-through c o n f i g u r a t i o n  has been found most a t t r a c t i v e  f o r  on- 

l i n e  a p p l i c a t i o n  s i n c e  t h e  p l a t e  cou ld  be p laced on e i t h e r  s i d e  o f  a  conveyor 

b e l t .  The system c o n s i s t s  b a s i c a l l y  o f  two f l a t  r e c t a n g u l a r  p l a t e s  w i t h  area 

o f  750 cm2 (0.81 f t . 2 ) .  The p l a t e s  a re  spaced 2 2  cm (0.72 f t . )  a ~ a r t  and 

can i n t e r r o g a t e  as much as 30 l b s .  (13.3 Kg) o f  c o a l .  Other c o n f i g u r a t i o n s  a r e  

a1 so be ing  i n v e s t i g a t e d .  

F i gu re  8 shows t h e  bas ic  setup f o r  t h e  microwave a t t e n u a t i o n  measurement . 

f o r  coa l .  A d i f f e r e n t i a l  frequency measurement and a n a l y s i s  technique Ref. ( 1 4 ) ,  

was used t o  reduce t he  measurement s e n s i t i v i t y  t o  coa l  t ype  and i ns t rumen ta l  

e f f e c t s .  F i gu re  9 shows a  l a b o r a t o r y  ve rs i on  o f  t h e  microwave mo is tu re  meter .  

Typ i ca l  response o f  t h e  microwave method i s  shown i n  F igu re  10 f o r  va r i ous  

f requencies and mo is tu re  l e v e l s .  A s i n g l e  response curve  f o r  va r i ous  coa l  types 

a r e  i l l u s t r a t e d  i n  F igu re  11. U n c e r t a i n t i e s  i n  mo is tu re  de te rm ina t i on  of l e s s  

than 5 pe rcen t  r e l a t i v e  ( t y p i c a l l y  k0.6 w t . %  abso lu te )  were ob ta ined  employing 

ou r  measurement systems. I n  on-1 i n e  a p p l i c a t i o n s ,  t h i s  l e v e l  o f  accuracy i n  



mois ture  determinat ion,  combined w i t h  the  accuracy i n  measuri ng o the r  elemental 

content  w i t h  a  CONAC system, w i l l  a l l ow  the  coal  B tu  value t o  be deduced w i t h  

accuracies o f  2 percent  o r  b e t t e r .  

SULFUR DETERMINATION 

The coal  s u l f u r  content  r e s t r i c t s  i t s  use and thus i t s  va lue as an energy 

source. Too much s u l f u r  prevents d i r e c t  combustion and necess i ta tes  spec ia l  

expensive pre-combustion (e. g. c lean ing  o r  b lending)  and f o r  post-combustion 

(e.  g. scrubbers) treatment.  Su l fu r  can be measured very accu ra te l y  by prompt 

neutron a c t i v a t i o n  ana lys i s  us ing  a  h i g h  r e s o l u t i o n  Ge(Li)  de tec tor .  Resul ts  

of such measurement were obta ined by our  ' laboratory"vers ion o f  t h e  CONAC system 

and a re  summarized i n  Table 1. Because o f  the  low e f f i c i e n c y  o f  Ge(Li) detectors,  

a  r e l a t i v e l y  l ong  measurement (about 1000 sec.) i s  t y p i c a l l y  necessary t o  ob ta in  

s u f f i c i e n t l y  p rec i se  resu l  t s .  Sodi urn i o d i d e  NaI(T!L) detectons a re  much more 

e f f i c i e n t  (by a  f a c t o r  o f  10 t o  100) than the  Ge de tec to r  a l l o w i n g  much r a p i d  

measurement. They are, however. l e s s  s t a b l e  and t h e i r  energy r e s n l u t i o n  i s  

poorer  than the  Ge(L i )  de tec tors  as shown i n  F igu re  12. Th i s  f i g u r e  shows t h e  

spectrum measured by NaI(T2) de tec to r  o f  t he  same coal whose spectrum i s  shown 

i n  F igu re  2. ~ x c e p t ' f o r  hydrogen, each peak shown i n  the  NaI  spectrum conta ins  

c o n t r i b u t i o n s  from several  c o n s t i t u e n t s  making d i r e c t  de terminat ion  of i n d i v i d u a l  

elements more d i f f i c u l t .  However, i n  t h e  case of s u l f u r ,  the  cnn t . r i h~ l t i on  of 

t he  s u l f u r  l i n e  t o  the peak l abe led  "S" i s  dominant a l l ow ing  d i r e c t  determinat ion 

o f  s u l f u r  weight  percent  i f  proper  account o f  t he  o the r  c o n t r i b u t i n g  elements, 

e-g.,  i ron, n i t rogen ,  ch lo r i ne ,  and others,  i s  taken. A specia l  Spectra l  Corre- 

l a t i o n  Method (SCM) has been developed by SAI which y i e l d s  re1  i a b l e  s u l f u r  

read ing  over  a wide range o f  coal  types. The method accounts f o r  the  con t r i bu -  

t i o n s  t o  t h e  s u l f u r  peak from most o f  t he  i n t e r f e r i n g  elements. Th is  i s  accom- 

p l  i shed by e s t a b l i s h i n g  a c o r r e l a t i o n  between the  c o n t r i b u t i o n  o f  t he  i n t e r f e r i n g  

e lement 's  gamma 1  ines  t o  the s u l f u r  peak by measuring i t s  c o n t r i b u t i o n  t o  a 

peak i n  some o ther  reg ion  o f  the  spectra. 

The SCM method was used t o  analyze the  s u l f u r  l i n e  obta ined w i t h  NaI(T!L) 

de tec to r  f o r  a  wide range of coal  composit ions as shown i n  F igure  13. The 

r e l a t i v e  RMS d e v i a t i o n  c a l c u l a t e d  from the  p o i n t s  i n  F igure  13 i s  2% (0.02% 

abso lu te  f o r  1% S-coal) .  I t  should be emphasized t h a t  the  coa ls  analyzed here 

span the  range of U.S. coal types and encompass a  much wider  r a n g e ' o f  composi- 

t i o n a l  v a r i a t i o n s  than would be normal ly  expected f o r  a  s p e c i f i c  coal -burn ing power 



p l a n t .  Wi th  t h e  f l e x i b i l  i ty designed i n t o  t he  SAI su l f u rme te r ,  f u r t h e r  t a i l o r -  

i n g  of t he  software a n a l y s i s  program f o r  t h e  range of coa l  used by a  s p e c i f i c  

user  may a l l o w  a  f u r t h e r  inc rease  i n  ach ievab le  accuracy. Other  elemental  

c o n s t i t u e n t s  t h a t  can be re1  i a b l y  e x t r a c t e d  f rom t h e  NaI  spectrum u s i n g  t h e  

same SCM' technique a r e  hydrogen, n i t r ogen ,  c h l o r i n e ,  and i r o n  as shown i n  

F igu res  1 4 .  through 17. 

A  schematic o f  an i n d u s t r i a l  s u l f u r  meter based on prompt neu t ron  a c t i v a -  

t i o n  a n a l y s i s  i s  i l l u s t r a t e d  i n  F igu re  18. The system shown i n  t h i s  f i g u r e  

i s  b a s i c a l l y  designed t o  analyze coa l  con ta ined  t e m p o r a r i l y  o r  s l ow l y  moving i n  

a  chute.  Th is  geometry was se lec ted  by a  u t i l  i t y  because o f  space 1 i m i t a t i o n s .  

Other geometr ies such as t he  be1 t c o n f i g u r a t i o n  descr ibed  be fo re  (e.g. F i g .  1 )  
a r e  obv ious ly  poss i  b l  e  and genera l ' l y  recommended. The system consi  s t s  o f  t h e  

fo.1 low ing  subassernb'l i e s :  

Sh ie lded  NaI(T2)  d e t e c t o r  subsystem f o r  d e t e c t i n g  t h e  gamma r a y s  

em i t t ed  f rom elements ' i n  t h e  coa l .  

2 5 2  C f  neu t ron  source and containment system w i t h  i t s  assoc iq ted  

b i o l o g i c a l  s h i e l d i n g .  The i n i t i a l  source i n t e n s i t y  a1 lows 5 years  

o f  o p e r a t i o n  w i t h o u t  r e p l a c i n g  t h e  source. Var ious engineered 

s a f e t y  f e a t u r e s  a r e  i nco rpo ra ted  i n  t h e  source subassembly t o  assure , .  I-.. , ., 

sa fe  o p e r a t i o n  i n  an i n d u s t r i a l  e'nvironment. . (I .... 

,,'(,.. 
' ., I 

Modera to r /Re f lec to r  source assembly t o  enable optimum neut ron  f l u x  

w i t h i n  t h e  coa l  . 

A n a l o g  and d i g i t a l  e l e c t r o n i c s  systen~s t o  be l o c a t e d  near  t h e  su l fu r - : :  

meter and/or  i n  t h e  c o n t r o l  room. 

P rov i s i ons  a r e  i nco rpo ra ted  t o  expand t h e  system c a p a b i l i t y  f o r  measuring 

o t h e r  coa l  c o n s t i t u e n t s  bes ides s u l f u r  and o t h e r  impo r tan t  q u a n t i t i e s  such 

as coa l  c a l o r i f i c  value, and m ine ra l  m a t t e r  ( "ash" ) .  

OXYGEN DETERMINATION 

Oxygen accounts f o r  about  5 t o  20 weight  pe rcen t  o f  va r i ous  raw coa l s .  

Obvious ly  accura te  de te rm ina t i on  of  oxygen i n  coa l  process streams i s  impo r tan t  

f o r  mass ba lance cons ide ra t i ons  i n  u l t i m a t e  a n a l y s i s  and process c o n t r o l .  De te r -  

m ina t i on  o f  oxygen i n  coa l  p rov ides  b a s i c a l l y  a  complete elemental  compos i t ion  o f  coa l  



w i t h o u t  recourse t o  i n d i r e c t  de termina t ion  by "by-d i f fe rence"  as i s  c u r r e n t l y  

done. Oxygen has a very  low thermal neutron capture cross sec t ion ,  making 

i t  imposs ib le  t o  determine i t s  we igh t  percent  by i n t e r r o g a t i n g  t h e  coal  w i t h  

thermal i z e d  neutrons f rom a 2 5 2 C f  source. However, oxygen has a r e l a t i v e l y  

h i g h  cross s e c t i o n  f o r  i n e l a s t i c  s c a t t e r i n g  of h igh  energy neutrons l ead ing  

t o  gamma p r o d & t i o n  o f  Q 6 MeV. Fur ther ,  neutrons above 10 MeV produce 6.1 

MeV gammas v i a  t h e  160(n,p)16N r e a c t i o n  (40 mb cross sec t ion) .  The 16N decays 

w i t h  a h a l f - 1  i f e  o f  7.1 sec and can be detected by convent ional  delayed a c t i v a -  

t i o n  techniques. Fas t  neut ron  i n t e r r o g a t i o n  provides, therefore,  a  f e a s i  b l  e  

way of oxygen de termina t ion  i n  coa l .  The spectrum o f  P i t t s b u r g  #8 coal  

i r r a d i a t e d  repeated ly  w i t h  s h o r t  b u r s t s  o f  14 MeV neutrons as measured w i t h  

NaI  d e t e c t o r  i s  shown i n  F igu re  19. 

Fast  neutrons a c t i v a t i o n  can a l s o  be used f o r  de termin ing  o t h e r  d i f f i c u l t  

t o  measure elements i n  coal besides oxygen. For  instance,  Mg has a r e l a t i v e l y  

h i g h  cross sec t i on  f o r  24Mg(n,p) '*Na r e a c t i o n  a t  h igh  neutron energ ies (200 mb 

a t  14 M ~ v ) .   he r a d i o a c t i v e  r e a c t i o n ' s  product,  24Na has 15 hr .  h a l f  l i f e  which 

enable a convenient '  measurement of i t s  a c t i v i t y  a f t e r  i r r a d i a t i o n  f a r  from 

t h e  neutron source. .The same isotope,  24Na i s  a1 so a product  o f  27Al  (n,a)24Na 

r e a c t i o n  which may take p lace  a t  h igh  neutron energies (120 mb a t  14 MeV). 

Therefore, a  c o r r e c t i o n  procedure us ing  a combinat ion o f  thermal and f a s t  neut ron  

a c t i v a t i o n  techniques has t o  be used t o  deduce separate ly  the  we igh t  percent  

o f  ' ' ~ 1  a r ~ d  24Mg. Fas t  neutron a c t i v a t i o n .  techniques may a l s o  be used f o r  

measuring Na, K, and P conten t  i n  coal which a r e  otherwise d i f f i c u l t  t o  

determine. 

High energy neutron (14 MeV) a re  conven ien t ly  produced by a small neutron 

genera tor  us ing  T(d,n)'+He reac t i on .  A 14 MeV neutron generator  i s  c u r r e n t l y  

a p p l i e d  i n  t h e  f a s t  neutron a c t i v a t i o n  ana l ys i s  l a b o r a t o r y  a t  SAI. Associated 

w i t h  t h i s  f a c i l i t y  i s  a  66 i n  (1.68 m) a c t i v a t i o n  tank which incorpora tes  a 

"dry well" t o  enable ~ ~ p l t !  hand l lng  f o r  f a s t  neutron a c t i v a t i o n ,  see e.g., 

F i g u r e  20. Samples o f  var ious  s i zes  can be analyzed a t  t he  l abo ra to ry .  

SUMMARY 

An ex tens ive  i ns t rumen ta t i on  development program has been out1 ined  f o r  

coal  analys is . .  Systems a re  descr ibed f o r  var ious  a p p l i c a t i o n s  i n  the  coal 

i n d u s t r y  such as complete .elemental ana l ys i s  o f  coal ,  s u l f u r  moni tor ing,  ash 



ana l ys i s ,  B t u  c o n t e n t  de te rmina t ion ,  'mo i s tu re  de te rm ina t i on  and oxygen ana l ys i s .  

Nuc lear  methods based -on PNAA (prompt neu t ron  a c t i v a t i o n  a n a l y s i s )  have been 

e x t e n s i v e l y  developed f o r  r a p i d  on-1 i n e  measurements f o r  coa l  process c o n t r o l  

as we1 1 as f o r  r a p i d  1  abora to ry  t ype  a n a l y s i s  o f  l a r g e  samples. Bo th  h igh-  

r e s o l u t i o n  l ow-e f f i c i ency  Ge(L i )  de tec to r s  and medium-resolut ion h i g h  e f f i c i e n c y  

NaI(TR) d e t e c t o r s  a r e  app l ied .  Ge(L i )  d e t e c t o r  i s  t y p i c a l l y  u t i l i z e d  i n  t h e  

CONAC (Cont inuous On-Line Nuc lear  Ana lyzer  o f  Coal )  system t o  p r o v i d e  a complete 

a n a l y s i s  of coa l .  and ash composit ion. Systems based on NaI  (TR) d e t e c t o r s  a r e  

c u r r e n t l y  used f o r  r a p i d  a n a l y s i s  o f  coa l .  Two main system c o n f i g u r a t i o n s  a r e  

t y p i c a l l y  app l i ed ;  b e l t  and chu te  ( o r  b i n ) .  These geometr ies have been found  

s u i t a b l e  f o r  a  wide range o f  a p p l i c a t i o n s  i n  t h e  coa l  i n d u s t r y .  

The composi t ion and q u a l i t y  of a  wide v a r i e t y  of  US coa l  t ypes  have 

been measured u s i n g  t h e  SAI PNAA systems. I t  has been demonstrated t h a t  a l l  

impo r tan t  coa l  c o n s t i t u e n t s  can be measured i n  a  cont inuous manner: Re- 

l i a b l e  r e s u l t s  have been ob ta ined  f o r  s u l f u r ,  hydrogen, carbon, n i t r ogen ,  

c h l o r i n e  and t y p i c a l  meta ls  which a r e  s l a g  formers. Resu l ts  have been 

checked aga ' ins t  a  v a r i e t y  o f  o t h e r  a n a l y s i s  techniques i n c l u d i n g  s tandard 

ASTM chemical a n a l y s i s .  

Non-invasive techniques based on capaci tance measurement and mic ro -  

wave i n t e r r o g a t i o n  have been s u c c e s s f u l l y  demonstrated f o r  de te rm in ing  

mo i s tu re  i n  a  v a r i e t y  o f  coal  types.  These methods when a p p l i e d  w i t h  a  

cont inuous an3 l yze r  n f  cna l  composi t ion enable a r a p i d  and accura te  on- 

1  i n e  de te rm ina t i on  o f  coa l  c a l o r i f i c  va lue .  

Fas t  neu t ron  a c t i v a t i o n  techniques a r e  d iscussed f o r  d i r e c t  measurement 

o f  oxygen and o t h e r  elements such as magnesium i n  coa l .  Small neu t rons  

genera to r  i s  t y p i c a l l y  used as a f a s t  neu t ron  source. The system i s  c u r r e n t l y  

a p p l i e d  i n  an o f f - l i n e  manner f o r  l a b o r a t o r y  a n a l y s i s  o f  l a r g e  coa l  samples. 
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CONAC 
1. Feed surge bin 
2. ~djustabk gate 
3. Mass sensor, source housing 
3a. Gamma detector 
3b. Tachometer 
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5. Neutron shield 
6. Detector 
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8. Reflector w/nuclear source 
9. Microwave moisture meter 

Figure 1. Schematic View o f  CONAC 



Figure 2 .  Ge(Li) Spectrum o f  Pittsburgh #8 Coal 
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Figure 3 .  Photograph of Laboratory CONAC 



F i g u r e  4. Photograph of Various E l e c t r o n i c  Systems Used 
i n  Conjunct ion w i t h  CONAC Research 



Primary Cutte 

Transfer Convey 

Bin 

Figure 5. CONAC Integrated into a Typical Power Plant 
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Fiaure 6. Relat ive  Response o f  a Nuclear Meter f o r  Hydrogen 
Measurement o f  Coal 
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Figure 7. Three Capacitor Geometries Investigated. The para1 1 el plate 
ski was judged to be the most suitable for on-line application. 
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Figure 8. Microwave Attenuation Measurement Setup f o r  Coal 



Figure 9. Photograph of Microwave Measurement 



Figure 10. Microwave Attenuation Response for East Ohio Coal 
Measured a t  a Range of Frequencies and Moisture 
Level s 
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F i g u r e  11. ~ i f f e r e n t i a l  Microwave A t t e n u a t i o n  Response f o r  Var ious 
U.S. Coal Types, 



F igu re  12. NaI(T&) Spectrum of P i t t s b u r g h  #8 Coal 
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Figure 13. .Weight Percent Sulfur Determined from Sulfur Meter 
Response Plotted Against Standard. Diagonal l ine 
represents perfect response. 



Weight  Percent  I r o n  (Standard)  

F i g u r e  14. Weight Percent  I r o n  De'termi ned f rom Su l f u r  
Meter  Response P l o t t e d  Aga ins t  Standard. 
Diayondl l i n e  r s p r ~ s ~ n t s  p e r f e c t  response. 



Weight Percent Nitrogen (Standard) 

Figure 15 Weight Percent Nitrogen Determined from Sul f u r  
Meter Response Plotted Against Standard. 
Diagonal l i n e  represents perfect  response. 
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Figure 16. Weight Percent Chlorine Determined f rorn Sulfur 
Meter Resporise Pl otted Against Standard. Diagonal 
line represents perfect response. 



HYDROGEN 

Weight Percent Hydrogen (Standard) 

Figure 17. Weight Percent Hydrogen Determined from Sulfur 
Meter Response Plotted Against Standard. Diagonal 
l ine represents perfect response. 
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Figure 20. Photograph of 14 MeV Generator 
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DEVELOPMENT OF AN ELEMENTAL ANALYZER FOR 

COAL, OIL AND SIMILAR BULK STREAMS - A STATUS REPORT 

A .  Cekorich, H. Defch, T, Harrfngtan,  and 
J. H. Marsha l l  111, MDH Indus t r i e s . ,  Inc .  

The e l emen ta l  a n a l y z e r  t o  b e  d e s c r i b e d  h e r e  has  been under development a t  
MDH I n d u s t r i e s ,  I nc . ,  f o r  about  f i v e  y e a r s .  This  e f f o r t  has  r e s u l t e d  i n  a  new 
c a p a b i l i t y  f o r  c o a l - u t i l i z i n g  i n d u s t r i e s ,  t h e  a b i l i t y  t o  ana lyze  a  c o a l  p roces s  
s t r e a m  on- l ine ,  and t o  o b t a i n  i n f o r m a t i o n  about  i t  i n  time t o  u t i l i z e  t h a t  d a t a  
t o  a f f e c t  t h e  c o a l  stream i t s e l f  and /o r  i t s  optimum u t i l i z a t i o n  i n  l a t e r  pro- 
cesses. 

F i r s t ,  who i s  MDH? We are a s m a l l ,  r e l a t i v e l y  young company whose capa- 
b i l i t y  i n  deve lop ing  innova t ive ,  high-technology ins t rumenta t ion  r e s t s  on t h e  
e x t e n s i v e  e x p e r i e n c e  o f  i t s  i n c o r p o r a t o r s  w i t h  t h e  aerospace i n s t rumen ta t i on  
i n d u s t r y .  MDH e x i s t s  because w e  f e l t  we could make a  meaningful c o n t r i b u t i o n  
t o  t h e  c o u n t r y ' s  more normal i n d u s t r i a l  e f f o r t s .  W e  have s u c c e s s f u l l y  developed 

. . a  medica l  i n s t r u m e n t a t i o n  l i n e ,  and are u s i n g  t h e  r e t u r n  from t h a t  l i n e  t o  sup- 
p o r t  t h e  e f f o r t  t o  deve lop  ou r  a n a l y z e r .  Th i s  work i s  t o t a l l y  company .funded. 
There  has  been no government R & D s u p p o r t  behFnd t h i s  work. Based on t h e  
r e s u l t s  t o  d a t e ,  we b e l i e v e  we chose w i s e l y .  

The problem we a t t a c k e d  was t h a t  of  performing elemental  a n a l y s i s  of 
b u l k  process -s t ream m a t e r i a l s  i n  a n  on - l i ne  con f igu ra t i on .  We a r e  i n t e r e s t e d  
p r i m a r i l y  i n  t h e  s u l f u r  con ten t  o f  c o a l  (and o i l )  and seconda r i l y  i n  o b t a i n i n g  
d a t a  on o t h e r  e lements  t o  permi t  an  a s h  measurement and, e v e n t u a l l y ,  p o s s i b l y  
a BTU measurement. 

To perform t h e s e  measurements, we d e t e c t  and ana lyze  t h e  gamma r a y s  pro- 
duced .by  n e u t r o n  c a p t u r e  i n  t h e  m a t e r i a l  be ing  eva lua ted .  Almost a l l  e lements  
when bombarded by s low neu t rons  c a p t u r e  t h e s e  neut rons  a t  l e a s t  momentarily 
and form a compound nuc l eus  i n  a n  e x c i t e d  s t a t e .  Usually t h e  r a p i d  emiss ion  
o f  ope  o r  more gamma r a y s  w i t h  e n e r g i e s  and i n t e n s i t i e s  which a r e  un ique ly  
c h a r d c t e r i ~ t i c  o f  t h e  c a p t u r i n g  n u c l e u s  d i s s i p a t e s  most of t h i s  e x c i t a t i o n  
energy .  ~ h e s e  gamma r a  s a r e  c a l l e d  "prompt gamma rays"  because they a r e  gener-  J a l l y  emi t t ed  w i t h i n  10- s of  t h e  t i m e  o f  neu t ron  cap tu re .  

  he g e n e r a l  p r i n c i p l e s  o f  bulk-composi t ion measurements u s ing  neut ron  cap- 
t u r e  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e  ( i n c l u d i n g  a n  e a r l i e r  MDH paper r e f e r enced  
b e l o w ( l ) ) ,  and I won' t  r e p e a t  them h e r e ,  nor  cover  aga in  why we chose t h e  
p a r t i c u l a r  approach we d i d .  I w i l l  l i m i t  myself h e r e  t o  a  d e s c r i p t i o n  of t h e  
a c t u a l  i n s t rumen t  b e i n g  b u i l t  and i ts  c a p a b i l i t i e s .  

A .  Cekorich,  H. Deich, J. H.  Marsha l l  111: "An Elemental Analyzer f o r  Coa . 
O i l  and S i m i l a r  Bulk Streams"; I n t e r n a l  Report No. 3; MDH I n d u s t r i e s ,  l n c . ;  
25 September 1978. Presented  a t  t h e  2 5 2 ~ f  U t i l i z a t i o n  Meeting i n  A t l a n t a ,  
Georgia,  4 October  1978. 



Ins t rument  Desc r ip t i on  

F igure  1 p r e s e n t s  schematic  views of  t h e  main p a r t s  of a  c o a l  ana lyzer  
employing prompt-gamma a n a l y s i s .  We a r e  c u r r e n t l y  c a l i b r a t i n g  t h i s  u n i t  and 
expec t  t o  d e l i v e r  i t  s h o r t l y .  The c o a l  be ing  analyzed i s  confined on four  s i d e s  
wi th in  themeasurement volume, which i s  t h e  reg ion  throughout which the  composi- 
t i o n  measurement t akes  p l ace .  Coal pa s s ing  through t h e  c o a l  chute  cont inuously 
f i l l s  t h e  measurement volume wi th  a  c u r r e n t  coa l  sample, t h u s  provid ing  ' t he  
cont inuous ,  on- l ine  bu lk  measurement. 

L 

The ins t rument  i n c l u d e s  a  source  of  neut rons  which i s  p laced  o u t s i d e  
o f  t h e  measurement volume. The neut ron  source  c o n s i s t s  of  two capsu l e s  
con ta in ing  t h e  i s o t o p e  californium-252. (The use of  dua l  sou rces  improves 
measurement un i formi ty . )  Moderators surround t h e  source  capsu l e s  i n  o r d e r  
t o  reduce neut ron  e n e r g i e s  be fo re  t h e  neut rons  e n t e r  t h e  measurement volume. 
Th i s  energy r e d u c t i o n  dec reases  t h e  number of  gamma r a y s  produced by i n e l . a s t i c  
neu t ron  s c a t t e r i n g  and resonance a b s o r p t i o n  and a l s o  permi ts  a  r educ t ion  
i n  t h e  s i z e  of t h e  measurement volume. 

Californium-252 produces over  f i v e  gamma rays  f o r  each neut ron ,  and 
gamma rays  from neu t ron  c a p t u r e  by hydrogen and carbon i n  .the moderators  
o r  i n  t h e  s a f e t y  s h i e l d  could be confused wi th  t h e  same type  of gamma r a y s  
from t h e  c o a l  be ing  analyzed.  The ins t rument ,  t h e r e f o r e ,  i n c l u d e s  a  gamma- 
r a y  s h i e l d  which i s . l o c a t e d  between t h e  two source  capsu l e s  w i t h  t h e i r  modera- 
t o r s  and t h e  measurement volume. The gamma-ray s h i e l d  p reven t s  most gamma 
r a y s  a r i s i n g  from t h e  sou rce  capsu l e s ,  t h e  moderators and t h e  s a f e t y  s h i e l d  
from reaching  t h e  gamma-ray , d e t e c t o r  o r  escaping  t o  provide  a  r a d i a t i o n  
hazard  near  t h e  ins t rument .  

The gamma-ray s h i e l d  a l s o  provides  a  r eg ion  through which neut rons  
can r e a d i l y  d i f f u s e  from t h e  neut ron  sou rce  i n t o  t h e  coa l .  This  d i f f u s i o n  
must occur  w i thou t  many neut rons  be ing  cap tured  by t h e  m a t e r i a l s  comprising 
t h e  gamma-ray s h i e l d ,  because o the rwi se  t h e  gamma-ray s h i e l d  i t s e l f  would 
be  an  unacceptab le  sou rce  o f  i n t e r f e r i n g  gamma rays .  Thus t h e  gamma-ray 
s h i e l d  i s  composed o f  m a t e r i a l s  which have low neutron-capture  c r o s s  s e c t i o n s  
a s  w e l l  a s  h igh  a t t e n u a t i o n s  f o r  gamma r a y s .  Furthermore, i t s  presence  
a long  t h e  s i d e s  o f  t h e  measurement volume prevents  t h e  sur rounding  s a f e t y  
s h i e l d s  from d e p r e s s i n g  t h e  neut ron  f l u x  a t  t h e  edges of t h e  measurement 
volume, thus  improving measurement un i formi ty  and instrument  s e n s i t i v i t y .  

Those neu t rons  which d i f f u s e  through t h e  gamma-ray s h i e l d  and e n t e r  
t h e  measurement volume w i l l  be moderated by t h e  hydrogen p r e s e n t  i n  t h e  
coa l ,  and then  many w i l l  be  cap tured  by t h e  va r ious  elements  t h e r e i n .  
These neut ron-capture  r e a c t i o n s  g e n e r a l l y  produce gamma r a y s ,  which t r a v e l  
outward i n  a l l  d i r e c t i o n s .  Some of t h e s e  gamma r a y s  w i l l  t r a v e l  through 
t h e  measurement volume and t h e  neutron-absorbing gamma-ray window and e n t e r  
t h e  NaI(T2) gamma-ray d e t e c t o r .  

Whell Lhe gamma r a y s  i n t e r a c t  i n  t h e  d e t e c t o r ,  they produce e l e c t r i c a l  
s i g n a l s  i n d i c a t i v e  o f  t h e i r  energy.    he senso r  e l e c t r o n i c s ,  which a c t u a l l y  
c o n s i s t  of  two boxes one of  which i s  o u t s i d e  of t h e  r a d i a t i o n  s h i e l d ,  conver t  
t h e s e  e l e c t r i c a l  s i g n a l s  i n t o  d i g i t a l  in format ion ,  which is  t r a n s m i t t e d  
over  an i n t e r c o n n e c t i n g  c a b l e  t o  t h e  d i s p l a y  console .  The d i s p l a y  console  
processes  t h i s  in format ion  us ing  t h e  f a c t  t h a t  neu t ron  cap tu re  produces an 
energy spectrum which depends on t h e  amounts of  t h e  v a r i o u s  elements  
cap tu r ing  t h e  neu t rons .  The r e s u l t  of  t h i s  p rocess ing  i s  in fo rma t ion  
concerning t h e  r e l a t i v e  concen t r a t i ons  of t h e  va r ious  elements  of i n t e r e s t  
i n  t h e  measurement volume and any other p r o p e r t i e s ,  such a s  d e n s i t y ,  which 
may b e  u s e f u l l y  ob t a ined  from t h e  measured spectrum. 
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Although t h e  neu t rons  which the  c o a l  i n  t h e  measurement volume cap tu re s  

p rov ide  t h e  use fu l '  i n fo rma t ion ,  many neut rons  a r e  no t  captured t h e r e  and 
could  p o t e n t i a l l y  escape  from t h e  ins t rument  o r  could i n t e r a c t  i n  t h e  gamma- 
r a y  d e t e c t o r .  Because . the  neut ron  sources  a r e  o u t s i d e  of t he  enclosed 
measurement volume, most neut rons  w i l l  n o t  e n t e r  t h e  measurement volume. 
I n  o rde r  t o  c o n t r o l  t h e s e  unused escaping neut rons  t o  avoid a  r a d i a t i o n  
haza rd  and background i n  t h e  measured energy spectrum, t h e  instrument  
i n c l u d e s  a gamma-ray window and s a f e t y  s h i e l d s .  

The s a f e t y  s h i e l d  must a t t e n u a t e  source  gamma rays ,  ep i thermal  neut rons ,  
thermal  neut rons  and c a p t u r e  gamma rays .  Because t h e  gamma-ray s h i e l d  can 
r educe  t h e  dose from source  gamma r a y s  by over  a  f a c t o r  of 10 ,  neut ron  
a t t e n u a t i o n  becomes a p r i n c i p a l  t a s k  f o r  t h e  s a f e t y  s h i e l d .  Since many 
of  t h e  neut rons  l e a v i n g  t h e  moderators  a r e  s t i l l  e n e r g e t i c ,  t h e  s a f e t y  
s h i e l d  must c o n t a i n  a hydrogenous m a t e r i a l  t o  reduce the  neut ron  ene rg i e s  
t o  t h e  r eg ion  where c a p t u r e  i s  probable.  When hydrogen cap tu re s  thermal 
nel i t rons.  a  p e n e t r a t i n g  2.23-MeV gamma ray  r e s u l t s ,  and t h e s e  c a p t u r e  
gamma r a y s  r e p r e s e n t  a  r a d i a t i o n  hazard,  a p o t e n t i a l  cource of  hackground 
cniints i n  the  detectoi l  and a ~ 1 ~ 1 1 ~ 1  which can be rnnfased w i t h  t h a t  from 
hydrogen i n  t h e  coa l .  Thus, an  i s o t o p e  which does not  produce e n e r g e t i c  
c a p t u r e  gamma r a y s  has  been added t o  t h e  hydrogenous m a t e r i a l  i n  t h e  s a f e t y  
s h i e l d .  

I n  o r d e r  t o  avoid  a r a d i a t i o n  hazard from escaping neut rons  when the  
measurement volume is  empty, t h e  s h i e l d  on t h e  d e t e c t o r  s i d e  of t h e  measure- 
ment volume has been placed behlfid the sr l lsor  e l e c t r o n i c s ,  and the  d e t e c t o r  
and t h e  senso r  e l e c t r o n i c s  a r e  thus  loca t&d w i t h i n  a  chamber i n  t h e  s a f e t y  
s h i e l d .  Even i n  t h i s  c o n f i g u r a t i o n  some s c a t t e r e d  r a d i a t i o n  can l e a v e  the  
top  and t h e  bottom of t h e  c o a l  chute  pas s ing  through t h e  measurement volume 
when i t  i s  empty, because t h i s  r e g i o n  i s  cons t r a ined  by equipment used t o  
move c o a l  i n t o  and o u t  of t h e  ins t rument .  Sh ie ld ing  he re  should n o t  be 
neces sa ry ,  because t h e  s c a t t e r e d  r a d i a t i o n  i s  low, and t h e s e  r eg ions  a r e  
unoccupied. A r a d i a t i o n  a l a rm and a muvable plug f o r  t he  coal chu te  when 
no c o a l  i s  p re sen t  reduce  r a d i a t i o n  hazards  f o r  an  empty c o a l  chute .  I n  
a d d i t i o n ,  t h e  neut ron  sources  can b e  withdrawn remotely i n t o  a  " s a f e  pos i t i on"  
t o  permiL el l t ry  i n t o  the  c o a l  c h ~ i t e  for sl ior t  t imc per iods  ar~tl maintenance 
u l  Llie scnuur uluc trnni rn .  

Figure  2 shows a block d l a g ~ d u l  of elat~1-3nalysiq ~qlii.pmept which i s  used 
i n  t h i s  type  of ins t rument .  The gamma-ray d e t e c t o r  i s  a  doped a l k a l i - h a l i d e  
c r y s t a l  which s c i n t i l l a t e s  i n  response  t o  energy depos i ted  by gamma r a y s  
e n t e r i n g  i t .  The  p l i v ~ ~ m u l t i p l i e r  tube r n n v e r t s  t h e s e  l i g h t  f l a s h e s  i.nto 
cur'rcnt p u l s e s ,  which t h e  a m p l i f i e r s  i n c r e a s e  i n  magnitude s u f f i c i e n t l y  
t o  be processed a c c u r a t e l y  by rhe a n a l u g - t o - . d i g i t a l  conve r t e r .  This  
c o n v e r t e r  d e f i n e s  f o r t y  ampl i tude  windows and c a t e g o r i z e s  each d e t e c t e d  
even t  producing a  p u l s e  amplirudt! w i t h i n  t h e  range o f  i n t e r e s t  a s  belonging 
t o  one and only  one ~ u c l ~  window. In a d d i t j n n ,  i t  con ta ins  c i r c u i t s  which 
d e t e c t  p u l s e  p i l e u p  and r e j e c t  even t s  w i th  pu l se  ampli tudes contaminated 
by s u c h .  p i l eup .  

For  each such analyzed even t ,  a  pu l se  i s  added to  t h e  a p p r o p r i a t e  
s t o r a g e  r e g i s t e r  i n  t h e  a c c m u l a ~ o r s .  A t  t h e  end o f  a 10-s data-accumulation 
i n t e r v a l ,  t he  r e l a t i v e  nuinber of even t s  counted by each of t h e  f o r t y  s t o r a g e  
r e g i s t e r s  i n  t h e  accumulators  a s s o c i a t e d , w i t h  each of t h e  f o r t y  ampli tude 
windows becomes a  d i g i t a l  r e p r e s e n t a t i o n  of t h e  ampli tude of  t h e  output  
p u l s e s  from t h e  gamma-ray d e t e c t o r .  

A s  shown i n  F igu re  2, t h e  d i g i t a l  in format ion  from t h e  accumulators  is  
p re sen ted  t o  t h e  d i g i t a l  d a t a  l i n k .  The senso r  da t a - l i nk  l o g i c  conver t s  
' the d a t a  i n t o  a n  a p p r o p r i a t e  form f o r  t ransmiss ion  over  t h e  i n t e r c o n n e c t i n g  
c a b l e  t o  t h e  remotely- located d i s p l a y  console .  Here t h e  console  da t a - l i nk  



l o g i c  r e c e i v e s  t h e  t r ansmi t t ed  d a t a  and p r e s e n t s  them i n  proper  form f o r  
t h e  computer. 

The console  c o n t a i n s  a  microprocessor  w i t h  s u f f i c i e n t  memory and p e r i p h e r a l  
equipment t o  form a  smal l  d ig . i t a1  computer. A f t e r  making c o r r e c t i o n s  f o r  
p u l s e  p i i eup ;  t h i s  computer c o n s t r u c t s  we igh t . ed , l i nea r  sums of  t h e  count 
r a t e s  i n  each o f  t h e  f o r t y  ampli tude windows t o  i n c r e a s e  s e l e c t i v e l y  t h e  
s e n s i t i v i t y  t o  one element wh i l e  dec reas ing  t h e  s e n s i t i v i t y  t o  o t h e r  i n t e r f e r -  
i n g  elements .  Seve ra l  such sums w i t h  d i f f e r e n t  weight ing c o e f f i c i e n t s  y i e l d  
o u t p u t s  which a r e  i n d i c a t i v e  of t h e  r e l a t i v e  concen t r a t i ons  of d i f f e r e n t  
e lements .  The computer gene ra t e s . e l emen ta1  sums corresponding t o  carbon,  
hydrogen, s u l f u r ,  n i t r o g e n ,  s i l i c o n ,  i r o n ,  aluminum, t i t an ium,  calcium, 
potassium, sodium and c h l o r i n e  i n  o r d e r  t o  encompass most of  t h e  elements 
p r e s e n t  i n  c o a l .  The op t imiza t ion  p roces s  l ead ing  t o  t h e  weight ing f a c t o r s  
cons ide r s  p u l s e  p i l e u p ,  gamma r a y s  from t h e  2 5 2 ~ f  neut ron  sources ,  s i g n a l s  
induced by neut ron  r e a c t i o n s  i n  t h e  d e t e c t o r ,  gauulia r a y s  from s t r u c t u r a l  
m a t e r i a l s ,  and d r i f t s  i n  t h e  p u l s e  h e i g h t  a n a l y s i s .  This  type of computation 
e l i m i n a t e s  most o f  t h e  i n t e r f e r e n c e s  between elements  c a p t u r i n g  s i g n i f i c a n t  
f r a c t i o n s  o f  thermal  neut rons  and a l s o  c o r r e c t s  au toma t i ca l l y  f o r  t h e  slowly- 
vary ing  continuum. Normalization t o  one element o r  group of e lements  removes 
t he .p rob lems  i n h e r e n t  i n  u s ing  a b s o l u t e  count ing  r a t e s .  

The r e s u l t i n g  q u o t i e n t s ,  which f o r  a  coa l - ana lys i s  ins t rument  w i l l  
r e p r e s e n t  t h e  f r a c t i o n  by weight  of  each  o f  t h e  measured elements  compared 
p r i n c i p a l l y  t o  carbon,  a r e . p r e s e n t e d  t o  t h e  da t a -ou tpu t t i ng  sub-system 
f o r  f u r t h e r  uses .  The da t a -ou tpu t t i ng  sub-system can con ta in  s t r i p - c h a r t  
r eco rde r s  f o r  gene ra t i ng  graphs o f  r e l a t i v e  e lementa l  concen t r a t i ons  v e r s u s  
t i m e ,  d i g i t a l  d i s p l a y s  f o r  showing t h e s e  concen t r a t i ons  , i n  numerical form, 
and a  d a t a  i n t e r f a k e  f o r  p rov id ing  d i g i t a l  communication t o  e x t e r n a l  da ta -  
p rocess ing  dev ices  such a s  d i g i t a l  p r i n t e r s  o r  p l a n t - c o n t r o l l i n g  computers. 

. .  Because d r i f t s  i n  t h e  e l e c t r o n i c s  f o r  gamma-ray a n a l y s i s  a r e  a  s i g n i f i c a n t  
sou rce  of e r r o r ,  t h e  instrument  c o n t a i n s  a  s t a b i l i z i n g  system. This  system 
has  a  temperature  r e g u l a t o r ,  which ma in t a in s  the senso r  e l e c t r o n i c s  and t h e  
gamma-ray d e t e c t o r  a t  a  constaf i t  t empera ture  f o r  ambient temperatures  between 

' 

-30'~ and + 4 5 O C .  The s t a b i l i z i n g  system can a l s o  vary t h e  ga in  of t h e  pulse-  
he igh t - ana lys i s  c i r c u i t s  u s ing  a  d i g i t a l - t o - a n a l o g  conve r t e r  and a  c o n t r o l l a b l e  
power supply t o  change t h e  b i a s  v o l t a g e  a p p l i e d  t o  t h e  pho tomul t i p l i e r  tube .  
A second d ig i ' t a l - to -ana log  conve r t e r  pe rmi t s  t h e  s t a b i l i z i n g  system t o  change 
t h e  o f f s e t  of  t h e  pu lse-he ight -ana lys i s  c i r c u i t s  by way o f  t h e  a m p l i f i e r s ,  
r e s y l t i n g  i n  a  two-point c o n t r o l  of  t h e  pu lse-he ight  a n a l y s i s .  The computer 
t hen  can Cause two peaks i n  t h e  gamma-ray spectrum t o  be  cen te red  i n  appro- 
p r i a t e  ampl i tude  windows, reduc ing  t h e  e f f e c t s  of  d r i f t s  i n  t h e  e l e c t r o n i c s  
f o r  gamma-ray a n a l y s i s .  

Accuracy and Response Time 

During t h e  product ion  of  t h i s  ins t rument  f o r  t h e  measurement of t h e  
s u l f u r  and .ash c o n t e n t s  of a  c leaned ,  low-ash c o a l ,  MDH developed a  computer 
model o f  t h e  o p e r a t i o n  o f  t h i s  type  of  e l emen ta l  ana lyze r .  This  model i s  
based on both  t heo ry  and exper imenta l  d a t a  and s imu la t e s  i n  d e t a i l  much of 
t h e  o p e r a t i o n  of t h e  meter .  Th i s  s imu la t i on  permi ts  us  t o  p r e d i c t  measure- 
ment a c c u r a c i e s  f o r  a g iven  response  t i m e  and c o a l  composition w i t h i n  a t  
least  a  f a c t o r  o f  two. Th i s  f a c t o r  of  two al.lows conse rva t ive ly  f o r  uncer- 
t a i n t i e s  i n  t h e  computer model i t s e l f  and f o r  presently-unknown sou rces  
o f  e r r o r .  F u r t h e r  work on p r e s e n t  p r o j e c t s  w i l l  permi t  t h i s  f a c t o r  t o  be 
r e d u c e d . a s  t h e  computer model con t inues  t o  be  r e f i n e d .  
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Table 1 shows t h e  p red ic t ed  e r r o r s  and readouts  f o r  a  p a r t i c u l a r  coa l ,  

t h e  "cleaned" c o a l  f o r  which t h e  cu r r en t  u n i t  was b u i l t .  For example, t h e  ' 

f r a c t i o n  of t he  dry coa l  by weight which is  s u l f u r  is  nominally 0.92%. The 
ins t rument  w i l l  r ead  ou t  t h i s  va lue  wi th  an a n t i c i p a t e d  e r r o r  of  2.2% of t h e  
v a l u e  o r ,  t o  s t a t e  i t  ano the r  way, i t  w i l l  r e ad  o u t  t h e % s u l f u r  a s  0.92% 
+0.02%. Th i s  readout  w i l l  b e  up-dated every 10  seconds based on the  output  
of a n  exponen t i a l  f i l t e r  ope ra t ing  on a l l  p a s t  d a t a  w i th  a  response time a s  
shown. Such a  f i l t e r  weights  t h e  l a t e s t  d a t a  h e a v i e s t ,  w i t h  cont inuously 
dec reas ing  we igh t s  on o l d e r  d a t a .  

The t o t a l  e r r o r s  l i s t e d  a r e  comprised of a  combination o f . t w o  types of 
e r r o r ,  t hose  we c a l l  sys t ema t i c  e r r o r s  and those  w e  c a l l  s t a t i s t i c a l  e r r o r s .  
The s t a t i s t i c a l  e r r o r s  a r e  improved by extending t h e  response time of t he  
f i l t e r  ( e s s e n t i a l l y  smoothing over  more d a t a ) .  We have chosen the  response 
t ime t o  be  such t h a t  t he  s t a t i s t i c a l  e r r o r s  and t h e  sys t ema t i c  e r r o r s ,  those  
e r r o r s  independent of  response time, a r e  approximately equal .  The sys temat ic  
e r r o r s  r e p r e s e n t  an  i r r e d u c i b l e  minimum e r r o r  which only  ins t ruments  with very 
long  response  t imes  can achieve .  

T l~e  a sh  pe rcen t  readout  l i s t e d  below t h e  t a b l e  shows a  t o t a l  e r r o r  of 
+0.124%. The a n a l y z e r  does no t  a c t u a l l y  measure "ash". ' It can only e s t a b l i s h  

' t h e  e lementa l  composition of t h e  m a t e r i a l  be ing  eva lua ted ,  and does not  recog- 
n i z e  chemical s t a t e s .  Therefore ,  t h e  "ash" readout  i s  obta ined  by a s s ign ing  
p rev ious ly  agreed upon forms t o  t h e  v a r i o u s  a sh  elemenco, such a s  Fe203, 
SiO,, Na20. The f r a c t i ~ n s  by wcigllt f o r  t h e  elements  a r e  increased  by appro- 
priate f a c t o r s  t o  a l l ow f o r  t he  a s s o c i a t e d ,  b u t  unmeasured, oxygen. Other 
minor elements  a r e  n o t  measured, u s u a l l y  because t h e r e  is too  l i t t l e  of each, 
and, f o r  t h i s  c leaned c o a l ,  a  c o r r e c t i o n  f a c t o r  of 1.02 i s  used t o  account 
f o r  t h e s e  unmeasured elements .  The r e s u l t a n t  o u t p u t ,  an  a n t i c i p a t e d  2.73% 
f o r  t h i s  c o a l ,  w i l l  b e  measured wi th  an e r r o r  of  20.124% a s  p rev ious ly  noted. 

The moi s tu re  measurement w i l l  be ob ta ined  by m o s t . 1 ~  e x t e r n a l  means. A 
microwave a b s o r p t i o n  measurement, w i t h  t h e  a s s i s t a n c e  of  d e n s i t y  co r r ec t ions  
ob ta ined  from t h e  ana lyze r ,  i s  expected t o  provide an a c c u r a t e  va lue  f o r  t h i s  
parameter .  

Using a l l  t h e  above d a t a  i n  a  p rev ious ly  agreed upon fornzula from Mott 
and ~ p o o n e r ,  t h e  h e a t  con ten t  of t h e  c o a l  s t ream is  es t imated .  F i n a l l y ,  t h e  
e s t ima ted  h k a ~  con ten t  i s  d iv ided  i n t o  twice t h e  measured amount of s u l f u r  t o  
p rov ide  a  measurement of  t h e  amount of SO, pe r  u n i t  h e a t  ou tpu t .  This  ou tput  
does not  a l low f o r  any of  t h e  s u l f u r  remaining i n  t h e  d iscarded  "ash", b u t  i t  
shoyld  t r a c k  t h e  s t a c k  monitors  we l l .  

Thc LCT c o e f f i c i e n t s  used t o  produce t h i s  d a t a  assllme t h a t  t h e  m a t e r i a l  
be ing  analyzed w i l l  v a ry  over known bounds. A l l  t h e  elements (except carbun, 
of  course)  axe assumed t o  vary  by ?ZOO% i1.1 an u l ~ c o r r e l a t e d  manner. That i s ,  
wh i l e  any  elempnl; i s  va ry ing  randomly, i t  i s  nay expected t h a t  a l l  ash elements 
would go t h e  same way causing the  a sh  con ten t  t o  double.  

To show how t h e  ins t rument  would perform f o r  a n  uncleaned c o a l ,  we 
prepared  Table 2 .  Note t h e  lower carboll, and t h e  s i g n i f i c a n t l y  h ighe r  s u l f u r ,  
a sh  and moisture.  Because t h e r e  is much more t o  work wi th ,  t h e  e r r o r s  a s  a  
pe rcen tage  o f  t h e  q u a n t i t y  being measured ( o t h e r  than  carbon) a r e  gene ra l ly  
improved; b u t , f o r  t h e  same reason,  t h e  e r r o r s  a s  a  percentage  o f  t h e  coa l  a r e  
i n c r e a s e d .  Thus, t h e  s u l f u r  would b e  read ou t  a s  3.57 +0.066%,the a sh  a s  
11 .2  +0.25%, and t h e  l b s .  ~ 0 , 1 1 0 ~  BTU a s  5.58 20.096. These accu rac i e s  a r e  
achieved  us ing  d i f f e r e n t  LCT c o e f f i c i e n t s ,  a g a i n  a l lowing  2100% v a r i a t i o n  
around t h e  new norm. Changing LCT c o & f f i c i e n t s ,  and thereby opt imiz ing  t h e  
a n a l y s i s  f o r  wide ly  d i f f e r e n t  c o a l s ,  would c a l l  f o r  a change of one board i n  
t he  d a t a  process ing  e l e c t r o n i c s .  



Equipment S t a t u s  

I would l i k e  t o  c lose .  t h i s  p r e s e n t a t i o n  by showing some photographs 
of  t h e  a c t u a l  equipment t o  be de l ive red  soon. F igu re  3 shows t h e  Sensor 
~ s s e m b l y  from two a s p e c t s .  The man a t  t h e  edge of t h e  p i c t u r e  i s  f o r  s c a l e  
r e f e rence .  He is  s i x  f e e t  t a l l .  Because t h i s  p i c t u r e  was taken du r ing  
r a d i a t i o n  s a f e t y  checks,  we omi t ted  t h e  thermal ly  i n s u l a t e d  connect ion 
between t h e  Sensor Assembly and t h e  Logic and Power Assembly, which you 
would normally s e e  coming o u t  of t h e  whi te  f a c e  i n  t h e  l e f t  view. The 
Sensor Assembly is  abo.ut e i g h t  f e e t  h igh  and weighs about  , e igh t  t ons .  
F igure  4 ,  w i th  one of  t h e  s h i e l d  tanks removed, g i v e s  a  c l e a r e r  presenta-  
t i o n  of c o a l  chute ,  sou rce  and moderator r e l a t i o n s h i p s .  The void t o  t h e  r e a r  
i n  t h i s  f i g u r e  i s  t h e  c a v i t y  con ta in ing  t h e  d e t e c t o r  and i n i t i a l  s i g n a l  . 
-process ing  e l e c t r o n i c s  a s  we l l  a s  thermal i n s u l a t i o n  and some a d d i t i o n a l  
r a d i a t i o n  s h i e l d i n g  m a t e r i a l s .  

F igure  5 shows t h e  Logic and Power Assembly. The d i s t a n c e  between 
t h i s  u n i t  and t h e  senso r  (along the  thermally i n s u l a t e d  connect ion)  is  
f i x e d  a t  s i x  and one h a l f  f e e t  t o  handle some very  h igh  s p e e d . s i g n a l s  be- 
tween t h e  two u n i t s ,  where t ransmiss ion  time can a f f e c t  performance. This  
f i g u r e  shows t h e  on ly  i tem r e q u i r i n g  maintenance by o p e r a t i o n a l  personnel  
i n  t he  ana lyze r .  The ana lyze r  w i l l  announce when t h e  a i r  f i l t e r s  f o r  t h e  
thermal c o n t r o l  system have accumulated so  much d u s t  and d i r t  t h a t  they 
must be cleaned t o  main ta in  proper  c o n t r o l  system performance. The f i l t e r s  
a r e  s t anda rd  automobile-type u n i t s ,  s o  t h a t  maintenance should be  s t r a i g h t -  
forward. The s c a l e  r e s t i n g  on t h e  top of t h e  u n i t  is' a  one-foot r u l e  t o  
g ive  t h e  viewer a  concept  of o v e r a l l  s i z e .  

Bo'th of t h e s e  u n i t s ,  t h e  Sensor Assembly and t h e  Logic and Power 
Assemb.ly, a r e  designed t o  meet Nat iona l  E l e c t r i c a l  Code Class  2 ,  D iv i s ion  
l', Group F cond i t i ons .  They do n o t  need s p e c i a l  f a c i l i t i e s  f o r  proper  
ope ra t ion .  The thermal  c o n t r o l  system i s  e ~ p e c t e d ~ t o  perform p rope r ly  over 
a n  ambient temperature range from - 3 0 ' ~  t o  +4S°C. 

The c o n t r o l  room equipment (F igure  6 )  i s  a lmost  completely contained 
i n  a  s tandard  19" r ack .  I f  space i s  a t  a  premium, we need only  29 1 / 2  
inches  of v e r t i c a l  r a c k  space t o  hold a l l  t he se  u n i t s .  The four  i tems  
shown h e r e  a r e  t h e  power supply,  t h e  computer-processnr, t h e  c o n t r o l  panel  
and a c h a r t  r e c o r d e r .  D i g i t a l  readouts  occupy t h e  ma jo r i t y  of the  f a c e  of 
t h e  c o n t r o l  pane l ,  p rovid ing  l a r g e  d i g i t s  r eadab le  from a d i s t a n c e .  The 
c l u d t e r  of i n d i c a t o r s  and swi tches  on t h e  r i g h t  con ta in  t h e  fo l lowing  
( r ead ing  l e f t  t o  r i g h t ,  row by row) : 

Contro l  F a i l :  T e l l s  t h e  opera tor .when i t  i s  not l i t  t h a t  
t h e  computer is  running t h r u  i t s  paces i n  
a  normal mode and r e - t r i g g e r i n g  an  i n h i b i t  
c i r c u i t  every t e n  seconds.  S ince  t h e  com- 
p l e t e  c o n t r o l  and d a t a  process ing  c y c l e  
i s  performed i n  a 10-second i n t e r v a l ,  i f  
t h e  computer should ever  g e t  hung up some- 

' 

where, t h i s  i n d i c a t o r  would go on. Another 
p o s s i b i l i t y  f o r  t h e  i n d i c a t o r  t o  come on 
would be  power l o s s  t o  the  computer. 

i Data Valid:  This  is  t h e  normally l i t  green l i g h t  say ing  
every th ing  i s  okay s o  f a r  a s  any of t h e  
c i r c u i t r y  can determine.  



. Sensor  Off :  I n d i c a t e s  t h e r e  i s  no power a t  t h e  s enso r  
i n s t a l l a t i o n ,  even though eve ry th ing  seems 
a l r i g h t  i n  t h e  c o n t r o l  room. 

Check F i l t e r :  The p rev ious ly  descr ibed  f l a g  f o r  a i r  f i l t e r  
maintenance. 

Microwater/  
E lan  Water: A s e l e c t i o n  by t h e  o p e r a t o r  t e l l i n g  t h e  

computer t o  use  t h e  microwave mo i s tu re  
measurement i n p u t  o r  t h e  e lementa l  ana lyzer  
a  p r i o r i  i n p u t  of  6% mois ture .  

Power F a i l :  A ~ i u r u ~ a l l y  energ ized  c i r c u i t  which t r i p s  on 
any s h o r t  power f a i l u r e .  Eve11 i f  power r e t u r n s  
qu i ck ly  and t h e  s y s  tem cont inues  t o  perform, 
t h e  ope ra to r  must r e s e t  t h i s  swi tch  t o  t e l l  
t h e  computer t h a t  t h e  i n t e r m i t t e n t  f a i l u r e  
was du ly  noted.  

Chart  Zero: A s i g n a l  t o  s e t  t h e  range of  t h e  r eco rde r  
at zero. 

. Chart  P u l l  
Sca l e :  A s i m i l a r  s i g n a l  t o  s e t  f u l l  s c a l e .  

Lamp T e s t :  A sw i t ch  t o  a l l ow  t h e  ope ra to r  t o  t e s t  t h e  
1-amps by ho ld ing  down t h e  switch.  Upon 
r e l e a s e ,  t h e  computer c y c l e s  i t s  l o g i c  and 
r e l i g h t s  t h e  lamps f o r  1 0  seconds t o  i n d i c a t e  
t h a t  t he  c i r c u i t s  are  a l s o  func t ion ing  
p rope r ly .  

The l a s t  sw i t ch  is  p r o t e c t e d  by an a c c e s s  cover .  "Res ta r t "  causes  t h e  
system t o  r e - i n i t i a l i z e  and run  th ru  i t s  e n t i r e  s t a r t -up  sequence. We the re -  
f o r e  want t h e  o p e r a t o r  t o  u s e  t h i s  sw i t ch  on ly  when he  r e a l l y  i n t e n d s  f o r  t h i s  
sequence t o  be fo l lowed.  

The c h a r t  r e c o r d e r  p rov ides  running graphs of t he  o u t p u t s  shown on t h e  
d i g i t a l  d i s p l a y .  Other  d e t a i l e d  d a t a  which can be recorded and used a t  a l a t e r  
dat;  i s  put  on t h e  p r i n t e r  (F igu re  7 ) .  Any of t h e  numbers which occu r  i n  t h e  
a n a l y t i c a l  c y c l e  could b e  c a l l e d  up and recorded ,  i f  d e s i r e d ,  on command. 
Curren t  p lans  c a l l  f o r  the  o p e r a t n r  t o  c a l l  f o r  n print-uub once pe r  s h i l ' L ,  
a t  which time 24 hours  worth of h i s t o r y  w i l l  b e  p r i n t e d .  With t h i s  much 
redundancy, a l l  t h e  d a t a  could be  recorded d e s p i t e  ope ra to r  omiss ions .  



Dry Coal LCT T o t a l  E r r o r  
F r a c t i o n  l / e  Response I n  Dry Coal 

B y  Weight Time . Weight F r a c t i o n  

M o i s t u r e  ( F r a c t i o n  By Weight)  - % :  6 .0  

T h e o r e t i c a l  Heat Conten t  - MJ/Kg: 33 .24  tB.087'  . . 
Lbs.  ~ 0 ~ 1 1 0 ~  BTU: 

TABLE 1 

"CLEANED" COAL 
< 

P r e d i c t e d  E r r o r s  and Readouts  

A l l  e r r o r s  a r  
An e x p r e s s e d  
s t a t i s t i c a l ,  

.e e x p r e s s e d  a s  o n e  s t a n d a r d  d e v i a t i o n  o f  v a l u e .  
e r r o r  i n c l u d e s  the t h e o r e t i c a l  c o n t r i b u t i o n  o f  
s y s t e m a t i c  and d i s c r i m i n a t o r  d r i £ t  e f f e c t s ,  b u t  

does  n o t  i n c l u d e  t h e  e f f e c t s  of d e n s i t y  v a r i a t i o n  c o r r e c t i o n  
o r  mois tu re ,measurement  e r r o r  o r . a n y  i n h e r e n t  i n a c c u r a c i e s  o f  
t h e  f o r m u l a s .  



Ash - %: 11.2 40.25 

Dry Coal LCT T o t a l  E r ro r  
F r a c t i o n  l / e  Kesponse I n  Dry Coal 

By Weight Time Weight F rac t ion  
Element K i  (2)  (min) % of Coal % of Ki 

' Mois ture  ( F r a c t i o n  By Weight) - % 9.99 

T h e o r e t i c a l  Heat Content - MJ/Kg: 26.68 k0.068 

L b s .  S U , / ~ C J ~  BTU: 5 . 5 8  k0.096 

Carbon 

Hydrogen 

Nitrogen 

S u l f u r  

Ch lo r ine  

Calcium 

I r o n  

S i l i c o n  

Aluminum 

T i  t a n i ~ l r n  

Sodium 

Potassium 

"MEDIUM-HTGH S" COAL - 
Pred ic t ed  E r r o r s  and Readouts 

A l l  e r r o r s  a r e  expressed a s ,  one s t anda rd  d e v i a t i o n  of va lue .  
An expressed  e r r o r  i n c l u d e s  the  t h e o r e t i c a l  c o n t r i b u t i o n  of 
s t a t i s t i c a l ,  s y s t e m a t i c  and d i s c r i m i n a t o r  d r i f t  e f f e c t s ,  bu t  
does n o t  i n c l u d e  t h e  e f f e c t s  of d e n s i t y  v a r i a t i o n  c o r r e c t i o n  
o r  mo i s tu re  measurement e r r o r  o r  any i n h e r e n t  i n a c c u r a c i e s  of 
t h e  formulas .  
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FIGURE 1 

COAL ANALYZER SCHEMATIC VIEWS - 
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DATA-ANAL'fS IS EQUIPMENT 

Block Diagram 
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DESIGN AND INITIAL TESTING OF 
HIGH TEMPERATURE/PRESSURE SAMPLERS 

T. R. Bump and H. Chang 
Components Technology Division 
Argonne National Laboratory 
Argonne, Illinois 60439 

ABSTRACT 

The ANL High Temperature/Pressure Samplers Program develops, under 
guidance of the Moygantown Energy Technology Center (METc), samplers for 
installation at selected locations in coal-process PDU, pilot, and, event- 
ually, Demonstration plants, to improve monitoring of plant performance. 
Two samplers have already been designed and procured, a Non-insertable, 
Isothermal Gas Sampler and an Insert able Pyrometer . The former component 
+s designed to collect gas samples near the wall of R water-cooled coal 
process vessel, such as the METC low-Btu gasifier, and deliver the gas 
isothermally to an analyzer. The sampler line heaters and their control 
console, whieh controls the heaters at the gas sample stream inlet temper- 
ature, have already been tested at 1500'~. Also, the pressure letdown 
system, which provides for a 300 psi drop from gasifier to analyzer, has 
been calibrated for use as a flowmeter. 

The Insertable Pyrometer is designed to penetrate into the interior of 
a pressurized coal-process vessel, such as the METC gasifier, and measure 
radial temperature distributions, to at least 2000'~. The reference probe 
houses a quartz rod that transmits infrared signals from the vessel inter- 
ior to a signal analyzer outside the vessel, The entire component has 
already operated satisfactorily away-from-vessel. In addition, an Inser- 

t table, Combined, High-velocity Thermocouple and Isothermal Gas Sampler, 
that combines many features of the first two components, has been designed 
and is under procurement. Finally, the conceptual design of a Coring-type 
solids Sampler has been completed. 

INTRODUCTION 

Current coal-process PDU and pilot plants operate essentially as 
"black boxes," with characteristics of the process ingredients known 
only at the inlets and outlets of the process streams. Basic engineer- 
ing data are needed for o t h e r  locations within plant process streams 
operating at hlgh temperatures and pressures; therefore, it is essential 
to install samplers to determine the extent of reaction completion and 
other process parameters, at those locations. A recent example of such a 
sampler for a non-coal process applicaiion is described in Ket. (1). 
Reference ( 2 )  describes samplers for coal-process use, but these samplers 
are intended primarily for characterization of particulates in gasifier 
product streams. 

Because samplers for coal-process use are generally unavailable, 
ANL has been funded by DOE to develop them, under the guidance of the 
Morgantown (WV) Energy Technology Center (METC). Two samplers have 
already been designed, fabricated, and partially tested: a Non-insertable, 
Isothermal Gas Sampler, and an Insertable Pyrometer. A third unit called 



an Insertable, Combined, High-velocity Thermocouple and Isothermal Gas 
Sampler, has been designed and is currently under fabrication. A fourth 
unit, a Coring-type Solids Sampler, has been brought through the conceptual 
design stage. Details of each of these samplers are given in the following 
sect ions. 

NON-INSERTABLE, ISOTHERMAL GAS SAMPLER 

This component, with nominal design conditions of 300 psig and 1500°~, 
is designed to collect an up-to-100-std-B/m gas sample stream near the wall 
of a water-cooled coal-process vessel, such as the METC low-Btu gasifier, 
Ref. ( 3 ) ,  and deliver the gas isothermally to a spectrometer for on-line 
analysis. Isothermal delivery is required to maintain the sample stream in 
chemical equilibrium so that ex-vessel spectrometer data can be readily 
extrapolated to indicate gas compositions inside the vessel. A side 
benefit of isothermal delivery is that tar condensation in the sample 
stream is discouraged, thereby increasing analysis accuracy and decreasing 
the possibility of sample line plugging. Gasifier gas compositions are of 
interest to METC researchers because, in their efforts to develop improved 
product stream cleanup systems, they desire to correlate gasifier 6perating 
conditions with performance of cleanup system components. 

Because heat loss conditions vary considerably along the sample 
line between vessel and analyzer, seven separate heaters are provided. 
Each of the heaters is controlled independently to maintain the local 
sample line temperature equal to that of the gas entering the sample line. 
The gas inlet temperature is measured by a "high velocity thermocouple," 
Ref. 4. Such a thermocouple is designed to (a) promote convective heat 
transfer to the thermocouple hot junction by providing high gas velocity at 
the junction, and (b) reduce radiative heat transfer from the hot junction, 
by surrounding the junction with a radiation shield(s), preferably heated 
to the junction temperature. In this way, the junction temperature 
can be very close to that of the gas passing the junction. 

Three of the seven heaters are incorporated in an Alumina Heater, Fig. 
1, which is comprised of three lengths of doubled, 20 ga., Incoloy 800 
wire* wound at three axial locations on a 318 in. OD x 114 in. ID x 38 in. 
lorlg high-purity alt~milla tube. The wire is bonded to the tube, and electri- 
cally insulated, with alumina cement, and covercd with Refractory Products 
WRP-X-AQ thermal insulation. Also bonded to the tube are control and limit 
thermocouples, one each for each heater, consisting of 1/16 in. O,D, 
Inconel 601 sheathed, ungrounded, Type K wire. The gas inlet temperature 
is measured with a similar thermocouple (the high velocity thermocouple) 
that travels the length of the alumina tube between the heater wire and 
thermal insulation and is bent to enter the inlet end of the tube as can 
be seen in Fig. 1. In event of failure of this thermocouple, a backup 
unit, centered by "spiders," would be installed along the axial centerline 
of the tube. 

--------- 
*Incoloy 800 (and Inconel 601) are used because of their superior 
resistance to sulfidation. Alumina is used because of its chemical 
inertness and high-temperature strength. 



The Alumina Heater serves to carry the gas sample stream isothermally 
through the gasifier water jacket. The Beater thermal insulation fits 
snugly inside a 1-114 in., Sch. 40 Incoloy 800 horizontal pipe that is 
attached to the inner wall of the water jacket and provides a gas-water 
pressure boundary. That Incoloy pipe in turn is centered inside an exist- 
ing 2 in. carbon steel nozzle, Fig. 2, welded to the water-jacket outer 
wall. The nozzle is flanged to a bellows Expansion Joint welded at 
its other end to the outboard end of the 1-114 in. Incoloy pipe. The 
Expansion Joint allows for differential expansion between Incoloy pipe 
and 2 in. nozzle, and is provided with a tap to allow cooling water to 
circulate from the water jacket, through the nozzle and Expansion Joint, 
and on to the suction of the water jacket circulating pump. 

The outboard end of the Expansion Joint is flanged to a Type 316 
stainless steel Spool Piece of 6 in., Sch. 40 pipe, Fig. 3, that is 
flanged in turn to a Tapered Connection, Figs. 4 nnd 5 .  The Tapered 
Connection provides a lnnse uunaec~ion between the Alumina Heater and 
dewnslream metal  ample lines. The Tapered Connection is centered about a 
314 in., Sch. 80 Incoloy 800 pipe that has a loose socket for the Alumina 
Heater's alumina tube at one end and an Autoclave 9/16 in. OD tubing, Type 
316 stainless steel modified coupling at the other. The Incoloy pipe is 
wound with a controlled heater to allow carrying the sample gas stream 
isothermally from the Alumina Heater to a Throttle and Shutoft sabassembly, 
composed prima~ilg nf Autoclave fittings, that leads to the sample analyzer. 
Two reducers connect the 314 in. pipe to a 6 in. flange that is bolted to 
the outboard end of the Spool Piece. The two reducers provide a gradual 
temperature transition from the up-to-1500°F 314 in. pipe to the cool Spool 
Piece. Conservative calculqtions indicate that the Tapered Connection can 
withstand at least 500 thermal cycles between 7 0 " ~  and 1500'~ at 300 psi 
without risk .of fatigue failure. The Tapered Connection also provides, in 
its 6 in. flange, the gas sample-air pressure-boundary penetrations for the 
Alumina Heater ' s mullite-beaded heater lead wires and its thermocouples, 
which are sealed at the penetrations with Conax fittings. WRP-X-AQ insula- 
tion is installed in the remaining gap between Tapered Connection radllrers 
and Spool Piece. 

The Throttle and Shiitoff suLa8aembly, between Tapered Connection 
and aualyzer, includes two shutoff valves, a throttle valve, and a filter. 
Also included are tees for measuring gas sample temperatures, to ensure 
isothermal conditions are being achieved, and taps for backflushing with 
either steam or gas. A Pressure Letdown is provided t o  help r e d u ~ e  the 
sample gas pressure, frcrm the up-to-300 psl gasifier level to the atmos- 
pheric anaiyzer level, by use of pipe friction (rather than by orificing 
which, with local velocity increases, would reduce local temperature). The 
Letdown consists of a 7/16 in. OD x 1/16 in. walL x 8 ft long stainless 
steel tuhe lmlding a second 114 in. OD plugged tube that is centered 
by dimples formed in the outer tube. Bath tubes are wound into a 7-112 in. 
OD x 12 in. high helix to reduce overall length. The sample gas stream 
flowing through the annulus between tubes undergoes a significant pressure 
drop under desired isothermal conditivns. The Throttle and Shutoff 
subassembly components are provided with three separate heaters of 118 in. 
OD sheathed heater wire, and insulated with WRP-X-AQ material. One of the 
three heaters is dedicated to the valves, which are not allowed to exceed 
1200"~. 



The Alumina Heater and the Heater Console, Fig. 6, have already 
been tested together, with the Heater at 1500'~ in air, and operated 
satisfactorily after modest improvements were made. The Heater was 
originally made with the welds between heater wires and heater lead 
wires (the latter twice as big in diameter as the former) outside of 
the alumina bonding cement. This resulted in hot spots in the exposed 
heater wire at those locations, because the relatively high thermal-con- 
ductivity cement was not available to carry the heat away. The Heater was 
repaired to ensure that the heater wires were completely covered by cement. 
Also, the heater controllers were originally not provided with variable 
transformers, the idea being that the controllers' voltage-pulsing capabil- 
ities could avoid heater overheating regardless of maximum applied voltage. 
This did not prove to be the case, so variable transformers were added to 
allow reducing applied heater voltage. 

Also, the Pressure Letdown has been calibrated for pressure drop 
vs. flowrate, so that it can be used as a gas-sample-stream flowmeter. 
Unfortunately, the Pressure Letdown was found to produce less pressure 
drop than desired, primarily because last-minute parts availability 
necessitated using parts that produced a slightly larger flow annulus 
than was originally selected. It is not planned to procure an addition- 
al higher-pressure-drop device of this type until the first has been 
tested under prototypic conditions; the device, with its narrow annulus, 
may tend to plug too readily and have to be re-designed. 

INSERTABLE PYROMETER 

This component, also with nominal design conditions of 300 psig 
and 1500°~, is designed to measure radial temperature distributions within 
a water-cooled coal-process vessel such as the METC low-Btu gasifier . 
Gasifier temperatures are of interest to METC researchers again because 
they wish to correlate them with performance of product stream clean- 
up system components. 

Figure 7 illustrates an assembly of a number of subassemblies of the 
Insertable Pyrometer, namely the Guide Rod and Support Subassembly, the 
Slide Subassembly, the Probe Subassembly, and a hydraulic cylinder. The 
reference Probe Subassembly consists of a housing of 1 in., Sch. 160 
Tncolay 800 pipe which contains internals the most important of which is a 
stainless-steel-encased, 114 in. dia. quartz rod that exrends tllo~~y the 
axial centerline of the Probe. The inboard end of the quartz rod receives 
infrared signals from various radial positions in the gasifier's bed, and 
the rod transmits'the signals to a Vanzetti signal analyzer (not shown) at 
the outboard end of the Probe. 

The actual connection between the quartz rod and the signal analyzer 
consists of a short length of flexible fiber optics, provided by Vanzetti. 
The rnrralation between signal analyzer output and temperature is dependent 
on the gasifier bed's emissivity at the inboard end of the quartz ~ u d .  
 he temperature recorder, Fig. 8, has provision for emissivity input,) It 
is expected that the bed's emissivities are very close to unity; however, 
even if the emissivities were as low as 0.8 the error in recorded tempera- 
tures, assuming E = 1, would be less than five percent. 



It is anticipated that differential thermal expansion, between 
the quartz and potential deposits from the gasifier bed, may keep the 
inboard end of the quartz "clean". If not, steam-jet cleaning is a pos- 
sible backup, as is substitution of a thermocouple(s) for the quartz rod. 
Potential advantages of the quartz rod over thermocouples are faster time 
response and longer life. Even though the design temperature of the Probe 
is "only" 1 5 0 0 " ~ ~  it is anticipated that it will be possible to insert its 
inboard end momentarily to the center of the METC bed, where temperatures 
as high as 2400"~ could be encountered. 

A concentric ring is welded to the outboard end of the Probe, and this 
ring is "trapped" by the Slide Subassembly which rides, courtesy of Thomson 
ball bushing pillow blocks, on the guide rods of the Guide Rod and Support 
Subassembly (~ig. 7). The weight of the latter is supported by calibrated- 
spring hangers. A hydraulic cylinder bolted to the Guide Rod and Support 
Subassembly has its piston rod bolted to the Slide Subausembly and provides 
the force necessary to insert the Prohe against the gaoifier prarssura. 
The Probe is sealed by a Stuffing Box Subassembly, Fig. 9, which uses 
Garlock graphite packing and is flanged at its inboard end to a bellows 
Expansion Joint flanged at its own inboard end to an existing 2 in. OD 
carbon steal n 0 z ~ 1 e  welded t o  the gasi-liar water-jacslcet outer wall 
Inboard of the Stuffing Box Subassembly, the Probe slides inside a 1-1/4 
in., Sch. 40 Incoloy 800 horizontal pipe that is attached to the inner 
wall of the water jacket. The, nttthoard end of this pipe is welded ro the 
outboard flange of the Expansion Joint. As with the Non-insertable, 
Isothermal Gas Sampler, the Expansion Joint is provided with a tap to 
allow cooling water to circulate from the water jacket, through the nozzle 
and Expansion Joint, and on to the suction of the water jacket circulating 
Pump 

The Probe insertion load provided by the hydraulic cylinder is 
borne by the water-jacket nozzle flange, which the Guide Rod and Support 
Subassembly reacts against. The hydraulic pump for the hydraulic cylinder 
is shown in Fig. 10. The pump di~rharge line io provided w i ~ h  a re1 i.cf 
valve to prcvenr excessive load from being exerted on the water-jacket 
ncseale, 

An electro-mechanical position indicator is mounted on the Guide Rod 
and Support Subassembly. The analog signal from this device, as well as 
the one from the infrared signal analyzer, is recorded by the unit shown 
in Fig. 8. Thus one is able to read how gasifier bed temperature varies 
with radial position, each time the P r n h ~  i a  inserted into the gasifier. 

I Testing of the Insertable Pyrometer to date has consisted of coa- 
' necting the hydraulic cylinder, Fig. 7, to its hydraulic pump, Fig. 9, and ,I *>. 

*checking Probe movement under substantial load. The assembly operated 
satisfactorily. Also, operation of the temperature-position recorder, 
Fig. 8, was checked, using an infrared calibration source provided by 
Vanzetri. Again, the system tested operated satisfactorily. 

LNSERTABLE, COMBINED, HIGH-VELOCITY THERMOCOUPLE 
AND ISOTHERMAL GAS SAMPLER 

This "ICHVT & IG Sampler" combines the isothermal gas sampling and 



high-velocity-thermocouple capability of the Non-insertable, Isothermal 
Gas Sampler with the insertion capability of the Insertable Pyrometer. 
In fact, development of the latter two devices deliberately preceded 
that of the former, so that its potential problems could be divided into 
roughly two parts for parallel efforts toward solving them. Thus, the 
Alumina Heater, Expansion Joint, Tapered Connection, Throttle and Shutoff 
Subassembly, Pressure Letdown, and Heater Console of the Non-insertable, 
Isothermal Gas Sampler, and the Probe, Guide Rod and Support Subassembly, 
hydraulic cylinder and pump, Slide Subassembly, and Stuffing Box Sub- 
assembly of the Insertable Pyrometer all have their direct counterparts in 
the ICHVT & IG Sampler. 

Specific differences between the present sampler and its two prede- 
cessors follow: 

1. The highvelocity thermocouple is 114 in. OD rather than 1/16 in., 
to allow a 4x thicker sheath and correspondingly increased sulfidation 
resistance. Also, the heater wires are 17 ga. rather than 20 ga., for the 
same reason. The spider-centered 114 in. OD thermocouple runs the entire 
length of the alumina sample-gas tube, which is accordingly 518 in. OD x 
112 in. ID. 

2. To accommodate the alumina tube, heater wires, control and limit 
thermocouples, and thermal insulation, the Probe is 2 in. dia. instead of 
1-114 in., requiring that a new 3-112 in. nozzle be installed on the METC 
gasifier water jacket. 

3. The Slide Subassembly is connected to the Probe simply by being 
bolted with the Tapered Connection flange bolts. (The Tapered Connection, 
and Throttle and Shutoff Subassembly are parts of the Probe. ) 

4. Differential thermal expansion between the pipes attached to the 
gasifier water-jacket inner and outer walls (the former pipe being that 
which the Probe slides through, and the latter that to which the nozzle 
flange is welded) is accommodated by an 0-ring-sealed slip joint rather 
than by a bellows expansion joint. However, the spool piece holding 
the O-ring can be replaced by a standard bellows joint of equal length 
if the O-ring should prove unsatisfactory. 

5. The current intention is that the gas analyzer remain stationary 
while the Probe is moving. Therefore, the Throttle and Shutoff Sub- 
assembly are connected to the analyzer with a flexible metal hose that 
is equipped with heaters and covered with thermal insulation. 

There are two possible ways to seal the insertable heated probe 
of the ICHVT & IG Sampler. First, a sliding seal could be made direct- 
ly against the heated probe; this seal can be called a "high-tempera- 
ture seal." Second, a sliding seal (a "low-temperature seal") could 
be made against a cooled connection welded to the heated probe. An early 
tradeoff study had resulted in selection of the "low-temp. seal" approach, 
because uncertainties concerning performance of a "high-temp. seal" were 
believed to be too great to face. However, as time passed two additional 
significant things were learned. First, tests on the Alumina Heater for 
the Non-insertable Isothermal Gas Sampler had shown that a compact heated 



probe can be built with enough internal insulation'to keep a "high-temp. 
seal" from actually becoming very hot; this eliminated the main concern 
over that design approach. Second, detailed calculations for the "low-temp. 
seal" design had shown that it was difficult to provide for the high 
insertion force (14,000 lb) required for that design, especially when 
considering shock loads that might result from hydraulic line failure. 
 he insertion force for the "high-temp. seal" design is only 1800 lb.) 
~ccordingl~, a second tradeoff study was made, and results from that led to 
eventual selection of the "high-temp. seal" version of the sampler design. 

The ICHVT & IG Sampler design has been completed, and this component 
is currently being fabricated. 

CORING-TYPE SOLIDS SAMPLER 

Thio componant i8 designed to take core samples from thc interior of 
a water-cooled coal-process vessel, such as the low-Btu METC gasifier, and 
allow the samples to be transported in a "bomb" to a laboratory for analy- 
sis. The purpose of such analyses is to increase understanding of how coal 
lumps oi- particles change size and composition as they move from the feed 
end to the discharge end of the vessel. 

A one-end-open tube with saw-tooth leading edge is inserted radially 
into the vessel interior, and rotated simultaneously, the insertion being 
accomplished by hydraulic force and the rotation manually, at least in the 
initial version. Material inside the vessel is thereby trapped inside the 
tube, in roughly the same relative position as when undisturbed. The tube 
is then withdrawn from the vessel, carrying the trapped material with it 
as aided by ratchet-type lugs at the tube open end. The tube is withdrawn 
through a nozzle flanged to two open ball valves which are flanged to 
each other. When the sample tube is past the valves, they are closed and 
the flanged connection between them is broken to allow removal of the 
sample to a laboratory.* The outboard ball valve is piped to a stuff- 
ing box which seals the outhnwrd end of thc  aample Lube. The sample 
tube is equipped with extension pieces which must be added during gamplp- 
tube inoertion, a d  removed during sample-tube withdrawal. This provision 
permits substantial reduction of the overall length of the complete sampler, 
but of course increases the complexity of taking a sample. 

The conceptual design of the Coring-type Solids Sampler has h ~ ~ n  
completed. AL present there are no plans for proceeding further with this 
component. 

FURTHER TESTING 

Originally it was planned to perform the initial prototypic testing, 
or use, of the first three samplers described here .with the METC gasifier 
itself. However, that facility is only operated several weeks each year 
and during that limited tim& it must operate very reliably in order to 
serve its main purpose of providing a product stream for testing of 
cleanup equipment. Because testing or use of the samplers at their present 
stage might decrease the gasifier reliability, it has been decided to ---------- 
*Chemical quench to halt the reactions is possible. 



"debug" the samplers with the METC "dirty gas generator." The start 
of such testing has not yet been scheduled. 

SUMMARY 

Several components for sampling contents of water-cooled coal-process 
vessels operating under high temperatures and pressures have been designed 
and built or are under fabrication. Initial testing has been completed 
with satisfactory results. However, much more rigorous testing is required 
before the samplers will have proven themselves to be useful devices for 
aiding development of commercial plants for enhanced coal utilization. 
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A PORTABLE FLUOROMETRIC MONITOR TO DETECT 
POLY NUCLEAR AROMATIC HYDROCARBON 

CONTAMINATIQN OF WORK AREA SURFACES 

Daniel D. Schuresko 
Chemical Technology D iv is ion  
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

A hand-held f luorometr ic monitor f o r  detect ion o f  surface contamination 

by polynucl ear aromatic (PNA) compounds i s  descr i  bed. The instrument w i  11 

ind ica te  the presence o f  microgram quant i t i es  o f  PNA i n  the  workplace a t  

distances - <1 m. Laboratory t e s t  data using coal l i que fac t ion  products and 

wastes are presented. It i s  ant ic ipated t ha t  t h i s  type o f  "spotter"  w i l l  be 

used extensively t o  monitor PNA contamination o f  the "clean1' areas o f  coal 

conversion f a c i  1 i t i e s  such as 1 unch rooms, shops, changing f a c i l i t i e s ,  and 

cont ro l  rooms. Actual f i e l d  evaluat ion o f  two spot ter  un i t s  a t  several coal 
conversion p i l o t  p lants  i s  scheduled t o  begin dur ing FY 1980. 

INTRODUCTION 

Uptake o f  polynuclear aromatic (PNA) compounds v i a  contact w i t h  contami- 

nated surfaces i n  the workplace has been i d e n t i f i e d  as a major mode o f  worker 

exposure.' Thus, the need f o r  instrumentation t o  moni t o r  PNA bui ldup on 

workplace surfaces (e.g., the r e s u l t  o f  aerosol eondensstion) has been 

recognized.' '* Such instrumentation must be capable o f :  (1) funct ion ing 

dur ing actual  p l an t  operation i n  var ied working environments ; (2)  detect ing 

mater ia l  s p i l l e d  on various work surfaces such as machinery, plumbing, 

construct ion materials, and on personnel and c lothing;  and (3) being eas i l y  

and re1 i a b l y  operated by a1 1 p lan t  personnel. 

The fluorescence spotter  described i n  t h i s  paper* has these capab i l i t i es .  

This instrument, which consists o f  a hand-held opt ics  u n i t  connected v i a  an 

umbi 1 i c a l  cable t o  an e lect ron ics  module (Fig. 1 ) , enables remote moni tor ing 

o f  work area surfaces a t  distances - <1 m. The e lect ron ics  module, which 

*U.S. Patent appl i e d  f o r .  





normal ly  operates w i t h  ac power, can a l s o  be operated on rechargeable b a t t e r i e s ;  

thus the  e n t i r e  ' instrument,  i n c l u d i n g  the  b a t t e r y  pack, i s  por tab le .  

I t  i s  a n t i c i p a t e d  t h a t  p o r t a b l e  f luorescence spo t te rs  w i l l  be used 

&x ten i i ve l y  t o  de tec t  sur face contaminat ion i n  changing areas, 1 unch rooms, 

shops, c o n t r o l  rooms, and o ther  "clean" areas i n  coal  conversion f a c i l i t i e s ,  

and t o  mon i to r  s k i n  contaminat ion o f  coal  p l a n t  workers. The c u r r e n t l y  used 

method o f  d e t e c t i n g  contaminat ion i s  t o  t u r n  o f f  ambient l i g h t i n g  and scan 

the  suspected area w i t h  a b lack  l i g h t .  I n  con t ras t ,  the  newly developed 

s p o t t e r  (1 )  can be operated outdoors i n  d i r e c t  sun1 i g h t  o r  indoors i n  the 

presence o f  s t rong background. i 11 umination;. ( 2 )  prov ides a q u a n t i t a t i v e  

measure o f  t h e  amount o f  f l uo rescen t  m a t e r i a l  ; (3 )  d i sc r im ina tes  between 

the  f luorescence o f  o rgan ic  ma te r i a l s  and some inorgan ic  compounds based on 

t h e i r  f luorescence 1 i f e t imes ;  and ( 4 )  does n o t  present  a v i s i o n  hazard t o  

personnel. 
t 

't - EXPERIMENTAL 

The s p o t t e r  induces and detec ts  the  f luorescence o f  PNAs t h a t  charac- 

t e r i s t i c a l l y  absorb l i g h t  i n  the  350- to-  440-nm,region o f  the spectrum and 

f,uoresce w i t h  h igh  e f f i c i e n c y  i n  the  b l " 'e-green reg ion  o f  t he  spectrum. 
'.' 

M i l  ti r i n g  heteroatom aromatic compounds, i n c l  udi  ng a r c i d i  nes, a r e  a1 so 

detected, a l though they genera l l y  absorb l i g h t  and f l uo resce  a t  longer  * 

wavelengths than do t h e i r  pure hydrocarbon counterpar ts .  

The op.t ics u n i t ,  shown schemat ica l ly  i n  F ig .  2 serves two func t i ons .  

I t  i s  (1  ) an ' i 11 umi na to r  , which produces a beam o f  amp1 i tude-modul a ted  

f luorescence-exci t i n g  1 i g h t ;  and (2 )  a' f luorescence detec tor ,  which responds 

. t o  f i l  te r - se lec ted  wavelengths bands i n  t h e  380- t o  600-nm range. The 

f luorescence-exc i t ing  l i g h t  i s  one o f  t h e  emission bands produced by a h igh-  

pressure mercury a rc  lamp, t y p i c a l l y  t he  365-nm band f o r  PNAs. The lamp 

ou tpu t  i s  focused onto vanes of a f i xed  frequency e lect romagnet ic  chopper 

and subsequently i s  co l l ima ted  and f i l t e r e d .  This  'beam i s  r e f l e c t e d  from an 

a luminized m i r r o r  ( r e f l e c t a n c e  = 96%) and i s  then focused onto a d ichromat ic  

beam s p l i t t e r  appropr ia te  t o  the  se lec ted  e x c i t a t i o n  and emission wavelength 

bands.' The r e f l e c t e d  e x c i t a t i o n  beam i s  ou tpu t  v i a  a te lephoto  o b j e c t i v e  lens  

t h a t  can be ad jus ted  t o  g i v e  the  des i red  e x c i t a t i o n  beam divergence. '  When 
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t he  te lephoto  lens i s  adjusted t o  produce a  co l l ima ted  e x c i t a t i o n  beam, the  

beam diameter i s  ~ 1 . 5 5  cm. The 96% r e f l e c t o r  passes a  small percentage o f  

t he  e x c i t a t i o n  beam which i s  measured by an i n teg ra ted  photodiode/operat ional  

a m p l i f i e r .  This  s igna l  i s  used t o  o f f s e t  the  p h o t o m u l t i p l i e r  s igna l  component 

due t o  beam s p l i t t e r  and te lephoto  f luorescence, and t o  normal ize the  r e s u l t a n t  

f 1  uorescence s igna l  by t h e  e x c i t a t i o n  beam i ntens i  t y  . Sample f luorescence i s  

c o l l e c t e d  by the  te lephoto  ob jec t i ve ,  t ransmi t ted  through the  d ichromat ic  

sp l  i t t e r ,  fi 1 tered, and subsequently transmi t t e d  t o  the  photomul ti p l  i e r  tube, 

which conver ts  t he  f luorescence emission i n t o  a  photocurrent .  

The opera t ion  o f  t h e  s p o t t e r  i s  depicted i n  F ig .  3, as a re  the  s igna l  

t races  corresponding t o  the  rad ia ted  uv i n t e n s i t y  ( t r a c e  A )  and t o  the  

f luorescence ( t r a c e  B)  t h a t  i s  produced when a  s p i l l  has been "s igh ted . "  The 

r a d i a t e d  uv beam i s  ampl i tude modulated a t  1  kHz by the  e lect romagnet ic  

chopper; thus the  induced f luorescence i s  a l s o  modulated a t  1  kHz. This  1  kHz 

f luorescence s igna l  i s  superimposed on a  much s t ronger  s igna l  from r e f l e c t e d  

background i l l u m i n a t i o n  c f  t h e  viewed surface. The e l e c t r o n i c  frequency 

spectrum o f  ac-powered f l uo rescen t  o r  incandescent room l i g h t i n g  cons i s t s  o f  

a  120-Hz frequency component and i t s  harmonics superimposed on w h i t e  no ise  

(dc-powered lamps and sun1 i ght  produce o n l y  whi te -no i  se background) ; hence, i t  

i s  poss ib le  t o  separate the  f luorescence s igna l  from the  background s igna l  by 

e l e c t r o n i c  f i  1  t e r i n g  ( t r a c e  C )  . Demodulating and low-pass f i  1  t e r i n g  o f  t h i s  

s igna l  ( t r a c e  D) e f f e c t i v e l y  averages each 112-msec pulse and a l lows de tec t i on  

o f  f luorescence o n l y  3% as i n tense  as the  background i l l u m i n a t i o n  i n  the o p t i c a l  

wavelength band o f  i n t e r e s t .  

The s igna l  processing c i r c u i t r y  i s  schematized i n  F ig .  4. The photo- 

cur ren ts  o f  both photodetectors are.conver ted t o  vol tages by c u r r e n t  pream- 

p l i f i e r s ,  and the  two s igna ls  a re  subsequently f e d  t o  a  d i f f e r e n t i a l  a m p l i f i e r .  

During spo t te r  operat ion,  t he  n u l l  potent iometer  i s  adjusted t o  produce the  

minimum d i g i . t a l  meter ou tpu t  w i t h  the  s p o t t e r  head po in ted  a t  an i n f i n i t e l y  

d i s t a n t  surface. Th is  d i f f e r e n c e  s igna l  i s  fed  t o  a  phase-sensi t ive demodulatnr 

t h a t  i s  gated by a  re ference s igna l  from the  beam chopper o s c i l l a t o r .  The 

output  vo l tages from the  demodulator card, whi'ch a re  the  s ine  and cosine phase 

components o f  t he  d i f f e r e n c e  s igna l ,  a re  e i t h e r  rou ted  d i r e c t l y  t o  a  three-  

p o s i t i o n  ou tput  se lec to r  sw i tch  o r  a re  processed by analog c i r c u i t r y  which 

computes the  d i f f e r e n c e  s igna l  ampl i tude as the  square r o o t  o f  t he  sum o f  t he  
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squares o f  t h e  two phase-components. The se lec ted  o u t p u t  i s  then i n v e r t e d  

and f e d  i n t o  t h e  numerator i n p u t  of an analog d i v i d e r .  The dc -vo l tage  o u t p u t  

o f  t h e  peak d e t e c t o r  c i r c u i t ,  which measures t h e  h e i g h t  o f  t he  e x c i t a t i o n  

i n t e n s i t y  pu lses,  feeds t he  denominator i n p u t  o f  t h e  d i v i d e r ,  whose o u t p u t  i s  

now independent o f  t h e  mercury lamp o u t p u t  power. T h i s  vo l tage ,  which has 

now been compensated f o r  background f luo rescence  and e x c i t a t i o n  i n t e n s i t y  

v a r i a t i o n ,  i s  read  o u t  v i a  a  vo l tage- to - f requency  conve r te r  coupled t o  a  smal l  

speaker and a  d i g i t a l  vo l tme te r .  I n  a c t u a l  ope ra t i on ,  t h e  user  scans t he  

suspect  sur face w i t h  t h e  o p t i c s  head and, upon l o c a t i n g  an area t h a t  produces 

a  s i g n i f i c a n t  i nc rease  i n  t h e  f requency o f  t h e  aud io  o u t p u t  tone, reads t he  

v o l t a g e  l e v e l  on t h e  meter .  P r e c a l i b r a t i o n  o f  t h e  ins t rument  w i t h  a  known 

s tandard  enables convers ion  o f  t h e  meter  vo l tages  t o  con tamina t ion  l e v e l s  i n  

e q u i v a l e n t  u n i t s  o f  t h e  s tandard compound. 

RESULTS AND DISCUSSION 

The s p o t t e r  has been l a b o r a t o r y  t e s t e d  w i t h  pure compounds and w i t h  

severa l  coa l  and o i l  sha le  p roduc ts  and wastes. When operated i n  a  l a b o r a t o r y  

a rea  i 1 lumi  na ted  by f l  uorescent  1  i g h t i n g ,  t h e  s p o t t e r  can t y p i c a l  l y  d e t e c t  

0.1 pg o f  pe ry l ene  (as a  d i l u t e  s o l u t i o n  i n  cyclohexane) a t  a  d i s t ance  o f  

50 cm. Cons ider ing  t h a t  10-pg doses o f  severa l  PNAs w i l l  induce changes i n  

t h e  metabol ism o f  c u l t u r e d  mammalian c e l l s  ,3'4 i t  i s  e v i d e n t  t h a t  t h e  h i gh  

s e n s i t i v i t y  o f  t h e  s p o t t e r  i s  a p p r o p r i a t e  t o  i t s  in tended t ask .  

The dynamic. range o f  t h e  s p o t t e r ' s  response i s  0.1 t o  >10 yg o f  pery lene  

( a t  a  d i s t ance  o f  50 cm) , as shown i n  F ig .  5. The d i s tance  dependence o f  t h e  

s i g n a l  f rom a  10-ug sample i s  shown i n  F ig .  6  f o r  t he  c o n d i t i o n  where t he  

t e l e p h o t o  o u t p u t  l e n s  i s  ad jus ted  t o  produce a  c o l l i m a t e d  uv beam. The s i g n a l  

decrease below t h e  (distance)- '-power law a t  d is tances  beyond 60 cm i s  due t o  

some r e s i d u a l  d ivergence of t h e  uv beam, a  r e s u l t  o t  t h e  t i n i t e  s i z e  o f  t h e  

beam focus on t h e  d i ch roma t i c  s p l i t t e r .  

Tables 1  and 2  l i s t  t h e  spotter-measured s p e c i f i c  f luorescence o f  severa l  

s y n t h e t i c  f u e l  p roduc ts  and wastes. The o i l  samples were prepared by p l a c i n g  

1- t o  10-mg d r o p l e t s  o f  each o i l  on to  microscope s l i d e s  and cove r i ng  each 

d r o p l e t  w i t h  a  cover  s l i p .  Th i s  technique y i e l d e d  .I- t o  20-pm-thick f i l m s  o f  

known area and t h i ckness  whose o p t i c a l  absorbance a t  365 nm, t h e  p r i n c i p a l  
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SAMPLE PERYLENE CONTENT ( p q )  

Fig. 5. Spotter response vs sample PNA content. 
The samples were 0.064 to 6.4 ppm 
solutions of perylene in cyclohexane. 
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S A M P L E - T O -  SPOTTER DISTANCE ( c m )  

Fig. 6 .  Distance dependence of 
. spotter response. 



Table 1  : S p e c i f i c  f luorescence o f  coa l  1  i q u e f a c t i o n  
and o i l  sha le  products 

Sampl e  Speci f i  c  f l  uorescencea 
( u n i  t s jmg)  

COED Syncrude 
Hydro t rea ted  coal  d i s t i l l a t e  
Product d i s t i l l a t e  
Cent r i fuged sha le  o i l  
ORNL hydrocarboni z a t i o n  o i  1  (HC-12) 
SRC-I1 rue1 o i l  b lend 
S R C - I  r e c y c l e  s o l  vent (raw) 
S R C - I  wash so l ven t  
S R C - I  l i g h t  o rgan ic  l i q u i d  (raw) 
S R C - I  process s o l  vent  
SRC-I l i g h t  o i l  

a ~ n e  u n i t  o f  f luorescence i s  de f i ned  as the  equ i va len t  f luorescence 
o f  1  pg o f  pery lene i n  a  d i l u t e  so lu t ion .  i n  cyclohexane. 

b ~ o t  de tec tab le .  

Table 2 .  c p ~ c i f i c  f l~ inrescenc 'e o f  coal  1 i que fac t i on  wastes 

Sampl e  Spcci f i c  f l  uorescencea 
( u n i  ts/rng) 

S R C - I  b i o - u n i t  feed  0.7 

S R C - I  b i o - u n i t  e f f l u e n t  0.4 x  l o - "  
S R C - I  b i o -un i  t sludge 

SRC &.T p l a n t  e f f l u e n t  

S R C - I  surge tank sludge ' 3 .  12.9 x  10- 
( d i  1  u ted  400: 1  i n  cyclohexane) 

S R C - I  surge r e s e r v o i r  water  0.7 

SRC- I graver  e f f l  uent 0.6 x l o - 3  

a ~ n e  u n i t  o f  f luorescence i s  de f i ned  as t h e  equ i va len t  f luorescence 
o f  1  'pg o f  pery lene i n  a  d i l u t e  s o l u t i o n  i n  cyclohexane. 

b ~ ~ t  detec tab le .  



e x c i t a t i o n  wavelength, was l e s s  than 0.3-0.d. un i  t s .  Th-e undi  l u t e d  waste 

samples were p laced  i n t o  3.6-cc v i a l s  f o r  measurement, w i t h  t h e  excep t ion  o f  

t h e  surge-tank s ludge which was d i l u t e d  400:l i n  cyclohexane. The v a r i a t i o n  

i n  t h e  s p e c i f i c  f luorescence o f  t h e  SRC-I r e c y c l e  so l ven t ,  wash so l ven t ,  and 

1  i g h t  o i l  (Table 1  ) p a r a l l e l s  p r e l i m i n a r y  de te rm ina t i on  o f  t h e i r  1,2-benz- 

pyrene (BP) con ten t .  Th i s  i s  notewor thy because c o n s i d e r a t i o n  i s  be ing  g i ven  

t o  t h e  use of BP as t h e  p roxy  compound f o r  PNA de te rm ina t i on  i n  coal  and o i l -  

sha le  de r i ved  l i q u i d s .  8 

M i l l i g r a m - l e v e l  f i l m s  of  Oak Ridge Na t i ona l  Labora to ry  (ORNL) hydro- 

c a r b o n i z a t i o n  o i l  and COED syncrude on bo th  f l o o r  t i l e  and m e t a l l i c  su r faces  

have a l s o  been examined i n  a  l e s s  q u a n t i t a t i v e  f ash ion .  The f i l m  f luo rescence  

was a t  l e a s t  t e n  t imes s t r onge r  than  t h e  subs t ra te  f luorescence,  which made 

t h e  " s p o t s U . r e a d i l y  d i s t i n g u i s h a b l e .  

Coal 1  i q u e f a c t i o n  products  may c o n t a i n  c e r t a i n  o rgan i c  compounds, heavy- 

metal  i no rgan i c  m a t e r i a l s ,  and p a r t i c u l a t e  mat te r ,  a l l  o f  which quench t h e  

f luo rescence  o f  PNAs and thus  i n t e r f e r e  w i t h  f l u o r o m e t r i c  m o n i t o r i n g  techniques.  

Two,such c lasses  o f  aromat ic  compounds abundant i n  coa l  convers ion  p roduc ts  

a r e  s imp le  phenols and a c r i d i n e s .  We have t e s t e d  f o r  pheno l i c  i n t e r f e r e n c e  

by adding l a r g e  excesses o f  phenol t o  s o l u t i o n s  c o n t a i n i n g  pery lene .  Phenol 

. d i d  n o t  i n t e r f e r e  w i t h  our  f l  uoromet r i c  PNA de te rmina t ion .  . However, heteroatom 

aromat ic  compounds such as a c r i d i n e s ,  which a r e  abundant i n  o i l s  hav ing  a  

h i g h  asphal tene con ten t  and whose abso rp t i on  maxima ove r l ap  t he  emiss ion maxima 

f o r  PNAs, may p a r t i a l l y  quench PNA f luorescence. Th i s  quenching may e x p l a i n  

t he  decreased s e n s i t i v i t y  of t h e  s p o t t e r  t o  ORNL hydrocarbon iza t ion  o i l  and 

t o  S R C - I  l i g h t  o rgan lc  1  i q u i d  (Table . l ) .  Rnth m a t e r i a l s  undergo a  l a r g e  

inc rease  i n  sp&i f i c f 1  uorescence when d i  sso l  ved i n  c y c l  ohexane. 

The s p o t t e r  i s  capable o f  d i s c r i m i n a t i n g  between c lasses  o f  o rgan i c  

contaminants,  such as PNAs and a c r i d i n e  dyes, by s e l e c t i n g  op t ima l  e x c i t a t i o n  

and emiss ion wavelengths w i t h  o p t i c a l  f i l t e r s .  The s p o t t e r  can a l s o  d i s c r i m i n a t e  

t he  f luo rescence  o f  i no rgan i c  m a t e r i a l s  such as u rany l  n i t r a t e  f rom t h e  

f luo rescence  of o rgan ic  compounds due t o  t h e  l o n g  lumincscence 1  i f e t i m e  of 

u rany l  n i t r a t e , ' a l t h o u g h  bo th  m a t e r i a l s  have s i m i l a r  o p t i c a l  p r o p e r t i e s .  The 

delayed f luo rescence  o f  u rany l  n i t r a t e  r e s u l t s  i n  a  phase s h i f t  i n  i t s  f l u o -  

rescence s i g n a l  r e l a t i v e  t o  t h e  f luorescence s i g n a l  f rom o rgan i c  compounds. 

Thus t h e  r e l a t i v e  ampl i tudes o f  t h e  two phasc-component o u t p u t  vo l t ages  from 



t he  phase-sensi t i v e  demodulator w i l l  be d i f f e r e n t  f o r  t he  two types o f  

f l u o r e s c e n t  m a t e r i a l .  The s p o t t e r  i s  s e n s i t i v e  t o  1-mg q u a n t i t i e s  o f  uranyl  

n i t r a t e  and cou ld  conceivably be used t o  l oca te  s p i l l s  o r  leakage i n  the nuclear  

f u e l  and waste-handl ing f a c i l i t i e s .  Th i s  phase-sh i f t  measurement c a p a b i l i t y  of 

t h e  s p o t t e r  may a l s o  be useful  i n  d i f f e r e n t i a t i n g  PNA f luorescence from the  back- 

ground luminescence o f  inorgan ic  pigments commonly used i n  pa in t s .  

The s p o t t e r  w i l l  be p a r t i c u l a r l y  use fu l  i n  q u a n t i t i v a t i v e l y  measuring PNA 

s k i n  contaminat ion caused by contac t  w i t h  coa l -der ived l i q u i d s .  The c u r r e n t l y  

used technique i n  a t  l e a s t '  one coa l  l i q u e f a c t i o n  f a c i l i t y  i s  t o  p e r i o d i c a l l y  

scan workers w i t h  a sho r t -  o r  longwave b l a c k l i g h t  i n  a  darkened room an? t o  

v i s u a l  1  y cs t ima te  Llle extent. o f  contaminat ion . 5  The uv beam o f  the spo t te r ,  
2  which has an i n t e n s i t y  o f  o n l y  0.93 mW/cm , i s  th ree  t o  s i x  t imes less i n tense 

than s u n l i g h t  i n  the 350- t o  400-nm wavelerly t h  band;6 there fore ,  exposure o f  

contaminated s k i n  t o  the  s p o t t e r  beam does n o t  pose an unusual hea l th  hazard 

w i t h  respect  t o  poss ib le  c ~ c a r c i n o g e n i c  e f fec ts  i n v u l v l n g  uv l i g h t  and PNAs. 

Accurate measurement of s k i n  contamin.ation w i l l  enable the  e f fec t i veness  o f  

var ious  coal  p l a n t  h e a l t h  p r o t e c t i o n  p rac t i ces  (e.g., p r o t e c t i v e  c l o t h i n g ,  

b a r r i e r  creams, and var ious  methods o f  c lean ing  contaminated s k i n )  t o  be evalu- 

ated.  I t  w i l l  a l s o  prov ide  accurate data f o r  c o r r e l a t i o n  w i t h  the  inc idence nf 

s k i n  l e s i n n s .  

FUTURE DFVELQPMEN 

An extensive f i e l d  t e s t i n g  program Tur* the f 1 uorescence spo t te r  w i  11 begi n  

d u r i n g  FY 1980 t o  assess the  usefulness o f  the  s p o t t e r  t o  f o s s l l  energy 

convers ion p l a n t  h e a l t h  p r o t e c t i o n  programs. Two advanced-version spot te rs ,  

which can operate e i t h e r  f rom ac power or f rnm batteries, a r c  cur-r-ent ly belng 

t a b r i c a t e d  a t  ORNL. Planning i s  underway f o r  o n s i t e  t e s t i n g  a t  t he  PAMCO SRC 

p f l o t  p l a n t  a t  F t .  Lewls, Washington, t h e  P i t t sbu rgh  and Morqantown Energy 

Tecl l r~ology Cenlers, and t h e  Hygas Coal G a s i f i c a t i o n  P i  l o t  P l a n t  i n  Chicago. 

F i e l d  t e s t i n g  program a c t i v i t i e s  w i  11 i nc lude  moni to r ing  p l a n t  personnel f o r  

s k i n  contaminat ion. The data gathered i n  t h i s  program should be usefu l  (1 )  fo r  

comparison w i t h  i n - p l a n t  a i r  mon i to r ing  PNA measurements, (2 )  f o r  c o r r e l a t i o n  

w i t h  the  inc idence o f  s k i n  o r  r e s p i r a t o r y  hea l th  problems, and ( 3 )  f o r  t he  

establ ishment  of  good housekeeping and h e a l t h  p ro tec ton  p rac t i ces  i n  such 

f a c i  1  i t i e s .  
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The L e g i s l a t o r ' s  Viewpoint on F o s s i l  Energy Conversion 

M s .  P a t r i c i a  Schroeder,  U. S. Rep re sen t a t i ve ,  Colorado 

Economists, s c i e n t i s t s ,  businessmen and p o l i t i c i a n s  a r e  s t r u g g l i n g  t o  
o u t l i n e  and ' de f ine  what t h e  "energy c r i s i s "  r e a l l y  i s  and what we a s  a soc i -  
e t y  can do t o  s o l v e  i t .  We have a l l  l i s t e n e d  t o  t h e  gr im a n a l y s i s  and bleak 
p r e d i c t i o n s  ou r  count ry  w i l l  soon f ace  i f  we do not meet the crisis head-on. 

It i s  worth reviewing t h e  l a s t  t h r ee  decades t o  a t tempt  t o  understand 
how t h e  energy c r i s i s  c r e p t  up on ehe American pub l i c :  how i n  1.948 t h e ' l a c r  
Lhaf the  United S t a t e s  had become a nct  imporfer of n i l .  wcnt almost unnot iced;  
how t h e  furmarion of OPEC i n  September, 1960 was no t  repor ted  i n  t he  news- 
papers  u n t i l  two weeks a f t e r  it had happened; and how o i l  p r i c e  i nc reases  
have been t r i g g e r e d  by p o l i t i c a l  i n c i d e n t s  abroad,  from Suez i n  1958 t o  I r a n  
i n  1979. (Who could have p red i c t ed  t h a t  an e l d e r l y  c l e r i c  1 i v i n g . i n  a  suburb 
of P a r i s ,  communicating by c a s s e t t e s  wi th  h i s  fo l l ower s ,  could have brought 
I r a n i a n  o i l  p roduct ion  t o  a  h a l t ? )  

But w e  shouldn ' t  become bogged down i n  ana lyz ing  how we neglected t o  
cope wi th  t h e  problem i n  t h e  p a s t .  We must a l s o  r e s i s t  t he  temptat ion t o  
s e a r c h  f o r  v i l l a i n s  --- whether they  a r e  Middle Eas t e rn  s h e i k s ,  o i l  company 
execu t ives ,  env i ronmen ta l i s t s  and government bu reauc ra t s ,  o r  shor t - s igh ted  
p o l i t i c i a n s .  Po in t ing  t h e  f i n g e r  on ly  s e rves  t o  pa ra lyze  us  and prevent  pro- 
per  ac t i on .  

We have a l r e a d y  witnessed how long gaso l ine  l i n e s  have nur tured  a grow- 
i n g  d i v i s i v e n e s s ,  p i t t i n g  c i t i z e n  a g a i n s t  c i t i z e n  i n  an age of cncrdy w a r -  
c i t y .  The i n t e r e s t s  of the o i l  onJ gas producing sLares  of t he  Sunbel t are 
a t  odds with t hc  needs of  t h e  energy consuming a t u t e g  UI t he  Snowbelt. 

Our goa l  i s  t o  reduce U. S .  d c p c n d e ~ ~ c e  On imported o i l ,  making t h e  t ran-  
s i t i o n  ojiLll minimum shock t o  t h e  economy, t h e  environment and t h e  Auierican 
s o c i a l  s t r u c t u r e .  Pub l i r  po l icy-n~akers  must g rapple  wi th  one e s s e n t i a l ,  re- 
cu r i l t i g  problem t h a t  must be re-evaluated every  s t e p  of  t he  way: what r o l e  
should t h e  government t ake  i n  s t i m u l a t i n g  t h e  p r i v a t e  s e c t o r  i n t o  producing 
a l t e r n a t i v e  energy sources  and a t  what po in t  should t h e  government withdraw 
and l e t  the  market f o r c e s  take  hold? 

In today ' s  energy c r i s i s ,  wi th  new buzz-wordo such as "synfue ls"  and 
"cogenera t ion ,"  i t  i s  easy  f o r  pub l i c  o f f i c i a l s  t o  recount the  glowing mem- 
o r i e s  of the g r e a t  c o l l a b o r a t i o n s  between government and pr i -vate  i ndus t ry ,  
such a s  the Manhattan and Apollo p r o j e c t s .  But we c a n ' t  f o o l  ourse lves  i n t o  
assuming t h a t  t he  p re sen t  c r i s i s  can be solved with t he  same t e c h n t q u e ~  by 
which we put a  man on t h e  moon.. to day'^ c r i s i s  i s  of such scope and complex- 
i t y  t h a t  i t  i s  t ransforming t h e  economy, t h r ea t en ing  t o  d e s t r o y  p o l i t i c a l .  
consensus and undermining t r a d i t i o n a l  l i f e - s t y l e s .  

On May 26, 1961, P re s iden t  Kennedy asked Congress t o  shoot  f o r  t he  moon 
and,  w i th in  e i g h t  y e a r s ,  N e i l  Armstrong captured t h e  imaginat ion of t he  world 
when he made a  " g i a n t  l e a p  f o r  mankind." But our  e f f o r t  t o  reach the  moon 



d i f f e r s  from o u r  e f f o r t  t o  a c h i e v e  energy independence i n  one c r u c i a l  way: 
d u r i n g  t h e  Apollo program t h e  government a c t e d  a s  b o t h  t h e  p r o v i d e r  of t h e  pro- 
gram and i t s  s o l e  customer.  / h e  government was b o t h  t h e  sa lesman and t h e  buyer 
of i t s  own produc t .  

I n  a t t e m p t i n g  t o  r e t o o l  our  energy i n d u s t r y  t o  a d j u s t  t o  t h e  s h o r t a g e  of 
o i l ,  t h e  government is  tampering and modifying t h e  marke tp lace .  I n  coping w i t h  
t h e  energy  c r i s i s  t h e  government does  no t  have t h e  l u x u r y  of be ing  i t s  own cus- 
tomer,  but  must p r e d i c t  .and a d j u s t  i t s e l f  t o  t h e  market  f o r c e s  o f  supp ly  and 
demand. Whether o r  no t  t h e  p u b l i c  policy-makers c a n  e f f e c t i v e l y  d e a l  w i t h  t h e  
market f o r c e s  w i l l  determine how w e l l  we can p u l l  o u r s e l v e s  o u t  o f  t h e  p r e s e n t  
c r i s i s .  

Let u s  now t u r n  t o  some of t h e  p r o p o s a l s  be ing  t o s s e d  around on C a p i t o l  
H i l l .  Because of t h e  immense and compaex n a t u r e  of energy  development,  I w i l l  
f o c u s  p r i m a r i l y  on s y n t h e t i c  f u e l s  and t h e  v a r y i n g  o p t i o n s  and problems in-  
volved i n  deve lop ing  s y n f u e l s .  

A s  any member of Congress can  t e l l  you,  i t  i s  imposs ib le  t o  keep up w i t h  
a l l  t h e  t e c h n o l o g i c a l  and s c i e n t i f i c  p r o j e c t s  be ing  launched i n  t h e  energy 
f i e l d .  I f  a  d i c t i o n a r y  came ou t  c o n t a i n i n g  a l l  t h e  new energy  buzz-words, i t  
would probably  be a  b e s t - s e l l e r .  

One of t h e  most comprehensive energy p r o p o s a l s  now being c o n s i d e r e d  by 
Congress i s  t h e  c o n t r o v e r s i a l  Energy S e c u r i t y  Corpora t ion .  I f  P r e s i d e n t  C a r t e r  
h a s  h i s  way and t h i s  p l a n  i s  implemented, a  h a n d f u l  of p l a n n e r s  i n  Washington 
would be making d e c i s i o n s  on how t o  channel  up t o  $88 b i l l i o n  i n t o  new e n e r g y  
v e n t u r e s  o v e r  t h e  n e x t  1 2  y e a r s .  The Energy S e c u r i t y  Corpora t ion  would be 
c h a r t e r e d  a s  a  q u a s i - p r i v a t e  c o r p o r a t i o n  and would be exempt from r e s t r a i n t s  
t h a t  most a g e n c i e s  must meet. Thus, i t , w o u l d  n o t  be d i r e c t l y  a c c o u n t a b l e  t o  
e i t h e r  Congress o r  t h e  White House. Not s u r p r i s i n g l y ,  t h e  P r e s i d e n t ' s  propo- 
s a l  h a s  a l r e a d y  r u n  i n t o  s e r i o u s  o p p o s i t i o n .  Again, t h e  fundamental  problem 
f o r  p u b l i c  p o l i c y l n a k e r s  i s  how t o  reach  a  g o a l  --- i n  t h i s  c a s e ,  deve lop ing  
a  h e a l t h y  s y n f u e l s  i n d u s t r y  wi thout  d r a s t i c a l l y  a f f e c t i n g  t h e  p r i v a t e  market-  
p lace .  C r i t i c s  o f  t h i s  program a r g u e  t h a t  sapp ing  such  a  huge sum of  p r i v a t e  
investment  money cou ld  pre-empt t h e  c r e d i t  m a r k e t s ,  p o s s i b l y  crowding o u t  more- 
needed inves tment  s. 

Because s y n f u e l s  a r e  no t  y e t  economical ly  c o m p e t i t i v e ,  some government 
p a r t i c i p a t i o n  w i l l  be necessa ry .  It is  a p p a r e n t  t h a t  t h e  government must nur- 
t u r e  a  p r i v a t e - s e c t o r  s y n f u e l s  i n d u s t r y .  However, t h e  government ' s  r o l e  shou ld  
be minimized. 

Rather  t h a n  s e t t i n g  up t h e  Energy S e c u r i t y  Corpora t ion  as a  s e p a r a t e  en- 
t i t y ,  I t h i n k  a  b e t t e r  s o l u t i o n  might be t o  shape up t h e  Department of Energy, 
and g i v e  t h e  r e s p o n s i b i l i t i e s  t h a t  would be g i v e n  t o  t h e  ESC t o  t h e  S y n t h e t i c  
Fue l s  ~ i v i s i o n  w i t h i n  t h a t  depar tment .  That way, you cou ld  avoid a d d i n g  
a n o t h e r  l a y e r .  of bureaucracy  t o  a n  a l r e a d y  over-burdened government and a l l o w  
t h e  Department o f  Energy t o  p l a y  a  r e s p o n s i b l e  r o l e  i n  c a r r y i n g  o u t  o u r  energy 
program. 

P r e s i d e n t  C a r t e r  h a s  a l s o  c a l l e d  upon Congress t o  c r e a t e  a  three-member 
Energy M o b i l i z a t i o n  Board t h a t  would have pvwer t o  i s s u e  p e r m i t s  and o t h e r w i s e  



speed c o n s t r u c t i o n  of r e f i n e r i e s  and o t h e r  energy p r o j e c t s  i f  l o c a l ,  s ta te  o r  
f e d e r a l  a g e n c i e s  a c t e d  t o o  s lowly.  Th is  new board would have sweeping powers 
t o  d e s i g n a t e  non-nuclear energy  p r o j e c t s  as " c r i t i c a l "  t o  meet ing t h e  1990 o i l  
impor t  g o a l  and t o  e s t a b l i s h  b ind ing  s c h e d u l e s  f o r  governments a t  a l l  l e v e l s .  
I f  any  governmental  e n t i t y ,  i n c l u d i n g  s t a t e  and l o c a l  governments,  f a i l e d  t o  
keep  t h e  s c h e d u l e ,  t h e  board would have t h e  power t o  make t h e  d e c i s i o n s  i t s e l f .  

The P r e s i d e n t  has  termed t h e s e  powers a s  " c u t t i n g  r e d  tape."  I ' m  a l l  f o r  
do ing  away w i t h  n e e d l e s s  b u r e a u c r a t i c  f o o t d r a g g i n g  and n i t - p i c k i n g  r e g u l a t i o n s ,  
b u t  I would be opposed t o  " c u t t i n g  r e d  t ape"  i f  i t  becomes a  euphemism f o r  
a b r o g a t i n g  s t a t e  p e r o g a t i v e s  i n  t h e  development of o u r  energy r e s o u r c e s .  

On June 26, t h e  House passed t h e  m u l t i b i l l i o n - d o l l a r  S y n t h e t i c  F u e l s  B i l l  
t o  c r e a t e  s u b s t i t u t e s  f o r  o i l  and gas  from c o a l ,  ga rbage  and o t h e r  m a t e r i a l s .  
Thi.s b i l l  c a l l s  f o r  t h e  producion of t h e  e q u i v a l e n t  o f  2  m i l l i o n  b a r r e l s  a  day  
i n  s y n t h e t i c  f u e l s .  l'lx federal governnlcnt has a l r e a d y  spent m i l l i o n s  of do l -  
l a r s  on t h c  r e s e a r c l ~  and development of s y n t h e t i c  f u e l s .  It is  now b u i l d i n g  a  
p a r t n e r s h i p  w i t h  p r i v a t e  i n d u s t r y  t o  demons t ra te  t h e  commercial f e a s i b i l i t y  o f  
v a r i o u s  t e c h n i q u e s ,  s u c h  as u s i n g  chemical  s o l v e n t s  t o  conver t  c o a l  t o  a l i q -  
u i d .  The m u l t i b i l l i o n  d o l l a r  s y n f u e l s  investment  is  t h e  h e a r t  of t h e  energy 
p r o p o s a l  now b e f o r e  Congress.  

I have l a r g e l y  s u p p o r t e d  s y n f u e l s  development.  However t h e r e  a r e  many as -  
p e c t s  o f  t h e  s y n f u e l s  i s s u e  t h a t  myself  and o t h e r  members of Congress have had 
t o  d e a l  wi th  i n  t h e  wake of t h e  P r e s i d e n t ' s  proposed Energy S e c u r i t y  Corpora- 
t i o n  and t h e  $88 b i l l i o n  t h a t  w i l l  be s p e n t  on a  " c r a s h  program" i n  s y n f u e l s  
development.  Le t  m e  b r i e f l y  d i s c u s s  some of t h e  c o n s i d e r a t i o n s  which have 
c r o s s e d  my mind a s  I have g r a p p l e d ' w i t h  b o t h  t h e  hopes - and t h e  f a l s e  hopes 
- of s y n f u e l s  development.  

F i r s t  of a l l ,  i t  should be k e p t  i n  mind t h a t  no m a t t e r  how r a p i d l y  syn- 
t h e t i c  f u e l s  a r e  deve loped ,  a  b a r r e l  of s y n t h e t i c  c rude  does  n o t  n e c e s s a r i l y  
s u p p l a n t  a  b a r r e l  of o i l  on a  one-for-one h a s i s .  S y n t h e t i c  p r u c e s s e s  do pro- 
duce l i q u i d  f u e l s ,  but  t h e  most prnmir ing a r e  p r i m a r i l y    urge red f o r  use  I n  
u r l l i t y  and i n d u s t r i a l  b o i l e r s ,  n o t  a s  rep lacements  f o r  g a s o l i n e  and home 
h e a t i n g  o i l .  

U t i l i t i e s  burn about  1 0  p e r c e n t  of our  d a i l y  o i l  consumption,  and indus- 
t r y  a c c o u n t s  f o r  a n o t h e r  20 percent..  T r a n s p o r t a t i o n ,  lluwuver, i s  by fai t h e  
h c a v i e s t  u s e r  a t  54 p e r c e n t  of demand and i s ' r i s i n g  t h e  f a s t e s t  a t  about 4 
p e r c e n t  p e r  y e a r ,  R e s i d e n t i a l  and commercial u s e s  account  f o r  16 p e r c e n t .  
So, i t  would be f a i r  t o  s a y  t h a t  s y n f u e l s  w i l l  have l i m i t e d  a p p l i c a t i o n s  and ,  
w i t h  a  few e x c e p t i o n s  suc.h a s  g a s o h o l ,  w i l l  have l i t t l e  impact on our  need 
f o r  f u e l  t o  r u n  our  c a r s ,  p l a n e s ,  t r a i n s ,  and buses .  

Going back t o  t h e  u s e  of s y n f u e l s  i n  t h e  u t i l i t y  and i n d u s t r i a l  s e c t o r s ,  
i t  shou ld  be recognized  t h a t  most of t h e s e  u s e r s  a r e  a l r e a d y  moving away from 
o i l  because  of p r i c e  p r e s s u r e s  and t h e  f e d e r a l  c o a l  convers ion  program. A s  
a  r e s u l t ,  s y n t h e t i c  f u e l s  would n o t  s e r v e  as.  a replacement  f o r  imported o i l  
a s  much a s  t h e y  would s u b s t i t u t e  f o r  c o a l .  However, i n  p a r t s  o f  t h e  c o u n t r y  
where ' coa l  cannot  be  burned because of t h e  a l ready-poor  a i r  q u a l i t y ,  c l e a n  
s y n f u e l s  cou ld  be an  a l t e r n a t i v e  t o  t h e  burning of o i l .  



Moreover t o  t h e  ex t en t  t h a t  s y n t h e t i c s  f r e e  u p . o i I '  being used i n  t he  
u t i l i t y  and i n d u s t r i a l  s e c t o r s ,  r e f i n e r i e s  could i n c r e a s e  t he  percentage of 
t h e i r  prod.uction devoted t o  gaso l ine ,  d i e s e l  f u e l ,  home hea t ing  o i l  and o t h e r  
premium f u e l s .  This may be an expensive but necessary  way f o r  syn fue l s  t o  make 
a  s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  supply of t he se  c r i t i c a l  f u e l s .  

Secondly, j u s t  how much w i l l  a  s y n t h e t i c  f u e l s  i n d u s t r y  g r ind ing  out  2 
m i l l i o n  o r  more b a r r e l s  of product per  day i n  1990 c o s t  t he  American economy? 
The answer i s  anybody's guess.  

Pres ident  Ca r t e r  has  put an $88 b i l l i o n  p r i c e  t ag  on h i s  promotion pro- 
gram, but t h a t  p r i c e  r e f l e c t s  t he  a v a i l a b i l i t y  of w ind fa l l  p r o f i t s  t a x  reve- 
nues,  no t  a  t hough t fu l  a n a l y s i s  of synfue ls '  cos t .  And t h e  a d m i n i s t r a t i o n  pro- 
j e c t i o n ,  a s  we l l  a s  many o t h e r s ,  t ends  t o  s t a t e  only t h e  c o s t  t o  t h e  govern- 
ment. It is  much harder  t o  a s s e s s  how much p r i v a t e  investment c a p i t a l ,  i n  ad- 
d i t i o n  t o  government f i nances ,  would be requi red  t o  meet t he  t a r g e t .  

Cons t ruc t ion  c o s t s  a lone  of 40 s y n t h e t i c  f u e l  p l a n t s  producing 50,000 
b a r r e l s  per  day would come i n  a t  a  minimum of $80 b i l l i o n ,  exc lus ive  of oper- 
a t i n g  c o s t s ,  t h e  c o s t  t o  t h e  economy of expensive new f u e l s ,  f i nanc ing ,  and s o  
on. I n  a d d i t i o n ,  t h e r e  a r e  the  unforeseen c o s t s  of boomtown growth, environ- 
mental c leanups ,  p r o j e c t  f a i l u r e s ,  increased  coa l  product ion and i t s  e f f e c t  
on coa l  p r i c e s ,  and a  number.of ' o the r  f a c t o r s .  

Moreover, some of t he  s y n t h e t i c  f u e l s  now on t h e  drawing boards would 
r e q u i r e  mod i f i ca t i ons  i n  t he  b o i l e r s  of i n d u s t r i e s  and u t i l i t i e s  t h a t  would 
be t h e  market f o r  t h e  new f u e l s .  New systems f o r  t r a n s p o r t i n g  t h e  products  
t o  t h e i r  markets may be needed. No e s t ima te  of t h i s  c o s t  has been given.  

F i n a l l y ,  what happens t o  investment i n  o t h e r ,  more e f f i c i e n t  and produc- 
t i v e  s e c t o r s  of t h e  economy i f  government and p r i v a t e  investment focuses  too  
heav i ly  on s y n t h e t i c  f u e l s ?  How w i l l  i n f l a t i o n ,  by most accounts  the  n a t i o n ' s  
most s e r i o u s  problem, be worsened? Whatever t he  bottom l i n e ,  i t  is apparent  
t h a t  $88 b i l l i o n  i s  only  t h e  t i p  of t he  iceberg.  

A t h i r d  cons ide ra t i on  i s  t he  dilemma of technology choices .  I f  we a r e  to. 
embark on a  c r a s h  product ion schedule ,  we w i l l  have t o  s t a r t  bu i ld ing  syn fue l  
p l a n t s  now. That means t h a t  i n d u s t r y  w i l l  be forced  t o  r e l y  on the  kind of 
e s t a b l i s h e d  " f i r s t  genera t ion"  technologies  wi-th which it has some f a m i l i a r i t y .  
Unfor tuna te ly ,  t h e s e  p l a n t s  would r e l y  on l e s s  e f f i c i e n t ,  expensive processes  
and t h e i r  products  would have g r e a t e r  market problems than the  newer "second 
genera t ion"  technologies  now being t e s t e d .  

' 

Indus t ry  i s  u n l i k e l y  t o ' b e  a t t r a c t e d  en  masse t o  such expensive p o t e n t i a l  
"white e lephants"  which might be obso l e t e  o r  uncompeti t ive soon a f t e r  they  
begin opera t ion .  But i f  the f e d e r a l  government fo rces  c o n s t r u c t i o n ,  o r  b u i l d s  
them i t s e l f ,  t h e  taxpayers  w i l l  be s tuck  wi th  them. This  w i l l  .keep t h e  p r i c e  
of s y n t h e t i c  f u e l s  t o  the:consumer unneces sa r i l y  h igh  and could dry up inves t -  
ment c a p i t a l  needed t o  cons t ruc t  second genera t ion  p l a n t s .  

On t h e  o t h e r  hand, i f  the  c r a sh  program t u r n s  t o  second genera t ion  tech- 
no log ie s ,  such a s  so lvent  r e f ined  c o a l ,  H-coal, and o t h e r s ,  i t  runs the r i s k  
of s i g n i f i c a n t l y  i nc reas iug  custs and prematurely fo rc ing  technologies  t h a t  
might no t  work. I n  a d d i t i o n ,  p r i v a t e  i n v e s t o r s  a r e  not l i k e l y  t o  go deep 



i n t o  such  a  market u n l e s s  they a r e  guaranteed a  h igher  than  average r e t u r n  on . 

t h e i r  investment .  A s  a r e s u l t ,  i t  is  l i k e l y  t h a t  the  taxpayers  w i l l  end up 
assuming the  l a r g e  r i s k s ,  and t h e  government may e n d , u p  ,running t h e  p l a n t s .  

Perhaps t h e  b e s t  approach would be t o  bu i ld  a  small  number of f i r s t  gen- 
e r a t i o n  p l a n t s ,  which would hopefu l ly  gene ra t e  c a p i t a l  and provide some oper- 
a t i n g  expe r i ence ,  while  stepped-up work on second genera t ion  technologies  i s  
spur red  on by s e n s i b l e  government i ncen t ives .  This would seem t o  be t he  course 
most l i k e l y  t o  keep c o s t s  and so 'c ia l  environmental r i s k s  a t  a  minimum, and ge t  
a  s u b s t a n t i a l  s y n f u e l s  i n d u s t r y  on i t s  f e e t  by e a r l y  i n  t h e  next century.  

A f o u r t h  c o n s i d e r a t i o n  - and one which w i l l  have a  l a r g e  impact on 
Colorado and t h e  West - i s  s i t i n g .  With a  10-year two m i l l i o n  b a r r e l - p e r d a y  
goal ,  we would have t o  bu i ld  40 s y n t h e t i c  f u e l  p l a n t s  w i t h  a  50,000 barrel-per-  
day capac i ty .  Each p l a n t  i s  roughly equ iva l en t  t o  an  o i l  f e f f n e r y ,  and il Is 
important  t o  no t e  t h a t  no t  a  s i n g l e  major r e f i n e r y  has  been s i t e d  and b u i l t  i n  
t h i s  count ry  i n  t h e  p a s t  1 0  years .  So, our  pe rcep t ion  of what t h i s  w i l l  e n t a i l  
may be more optimistic than  t h e  r e a l i t y .  

For example, t h e  expec t a t i on  t h a t  40 s y n f u e l s  p l a n t s  could be cons t ruc ted  
i n  t h e  next 1 0  yea r s  i s  very  o p t i m i s t i c .  Even opera t ing  under " f a s t  t rack"  o r  
energy mob i l i za t i on  board schemes, o b s t a c l e s  such a s  l o c a l  oppos i t ion ,  Clean 
a i r  requirements ,  a v a i l a b i l i t y  of adequate  coa l  and s h a l e  r e se rves ,  and s u f f i -  
c i e n t  water  f o r  p rocess ing  and cool ing  purposes w i l l  p resen t  s e r i o u s  obs t ac l e s .  

Even t h e  Department of Energy has  recognized t h a t  s i t i n g  cons ide ra t i ons  
w i l l  probably be t h e  most s i g n i f i c a n t  b a r r i e r  t o  s y n f u e l s  development. DOE 
colild find on ly  40 c o u n t i e s  i n  America t h a t  could support  product ion of 
100,000 b a r r e l s  of coal-based s y n f u e l s  per day. Three of t he se  coun t i e s  a r e  
i n  Colorado. On t h e  o t h e r  hand, 159 coun t i e s  were found t o  have adequate coa l  
r e s e r v e s  t o  supply t h e s e  p l a n t s  and could be p o t e n t i a l  l o c a t i o n s  i f  a i r  q u a l i t y  
requirements  were elimlnaLed o r  i f  t he  coal could bc t r anspo r t ed  to a Alerant  
county without adequate  resuurces.  

This a n a l y s i s  g i v e s  a  h i n t  of j u s t  how d i f t i c u l t  rhe s i c l n g  probleu might 
be and,  above a l l ,  t h e  p o t e n t i a l  f o r  delay.  

A problem c l o s e l y  r e l a t e d  t o  s i t i n g  i s  boomtown development. When a  syn- 
t h e t i c  f u e l  p l a n t  i s  cons t ruc t ed ,  a  l o t  more than coa l  and concre te  moves i n t o  
t h e  town. People t o  cons t ruc t  and ope ra t e  t he  p l a n t ,  the mine aurl fac-  
i l i t i e s  move i n  a s  wel l .  DOE p r o j e c t s  t h a t  a  100,000 b a r r e l  per  day complex,. 
i nc lud ing  mining o p e r a t i o n s  could involve  20,000 people. ILL Nort l~western 
Colorado, where t h e  bulk of t he  400,000 barrel-a-day o i l  s h a l c  i n d u s t r y  will 
occu r ,  s t a t e  o f f i c i a l s  have p red i c t ed  t h e  i n f l u x  of up t o  70,000 new r e s i d e n t s .  

The e f f e c t  of such growth might be n e g l i g i b l e  i f  i t  were t o  happen i n  a 
major c i t y .  But 31 of t he  41 coun t i e s  i d k n t i f i e d  a s  p o t e n t i a l  s i tes have popu- 
l a t i o n s  of less than  50,000 and 26 of the 27 WesLeru c o u n t i e s , i d e n t i f i c d  have 
popula t ions  of 1,000 t o  20,000. 

Rapid growth i n  s p a r s e l y  populated a r e a s ,  perhaps a s  much a s  a  20-fold 
.jump i n  10 y e a r s ,  does more than d e v a s t a t e  r u r a l  charm. It means t h a t  recrea-  
t i o n ,  s choo l s ,  f i r e  and p o l i c e  p r o t e c t i o n ,  t r a n s p o r t a t i o n ,  h o s p i t a l  and h e a l t h  
f a c i l i t i e s ,  sewers ,  water  and o t h e r  municipal  s e r v i c e s  must be provided. 



DOE e s t i m a t e s  t h a t  development c o s t s  would average  about $7,000 per  
c a p i t a  a t  1979 c o s t s .  Thus, an  o i l  s h a l e  p l a n t  wi th  an a s soc i a t ed  popula t ion  
of approximately 6,600 people would genera te  more than $46 m i l l i o n  i n  boomtown 
development c o s t s ,  and a  c o a l  l i q u i d s  f a c i l i t y  wi th  a  t op  range of 20,000 new 
r e s i d e n t s  would have a  boomtown p r i c e  t ag  of more than $140 mi l l i on .  I n  North- 
western Colorado, wi th  a  popula t ion  inc rease  of 70,000, t h e  boomtown c o s t s  
would be around $490 mi l l i on .  I n  a d d i t i o n ,  making highway improvements re- 
qui red  by o i l  s h a l e  and o t h e r  energy development would cos t  Colorado ano the r  
$385 mi l l i on .  This c o s t  i s  l i k e l y  t o  f a l l  p r i m a r i l y  on the  shoulders  of t he  
f e d e r a l  taxpayer .  L e g i s l a t i o n  t o  provide f e d e r a l  g r a n t s  t o  h e l p  e a s e  boomtown 
problems has been bouncing around Congress f o r  s e v e r a l  y e a r s ,  but nothing has  
been enacted which w i l l  meet t he  magnitude of t h e  problem. 

Another problem which I touched on before  comes down t o  a  ma t t e r  of 
Federal-State  r e l a t i o n s .  I f  -40 s y n t h e t i c  f u e l  p l a n t s  a r e  t o  be s i t e d ,  con- 
s t r u c t e d ,  and made ope ra t i ona l  i n  t h e  next  decade,  a  l o t  of d e c i s i o n s  w i l l  have 
t o  be made i n  a  hurry.  .The idea  behind " f a s t  t rack".  and t h e  energy mobiliza- 
t i o n  board l e g i s l a t i o n  is t h a t  decision-making schedules  must be compressed and 
- i n  t h e  minds of many - s t a t e ,  l o c a l ,  and f e d e r a l  laws waived. 

These d e c i s i o n s  w i l l  be made i n  Washington, probably by a  r e l a t i v e l y  smal l  
group of people. S t r a i n s  between reg ions  of t he  count ry  and t h e  Federa l  govern- 
ment could be exacerbated i f  those regions begin t o  be l i eve  t h a t  na t i ona l -  
i n t e r e s t  energy p r o j e c t s  a r e  being shoved down t h e i r  t h r o a t s .  

This i s  e s p e c i a l l y  t r u e  he re  i n  t h e  West, where t h e r e  a r e  i nc reas ing  s i g n s  
of a l i e n a t i o n  and r e s i s t a n c e  .to Washington-bred dec i s ions .  Angry over  water  ' 

po l i cy  and o t h e r  i s s u e s ,  people i n  t h e  West a r e  i n s i s t i n g  more and more t h a t  
t h e y  be i n t i m a t e l y  involved i n  dec i s ions  a f f e c t i n g  t h e i r  resources  - a s  w e l l  
they  should. The p o t e n t i a l  impacts of an emergency s y n t h e t i c  f u e l s  program on 
t h e  West's water ,  c o a l ,  a g r i c u l t u r e ,  and community development a r e  so  immense 
t h a t  it i s  hard t o  imagine t h a t  t he  West w i l l  b l i n d l y  accep t  d i r e c t i v e s  from 
Washington on such c r u c i a l  concerns.  Moreover, many of these  i s s u e s  a r e  bound 
t o  end up i n  t h e  c o u r t s ,  a s  t he re  a r e  s e r i o u s  C o n s t i t u t i o n a l  ques t i ons  he re  t h a t  
must be faced.  

Another important  cons ide ra t i on  i s  the  e f f e c t  of s y n t h e t i c  f u e l s  develop- 
ment on t h e  environment. Unfor tuna te ly ,  many have begun t o  confuse " t h e  envi- 
ronment" wi th  " e n v i r u n m e n ~ a l i s t s , "  and irs importance t o  t h e  s u r v i v a l  of us a l l  
has  begun t o  l o s e  i t s  meaning i n  t he  end le s s  bu reauc ra t i c  jargon about "s tan-  
dards"  and "cons t r a in t s . "  

We must r e a l i z e  t h a t  t he  environment is  a  complex system t h a t  w e  do no t  
f u l l y  understand,  but upon which a l l  l i f e  depends. When the  a i r  i s  d i r t y ,  t h e  
water  f o u l  and t h e  land  p o l l u t e d ,  it is not  j u s t  uns igh t ly .  I t  causes  d e a t h  
and d i sease .  It c o s t s  money even i f  it is  no t  c leaned up. It robs  food-pro- 
ducing l ands  and waters  of t h e i r  p roduc t iv i t y .  The environment does no t  need 
t o  be, and cannot be,made, p r i s t i n e .  But i t  can s u f f e r  only s o  many-, insul ts .  

Synthe t ic  f u e l s  o f f e r  a  paradoxica l  s i t u a t i o n  wi th  regard t o  environmental 
ques t ions .  Severa l  syn fue l  t echnologies  hold t h e  promise of c l e a n  new e n e r g i e s  
t h a t  can  r ep l ace  p o l l u t i n g  f u e l s  i n  i n d u s t r i a l  and u t i l i t y  b o i l e r s .  To do 
t h i s ,  however, t h e  p o l l u t a n t s  must be removed a t  the  p l a n t  where t he  coa l  o r  
o t h e r  rcsource  is  conver ted ,  r a t h e r  , thau spreading  p o l l u t a n t s  a l l  over t h e  



coun t ry  by burning f o s s i l  f u e l s  i n  hundreds of powerplants o r  i n d u s t r y  b o i l e r s .  
The p o l l u t a n t s  which a r e  a  p a r t  of syn fue l s  development w i l l  be l i m i t e d  t o  a  
few si tes.  P o l l u t a n t s  concent ra ted  i n  t h i s  manner a r e  t h e o r e t i c a l l y  e a s i e r  t o  
c o n t r o l .  

However, t h e  rush t o  syn fue l s  t h r e a t e n s  t o  wipe out whatever environmental 
advantage t he  technologies  might o f f e r .  A major concern of p o t e n t i a l  synfue l  
i n v e s t o r s  and deve lopers  i s  t h a t  they be p ro t ec t ed  from f u t u r e  environmental 
s t a n d a r d s  and t h a t  waivers  be g ran t ed  from e x i s t i n g  c l e a n  a i r  and o t h e r  envf- 
ronmental laws. The syn fue l s  stampede could a l s o  e l i m i n a t e  t he  important de- 
velopmental s t a g e s  needed t o  c a r e f u l l y  a s s e s s  and respond t o  t h e  environmental 
burdens any p a r t i c u l a r  s y n f u e l s  process  might pose. 

A l l  i n  a l l ,  a  reasonable  balance must be s t r u c k  between environmental pro- 
t e c t i o n  and energy development --- a balance which w i l l  promote our o v e r a l l  
well-being, both now and i n  t h e  f u t u r e .  

Another problem wi th  which we a r e  a l l  t o  f a m i l i a r  is water.  Water i s  used 
f o r  cool ing  and a s  a g e n t s  i n  t h e  conversion process  i n  v i r t u a l l y  a l l  s y n t h e t i c  
f u e l  t echnologies .  DUE f i g u r e s  i nd i caee  char each 3O,UOU b u ~ ~ r e l - ~ e r - d a y  plane 
i s  expected t o  consume between 5 and 10 m i l l i o n  g a l l o n s  of water  p e r  day. I n  
Colorado, it has been es t imated  t h a t  product ion of 400,000 barrels-per-day of 
o i l  from s h a l e  would r e q u i r e  64,000 acre- fee t  of water  pe r  year  f o r  t h e  s h a l e  
p l a n t s  and t h e i r  ope ra t i ons  a lone .  This i s  n e a r l y  one-fourth t he  amount of 
water  used by t h e  Denver Water Board t o  supply Denver and i t s  suburbs,  over  40 
pe rcen t  of t h e  s t a t e ' s  populat ion.  

Several .  government s t u d i e s  have concluded t h a t  enough water  i s  phys i ca l l y  
a v a i l a b l e ,  even he re  i n  the West. But. phys i ca l  a v a i l a b i l i t y  i s  on ly  p a r t  of 
Lht! q u e s l i u u .  

As we a l l  know, Western water  i s  a  complex and extremely s e n s i t i v e  sub jec t .  
The water  needed by t h e  s y n f u e l s  i n d u s t r y  may no t  be l e g a l l y  a v a i l a b l e  t o  i t ,  
and,  i f  i t ' i s ,  may be s u b j e c t  t o  cu r t a i lmen t  i n  t imes of drought.  The p re s su re  
t o  o t a i n  water  r i g h t s  could r e s u l t  i n  a  s y n f u e l s  i n d u s t r y ,  ope ra t i ng  under t h e  
banner of " n a t i o n a l  i n t e r e s t , "  buying up land  and water r i g h t s  from e x i s t i n g  
u s e r s .  This problem i s  a l r e a d y  of concern t o  many Westerners ,  who s e e  ag r i cu l -  
t u r e  th rea tened  by p ro j ec t ed  development. 

An answer t o  t h e  water  problem may be tapping t h e  massive,  underground 
a q u i f e r s .  But t he  long-term environmental  e f f e c t s  of such an undertaking a r e  
no t  w e l l  understood. 

The gene ra l  concerns which I have j u s t  o u t l i n e d  begin t o  h i t  homne when 
t h e  primary s y n t h e t i c  f u e l  t echnologies  a r e  looked a t .  Le t  us  f i r s t  focus on 
t h e  problems a s s o c i a t e d  wi th  c o a l .  development and t h e  coal-based synfue l  tech- 
n o l o g i e s ,  and then  on t h e  o t h e r  two primary t echno log ie s ,  o i l  s h a l e  and bio- 
mass. 

F i r s t  of a l l ,  a  c r a s h  s y n f u e l s  program w i l l  put heavy r e l i a n c e  on coal- 
based s y n t h e t i c  f u e l  t echnologies .  Although c o a l  i s  our  most abundant f o s s i l  
f u e l  and i t s  expanded use seems i n e v i t a b l e ,  t h e  sudden and massive product ion 
i n c r e a s e  t h a t  would be requi red  r a i s e s  many ques t ions .  



Most of t h e  second genera t ion  coa l  l i q u e f a c t i o n  and g a s i f i c a t i o n  tech- 
no log ie s  now being t e s t e d  w i l l ,  a t  b e s t ,  convert  about one ton of c o a l  i n t o  
2.5 t o  3 b a r r e l s  of petroleum-like products .  This  means t h a t  the product ion  
of 1.5 m i l l i o n  b a r r e l s  a  day of c o a l  l i q u i d s  by 1990 would r e q u i r e  a  s i g n i f i -  
c a n t  i nc rease  i n  coa l  product ion.  

This increased  coa l  product ion w i l l  come p r i m a r i l y  from Western s t r i p  
mines - some of which w i l l  be i n  Colorado. It has been est imated t h a t  700 
square  miles of t h e  West would have t o  be s t r i p  mined t o  meet the  a n t i c i p a t e d  
demand. However, t h e  i n t e r i o r  department is  j u s t  now gear ing  up i t s  f e d e r a l  
l e a s i n g  program t o  make more t r a c t s  a v a i l a b l e  t o  i n d u s t r y ,  and i t  w i l l  be yea r s  
before  i t  becomes f u l l y  ope ra t i ona l .  

The new mines w i l l  have t o  meet t he  s t anda rds  of t he  s t r i p  mine law. 
That law i s  c u r r e n t l y  i n  turmoil .  Implementation i s  a t  l e a s t  a  year  behind 
schedule.  The s t a t e s  who w i l l  be respons ib le  f o r  running rec lamat ion  programs 
a r e  f i g h t i n g  wi th  t he  ' Federal  Off i c e  of Surface Mining over  many rec lamat ion  
s tandards .  And t h e  implementaiton of s t a t e  p lans  i s  a  year  o r  more o f f .  

Coal t r a n s p o r t a t i o n  i s  a l s o  i n  turmoil .  There have been ques t i ons  over  
whether our r a i l r o a d s  can  handle  the increased f r e i g h t  a l r e a d y  a n t i c i p a t e d  be- 
cause of o t h e r  coal-promotional p o l i c i e s .  Although most synfue l  p l a n t s  would 
be r e l a t i v e l y  c l o s e  t o  t h e  mines,  t h e r e  s t i l l  would be t r a n s p o r t a t i o n  problems. 
Moreover r a i l r o a d  haul ing  p r i c e s  have skyrocketed i n  recent  yea r s .  

Reclamation s t anda rds ,  c o a l  hau l ing  r a t e s ,  new t r a n s p o r t a t i o n  c a p a b i l i t i e s  
and sudden inc reases  i n  demand could jack up t h e  p r i c e  of c o a l  s i g n i f i c a n t l y  
over  what it is  today. I n  t h a t  c a s e ,  not  on ly  would t h e  ope ra t i ng  c o s t s  and 
product p r i c e s  of s y n t h e t i c  f u e l s  r i s e  above p re sen t  p r e d i c t i o n s ,  but e x i s t i n g  
c o a l  u s e r s  and t h e i r  consumers would be adve r se ly  a f f e c t e d .  

Let u s  now t u r n  t o  t h e  c o a l  g a s i f i c a t i o n  and l ique ' fac t ion  technologies .  

Coal g a s i f i c a t i o n  i s  r i d d l e d  with economic, environmental and r e g u l a t o r y  
problems which a r e  a l l  cons t r a in ing  development. Most of t h e  o l d ,  " f i r s t  gen- 
e r a t i o n "  technologies  produce low and medium-Btu gas  and by-products. These 
prnven p r n c e s s e s  prod11r.e f u e l s  wi th  a va r ie ty  of u t i l i t y  and i n d u s t r i a l  app l i -  
c a t i o n s ,  but a r e  expensive - a t  l e a s t  double the  c u r r e n t  c o s t  of n a t u r a l  gas.  

Low-Btu gas  has very  low hea t ing  value and can only be t r anspo r t ed  f o r  
very s h o r t  d i s t a n c e s .  Moreover, t h e  c o s t s  of de s ign ing ,  bu i ld ing  and ope ra t i ng  
p l a n t s  i s  unce r t a in .  

Medium-Btu gas  has much b e t t e r  market p o s s i b i l i t i e s ,  because it has h igher  
hea t ing  value and can be shipped about 100 mi les .  But it s t i l l  f a c e s  s i g n i f i -  
cant  rln.vbronmenta1 , c n s t  and opera Ling problems. 

Ex i s t i ng  high-Btu gas  processes  have not been demonstrated on a  commercial 
s c a l e ,  and new, "second generat ion" technologies  a r e  now being pursued. I f  
succes s fu l ,  they  woud produce a  p i p e l i n e - q u a l i t y  gas  t h a t  could r ep l ace  many 
c u r r e n t  n a t u r a l  gas u se s ,  inc lud ing  r e s i d e n t i a l  space, and ho t  water  hea t ing .  
To d a t e ,  however, no proven demonstrat ion p l a n t  f o r  high-Btu gas  has been con- 
s t r u c t e d ,  and t h e  e a r l i e s t  e s t ima te  i s  1983. 



Coal l i q u e f a c t i o n  t e c h n o l o g i e s  have been known f o r  y e a r s  and can be used 
t o  produce methanol ,  s y n t h e t i c  c rude  pet roleum and g a s o l i n e .  The f u e l s  them- 
s e l v e s  a r e  c l e a n ,  b u t  t h e  p r o c e s s e s  are i n e f f i c i e n t ,  e x p e n s i v e  and o f t e n  envi- 
r o n m e n t a l l y  unsound,. They produce a n  expens ive  p roduc t  - e s t i m a t e d  t o  exceed 
$30 p e r  b a r r e l  - and a r e  n o t  c o n s i d e r e d  t o  be promising on a  l a r g e  s c a l e  i n  
t h e  Uni ted  S t a t e s .  

Second g e n e r a t i o n  t e c h n o l o g i e s  hold  more promise.  These i n c l u d e  s o l v e n t  
r e f i n e d  c o a l  p r o c e s s e s ,  H-coal, and Exxon Donor S o l v e n t .  None have been com- 
m e r c i a l l y  proven. I n  g e n e r a l ,  t h s e  newer t e c h n o l o g i e s  tend t o  produce p r o d u c t s  
t h a t  are l e s s  c l e a n ,  but  more e f f i c i e n t  and p o t e n t i a l l y  l e s s  expens ive  t h a n  
t h e i r  f i r s t  g e n e r a t i o n  c o u n t e r p a r t s .  

I n  short, "Kir~g Cual" lias p r v u ~ i s e  and p o r e n c i a l ,  bu t  t h e  most commercia l ly  
r e a d y  and p o t e n t i a l l y  the  cheapest s y n t h e t i c  f l i ~ 1  p r n c p s s  i c  nil. shale* Many 
s i g n i f i c a n t  env i ronmenta l  and t e c h n o l o g i c a l  problems remain,  however, and t h e  
r e l a t i v e l y  small a r e a  i n  which s h a l e  rock i s  l o c a t e d  -- i n  Northwestern  Colorado 
and i n  Utah,  combined w i t h  o t h e r  c o n s t r a i n i n g  f a c t o r s ,  could  keep t h e  u l t i m a t e  
c o n c r i b u t i a ~  o f  s h a l e  r e l a t i v e l y  low. 

L a s t  but n o t  l e a s t  i s  biomass. Congress iona l  i n t e r e s t  has  focused on t h e  
p r o d u c t i o n  of g r a i n  a l c o h o l  f o r  use  i n  a  mix ture  of g a s o l i n e  and a l c o h o l ,  known 
a s  g a s o h o l .  There  i s  a r a g i n g  con t roversy ,however ,  o v e r  t h e  c o s t  of a l c o h o l  
f u e l s ,  a s  a  g a l l o n  of s t r a i g h t  a l c o h o l  now c o s t s  50 t o  100 p e r c e n t  more t h a n  
g a s o l i n e .  

Another form of biomass which Congress has  g i v e n  a nod of a p p r o v a l  t o  i s  
t h e  c o n v e r s i o n  of s o l i d  waste  i n t o  f u e l s .  I cosponsored a  b i l l  p rov id ing  fund- 
i n g  f o r  munic ipa l  waste  convers ion  i n  t h e  9 5 t h  Congress. The b i l l  became law, 
and a s  a  r e s u l t  of t h i s  l e g i s l a t i o n  and some o t h e r  measures ,  7 d i r e c t - b u r n i n g  
and 25  fue l -p roduc ing  p l a n t s  now o p e r a t e  i n  t h e  United S t a t e s ,  

Problems invo lved  w i t h  biomass energy s o u r c e s  center around t h e  l e a d  and ' 

o t h e r  t o x i c  chemica l s  t h a t  are r e l e a s e d  i n t o  t h e  a i r  d u r i n g  burning of s o l i d  
w a s t e s  and around t h e  t r a d e - o f f s  between growing c r o p s  f o r  food and growing 
them f o r  f u e l .  These a r e  c o n s i d e r a t i o n s  which w i l l  have t o  be c a r e f u l l y  
weighed a s  biomass '  c o n t r i b u t i o n  t o  s o l v i n g  our  energy dilemma i n c r e a s e s .  

I n  c l o s i n g ,  l e t  me touch oh a  few of t h e  more impor tan t  p o i n t s  which I 
have d i s c u s s e d .  F i r s t ,  t h e  government 's  r o l e  i n  energy development has  been 
i n e f f e c t i v e ,  misguided and coun te rproduc t ive .  That makes i t  a l l  t h e  more 
c r u c i a l  f o r  t h e  Federa l  Government t o  now c a r e f u l l y  e v a l u a t e  t h e  d i r e c t i o n  i t  
w i l l  t a k e  and a c t  d e c i s i v e l y  once a d e c i s i o n  is  made. Morenver, i.t has  become 
a p p a r e n t  t h a t  o n l y  t h e  F e d e r a l  Government has  t h e  f i n a n c i a l  r e s o u r c e s  n e c e s s a r y  
t o  l a u n c h  many badly-needed new programs. I n  deve lop ing  a  s y n f u e l s  i n d u s t r y ,  
t h e r e  a r e  both  s h o r t  and long-term p ro jec t s  t h a t  r e q u i r e  an  a p p r o p r i a t e  f e d e r a l  
r o l e .  

However, i t  i s  impor tan t  t o  no te  t h a t  t h e  United S t a t e s  cannot  count  on 
any s i n g l e  s o l u t i o n  t o  t h e  energy c r i s i s  --- e x p e r t s  themselves  c a n ' t  a g r e e  on 
how r i s k y  a  v e n t u r e  s y n f u e l ~ , d e v e l o p m e n t  is .  A sound energy  p o l i c y  must i n c l u d e  
many e lements  t o  meet o u r  g o a l  of r educ ing  U. S. dependence on imported o i l .  



F i n a l l y ,  i t  is  c r u c i a l  f o r  a l l  pub l i c  p o l i c y  makers t o  re -eva lua te  t he  
government's r o l e  every s t e p  of t he  way, always keeping i n  mind t h a t  our  ul-  
t ima te  goa l  i n  ach iev ing  energy independence i s  f o r  t h e  government t o  withdraw 
from t h e  p i c t u r e  and a l l ow  t h e  market fo rces  t o  t a k e  hold.  

The bare  f a c t s  a r e  t h a t  w e  must develop a l t e r n a t i v e  sources  of energy and 
t h a t  we must develop them a s  qu i ck ly  a s  poss ib le .  It can  be done, and more 
impor tan t ly ,  i t  must be done. 



PROCESS CLINIC 

The Process  C l i n i c  pane l  members were asked t o  l i s t  t h e i r  i n s t rumen ta t i on  
and process  c o n t r o l  measurement needs i n  o r d e r  of p r i o r i t y .  

Name - Organiza t ion ,  Process  Type 

E. J. Chelen Westinghouse, Energy Systems Operat ions;  Low Btu G a s i f i c a t i o n  

I & C  Measurement Needs 

1. Communication 
2. Temperature 
3. Mass flow 
4. Cas compooition 
5. Bed d e n s i t y  

R. Forney Colorado School of Mines; c o a l  Mining Process  Cont ro l  

I & C  Measurement Needs 

1. Long w a l l  mining hor izon  c o n t r o l  
2. Fau l t  d e t e c t i o n  i n  advance of f a c e  

J. L. Gendler Hydrocarbon Research, Inc.;  Coal L ique fac t ion  

I&C .Me-a_.gurement Needs 

1. Report gene ra t i on  us ing  computers 

C. Houser P h i l l i p s  Petroleum Co.; High Btu G a s i f i c a t i o n  

I L G  t.fsasuremcnt Nccdo 

1. So l id s  flow a t  800°F, 1500 p s i  
2. Temperature measurement a t  2500-3000°F under s lagging  cond i t i ons  

J. D. Naylor P i t t sbu rgh  & Midway Coal Mining Co;,; Coal L ique i ac t ion  

I & C  Measurement Needs 

1. High tempera ture lh igh  p re s su re  s l u r r y  me.asurements 
2. Coa l / s lu r ry  concen t r a t i on  on-line 
3. Viscometry and rheometry 
4. Plugging d e t e c t i o n  

M. S. Nutkis  Exxon Research & Engineering Co.; F lu id i zed  Bed Combustion 

I & C  Measurement Needs 

1. Ins tan taneous  p a r t i c u l a t e  s i z e  i n  ho t  f l u e  gas  1600-1650°F, 
15-16 atm f o r  p re s su r i zed  FBC 



M. H. Scott The University of Tennessee Space Institute; MHD 

I&C Measurement Needs 

MHD Generator: 

1. Plasma temperature and temperature distribution 
2. Elemental gas analysis 
3. Conductivity measurement 

Hot Seed Recovery Sect ion:' 
1. Particulate size distribution and mass loading 

G. Weth Department of Energy, Division of Fossil Fuel Utilization; 
Fluidized Bed Combustion 

I&C Measurement Needs 

1. Solid feed measurement 
2. Sulfur content of feed 
3. Bed level profile for pressurized FBC 
4. On-line particulate size and distribution 
5. Alkali in gas streams 
6. In-bed O2 probes 

R. J. Wright Department of Energy, Pittsburgh Energy Technology 
Center; MHD 

I&C Measurement Needs 

Dr. Wright agreed with Dr. Scott and emphasized: 

1. Real time measurements 
2. In-situ better than sampling 

J. Yerushalmi Electric Power Research Institute; Coal Gasification 

I&C Measurement Needs 

1. Temperature measurement in high temperature, high pressure slagging 
gasifier 

2. On-line analysis of coal feed 
3. In-situ gas analysis 
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1. ABSTRACT 

A f l ex ib l e  ro tor  was instrumented and run with two sets of bearings. 
One set was an a x i a l  groove bearing and the  second was a pressure dam 
bearing. The instrumentation included non-contacting proximitor probes with 
a synchronous tracking f i l t e r ,  and the  s ignal  subsequently was processed 
through a rasc Fourier t ransfnm analyzer. The system response depends 
strongly on the  design of t he  pressure dam bearings. The rotor  does lnrk 
i n t o  a sub-synchronous whip during deceleration,  a f t e r  the  system goes 
unstable. The par t icu la r  instrumentation shows the  kind of understanding 
t h a t  can come from a detai led analysis  of a system i n  conjunction with 
appropriate instrumentation. 

This paper i l l u s t r a t e s  the  kind of r e s u l t s  t h a t  may be deduced from 
instsumenring a ro tor  system, The aphas ic  here is not on prescribing the 
type nf inagrumentation tha t  shauld be used on a part;;Lcular machine, but 
ra ther  on the  r e s u l t s  from reduclllg the  dots ohtained from even a simple 
ro tor  s y ~ t m  employing a Bare minimum of instrumentation. Common sense call 
provide a good s t a r t i ng  point fo r  t he  spec~f i caL lu r~  of th0 apprnpriate 
number and placement of accelerometers, velocimeters, or  proximity dis-  
placement pickups and the  type of monitoring tha t  should be applied t o  a 
ro ta t ing  machine. The proper logic ,  such that: a machine is not accidently 
shut duwu, i a  aLso the type of information that common sense can provide. 
This work is a br ief  look a t  the  processing of tLe signale thgt nne might, 
ryplcal ly  have avai lable  from a machine including the  use of a synchronous 
tracking f i l t e r  and a real time o r  FFT spectruu analyzer. This work is  
directed toward a r e l a t i ve ly  mall ratsLing ~yotem i n  which two types of 
f l u i d  f i lm bearings w e r e  employed, both of which a r e  ra ther  common. 

A typ ica l  instrumentation system avai lable  commercially is noted i n  
Flgure 1, Additional data reduction f o r  analysis  could be obtained by a 
f a s t  Fourier transform instrument couplad t o  any of the measuring trans- 
ducers. A s  noted i n  t h i s  system, a x i a l  measurements which might be used 
f o r  an automatic emergency shut-down of the  machine a r e  dual measurements. 
Figure 2 exemplifies t h i s  concept i n  t h e  measurement of the  ax i a l  posit ion 



of a s h a f t .  Should one of t h e  probes malfunct ion,  t h e  u s e  of dua l  vo t ing  
would - no t  t r i p  t h e  machine o f f  l i n e .  T.he machine ope ra to r  would be  made 
aware of t h e  ins t rumenta t ion  problem so  t h a t  it could be co r r ec t ed .  

F lu id  f i l m  bear ings  a r e  widely used because of t h e  long l i f e  and t h e  
good damping c h a r a c t e r i s t i c s  t h a t  they do provide  f o r  r o t a t i n g  machinery. 
Considerable  e f f o r t  has  been made t o  p r e d i c t  t h e o r e t i c a l l y  what should 
happen i n  a r o t o r  system and t h e s e  r e s u l t s  show what exper imenta l ly  does 
happen. The c h a r a c t e r i s t i c s  of a p re s su re  dam bear ing  have been examined 
t h e o r e t i c a l l y  by A l l a i r e ,  e t .  a l .  (1) f o r  i n f i n i t e l y  long bear ings  and by 
Nicholas  and A l l a i r e  (2) f o r  s h o r t  bear ings .  Some experimental  work has  
been.done on t h i s  bear ing  by Leader e t .  a l .  ( 3 ) .  Severa l  o t h e r  au tho r s  have 
looked a t  t h e  s t e p  bear ing  from a t h e o r e t i c a l  po in t  of view (4-7). Both t h e  
c i r c u m f e r e n t i a l  l o c a t i o n  of t h e  dam and t h e  depth  of t h e  dam have been con- 
s ide red  wi th  t h e  idea  of opt imizing t h e s e  two parameters.  

The Reference (2) shows t h a t  t h e  dam depth  r a t i o  K', should have a  va lue  
of approximately 3 f o r  an  optimum des ign ,  i n  which 

c  = bear ing  r a d i a l  c l ea rance  

hs = s t e p  he ight  

Some very  good experimental  hav'e been made a v a i l a b l e  e s p e c i a l l y  
through t h e  works of Leader,  et .  a l .  (3) and Tonnesen and Lund (8). ' ~ o s t  
o t h e r  experimental  e f f o r t s  have been l i m i t e d  t o  determining t h e  bear ing  
c h a r a c t e r i s t i c s  of r o t o r s  which a r e  e s s e n t i a l l y  r l g i d .  

The Tes t  Rotor 

F igure  4 shows the  schematic of t h e  r o t o r  which has  a  combined weight 
of t h e  s h a f t  and c e n t r a l  masses of 13.6 Kg. The s h a f t  diameter  i s  cons t an t  
(2.54 cm) which, when c a l c u l a t e d , y i e l d s  a f i r s t  c r i t i c a l  speed of 3300 RPM. 
This  u n i t  is  d r i v e n  by a  one horsepower DC motor u s ing  a  f l a t  b e l t  and f l e x -  
i b l e  coupf i r~g .  With the. a p p r o p r i a t e  pu l l ey  r a t i o ,  t h e  maximum speed of t h e  
motor of 2250 RPM can produce a r o t o r  speed of 13,000 RPM. 

The o i l  used i n  t h i s  p a r t i c u l a r  t e s t  was t h e  S h e l l  Automotive type  
10W-20W-50 heated t o  54OC (130°F). The o i l  a t  t h i s  tempera ture  has  a  dynamic 
v i s c o s i t y  which w a s  measured t o  b e  50 CP (0.75 x lo-' l b - sec / in2 )  w i t h ' a  
viscometer .  The dynamic v i s c o s i t y  was 195 and 35.5 CP a t  30°C and 70°C, 

. r e spec t ive ly .  This  p a r t i c u l a r  r o t o r  was f i t t e d  wi th  a  double t h r u s t  bear ing  
a t  t h e  outboard end which has a  c l ea rance  of 1.27 x cm (5  m i l s ) .  

Both t h e  a x i a l  groove and t h e  s t e p  bear ings  were b a b b i t t  l i n e d  and with- 
ou t  end s e a l s .  The l eng th  t o  t h e  diameter r a t i o  of t h e  bear ings  i s  approx- 
imate ly  u n i t y .  



Type of ~ n s t r u m e n t a t i o n  

The s h a f t  motion is  monitored by 8 aon-contacting proximitor  probes 
mounted a t  4  p o s i t i o n s  along t h e  s h a f t .  The probes a r e  mounted i n  p a i r s ,  
o r i e n t e d  90° one from t h e  o t h e r  i n  a  c i r cumfe ren t i a l  d i r e c t i o n ,  so t h a t  t h e  
a c t u a l  s h a f t  o r b i t  shapes may be  reproduced on an  osc i l l o scope .  The probe 
s i g n a l  i s  connected t o  a proximitor  which i s  an oscillator/de-modulator. 
The s i g n a l  then  goes t o  a  synchronous t r ack ing  f i l t e r .  The synchronous 
t r ack ing  f i l t e r  may be s e l e c t e d  t o  d i s p l a y  e i t h e r  t h e  t o t a l  v i b r a t i o n a l  
ampli tude o r  t h e  synchronous component of t h a t  motion. It a l s o  provides 
d i r e c t l y  t h e  speed through t h e  sensing of t h e  probe looking a t  t h e  notch 
i n  t h e  s h a f t  a s  w e l l  a s  t h e  phase ang le ,  t h e  ang le  between t h c  maximum 
ampli tude of v i b r a t i n n  and t h e  uutch i n  t h e  shaft . ,  

Pox each bearing two t e s t  runs were made, t h e  f i r s t  of which was run a t  
t h e  maximum a c c e l e r a t i o n  of t h e  r o t o r  system. This  was run u n t i l  t h e  s t a b i l -  
i t y  th reshold  was reached a t  which po in t  t h e  power was shut  o f f  and t h e  r o t o r  
was permit ted t o  c o a s t  t o  a  s t o p .  . Typical.ly, t h e  average a c c e l e r a t i o n  was 
1 5  r ad /5ec2 .  ThE! second t e s t  was run  wi th  very  low a c c e l e r a t i o n ,  aga in  t o  
t h e  po in t  where t h e  s t a b i l i t y  threshold  was reached. For t h ~  t a c t ,  the 
motion and t h e  speed werP m ~ n i t o r e d  uslng t h e  synchronous t r ack ing  f i l t e r .  
A l l  of t h e  d a t a  was recorded on a  14 channel  FM t a p e  u n i t  s o  t h a t  i t  could 
be  f u r t h e r  analyzed fo l lowing  t h e  t e s t .  

The d a t a  w a s  .processed i n  s e v e r a l  d i f f e r e n t  ways. One manner was t o  
p l o t  t h e  synchronous ampli tude of motion a t  t h e  v a r i o u s  l o c a t i o n s  along t h e  
s h a f t  a s  a func t ion  of r o t o r  ~ p e e d .  S h i l a r l y ,  t h e  phase of t h i s  ~ynchrouuus  
motion w a s  p l o t t e d  v e r s u s  t h e  r o t o r  speed. .The  second format was t o  p l o t  t h e  
t o t a l  ampli tude t h a t  is ,  t h e  synchronous p l u s  t h e  non-synchronous motion of 
t h e  v a r i o u s  l o c a t i o n s  along t h e  s h a f t ,  a s  a func t i an 'o f  r o t o r  speed. 

Fur  the f i r a t  t e s t  t h e  t r a n s f e r  func t ion  of t h e  syotcm was found. This  
was obta ined  hy t a k i n g  the uurput from a proximitor  probe used with the ohaf t  
no tch  and d r i v i n g  t h i s  i n t o  a dynamic o ine  wave eonve r t e r  t o  convert  t h e  
oncc per r evo lu t ion  p u l s e  i n t o  a  cons tan t  ampli tude s i n e  wave wi th  t h e  f r e -  
quency of t h e  s h a f t  speed. This  s i n e  wave was considered a s  r ep re sen t ing  
a  fo rc ing  func t ion  corresponding t o  t h e  r o t o r  unbalance. Using a  f a s t  
Four i e r  t ransform d i g i t a l  s i g n a l  ana lyzer  w i th  t h e  output  of one of t h o  
proximity probes and t h i s  s ine  wave j u ~ t  d e s c r i b e d ,  a t r a n s f e r  func t ion  was 
d o t e m i u e d .  'The t r a n s f e r  func t ion  is  t h e  proximitor  s i g n a l  o r  ou tput  d iv ided  
by t h e  s i n e  wave. This  t r a n s f e r  f ~ ~ n c t i o n  was p l o t t e d  v e r s u s  r o t o r  speed and 
i s  compared Lo t h e  output  of t h e  synchronous t r n r k i n g  f i l t e r .  

From t h e  second s e t  of d a t a ,  t h a t  i s  t h e  d a t a  t h a t  was recorded wi th  
t h e  slow a c c e l e r a t i o n ,  "cascade" o r  "water fa l l "  p l o t s  were cons t ruc ted .  A 
fast Four i e r  t ransform d i g i t a l  s i g n a l  ana lyzer  aga in  was used t o  o b t a i n  
frequency spectrums dur ing  t h e  slow a c c e l e r a t i o n s .  One d a t a  sample was 
c o l l e c t e d  and analyzed i n  speed increments t y p i c a l l y  of 500 RPM. By p l o t t i n g  
t h e  spectrums v e r t i c a l l y ,  t h e  w a t e r f a l l  p l o t s  were obta ined .  It was found 
t h a t  w i th  t h e  low a c c e l e r a t i o n  r a t e  (2  r ad / sec2 )  one sample of each speed 
produced spectrums t h a t  were i d e n t i c a l  t o  t hose  obta ined  a t  cons tan t  speed 



p la t eaus  us ing  200 t o  400 samples. This  ins t rumenta t ion  is  shown i n  F igure  
5. 

During t h e  t e s t s ,  s e v e r a l  resonances were observed i n  t h e  s i g n a l s  coming 
from t h e  proximitor  probes. These were subsequent ly determined t o  b e  s t r u c -  
t u r a l  resonances which a r e  s u b s t a n t i a t e d  from impact t e s t s .  The v e l o c i t y  
t ransducer  w a s  monitored a t  v a r i o u s  l o c a t i o n s  of t h e  s t r u c t u r e  f o r  t h e  d i f -  
f e r e n t  impact t e s t s ,  and t h e  output  of t h e  t ransducer  was analyzed aga in  
wi th  t h e  FFT ana lyzer .  For t h e s e  t e s t s ,  au to  power spectrums (wi th  peakhold) 
were used. 

Much information was obta ined  from t h i s  experimental  work. Some typ i -  
c a l  r e s u l t s  a r e  presented  here ,  a s  r e p r e s e n t a t i v e  of t h e  k inds  of d a t a  t h a t  
can be ex t r ac t ed  through t h i s  type  of ins t rumenta t ion .  

Axial  Groove Bearing 

These bea t ings  -maybe thought of a s  p l a i n  c y l i n d r i c a l  j ou rna l  bea r ings  
t h a t  a r e  modified by having grooves c u t  i n t o  t h e  h o r i z o n t a l  s p l i t  p lane .  

'These  grooves provide acces s  f o r  admi t t ing  l u b r i c a n t  i n t o  t h e  bear ings .  
The test r o t o r  w a s  balanced us ing  t h e  a x i a l  groove bear ings  and c a n c e l l i n g  
t h e  r e s i d u a l ,  bow a t  t h e  f i r s t  , c r i t i c a l  r o t o r  speed. From Figure  6 one can 
s e e  t h e  r e s i d u a l  bow a s  exemplif ied by t h e  slow speed p o r t i o n  of t h e  curve. 
This  f i g u r e  shows i n  t h e  upper l e f t  hand corner  t h e  l o c a t i o n  of t h e  probe, 
i n  t h i s  c a s e  measuring t h e  v e r t i c a l  d i sp lacement .of  t h e  s h a f t  nea r  t h e  l e f t  
,bearing. The main p o r t i o n  of t h i s  graph d i s p l a y s  both the synchronous response 
.as w e l l  a s  t h e  t o t a l  response a t  t h i s  p a r t i c u l a r  probe 1ocat.ion during t h e  
. r o t o r  run-up o r  a c c e l e r a t i o n .  Note t h a t  the.  synchronous response dropped 
e s s e n t i a l l y  t o  zero a t  t h e  f i r s t  c r i t i c a l  speed of 3,250 RPM, . i n d i c a t i n g  t h a t  
t h e  ba lance  is  removing t h e  i n i t i a l  bow a t  t h e  s h a f t .  

A s  t h e  speed is  i n c r e a ~ e d ,  a s t a b i l i t y  threshold  is  reached a t  6600 RPM 
o r  approximately twice  t h e  f i r s t  c r i t i c a l  speed. Note t h a t  t h i s  th reshold  
speed i s  presented g raph ica l ly  on t h e  t o t a l  response  curve ;  however, t h e  
ampli tude of t h e  synchronous component i s  seen t o  ' b e  e s s e n t i a l l y  cons t an t  
a t  t h i s  same p o i n t .  

The synchronous phase a n g l e  i s  seen  t o  s h i f t  by 360° a t  t h e  c r i t i c a l  
speed as shown i n  t h e  upper po r t ion  of F igu re  6. For a s imple system a 180° 
s h i f t  a t  resonance is  t o  be expected, bu t  i n  t h i s  c a s e  t h e  behavior  i s  due 
t o  t h e  i n i t i a l  s h a f t  bow. 

A s  previous1.y noted,  a more complete p i c t u r e  of t h e  dynamic response of 
t h e  system can be shown by a series of p l o t s  known a s  a cascade o r  w a t e r f a l l  
diagram. This  i s  shown i n  F igure  7 ,  i n  which one can s e e  t h e  ve ry  l a r g e  
synchronous e x c i t a t i o n  response a t  3100 RPM. However, a t  t h e  i n s t a b i l i t y  
speed of 6600 RPM a very  l a r g e  sub-synchronous component is  produced a t  t h e  
3100 CPM frequency. On t h i s  same p l o t ,  one can s e e  frequency components 
t h a t  a r e  two and t h r e e  t imes t h e  running speed. Note t h a t  a t  1650 RPM a 
t e l a r f v e l y  l a r g e  componenL Is see11 at: 3300 CPM which is approximately t h c  



f i r s t  c r i t i c a l  r o t o r  speed. Th i s  same informat ion  i s  presented on Figure  6 
( t o t a l  motion) showing q u i t e  d i s t i n c t l y  t h e  peak a t  1600 CPM. The d a t a  
presented  h e r e  was f o r  t h e  c a s e  of r o t o r  run-up; however f o r  rundown t h e  
r e s u l t s  were almost  i d e n t i c a l  and hence a r e  n o t  presented .  Such was n o t  t h e  
c a s e ,  however f o r  t h e  p re s su re  dam bear ings .  

P r e s s u r e  Dam Bearings - 

The r o t o r  was run  wi th  f i v e  d i f f e r e n t  s e t s  of p re s su re  dam bear ings .  
The r e s u l t s  of one set a r e  presented  he re ,  set / / I ,  which had K' va lues  f o r  
t h e  two b e a r i n g s  of 2.1 and 2.4. F igu re  8 shows t h e  synchronous motion as 
w e l l  a s  t h e  t o t a l  motion f o r  t h e  r o t o r  dur ing  run-up. Thus, it can  be  seen  
t h a t  t he  c r i t i c a l  speed s tayed e s s e n t i a l l y  t h e  same a s  f o r  t h e  a x i a l  groove 

g bear ings .  The system d i s p l a y s  some resonance responses a t  1600 RPM, 3300 RPM, 
and 4600 RPM and a l s o  a synchronous response  a t  9400 RPM. This  system w a s  
a c c e l e r a t e d  up t o  t h e  maximum speed t h a t  t h e  motor was capable  of reaching ,  
s p e c i f i c a l l y  13,500 RPM and d i d  no t  reach  t h e  s t a b i l i t y  l i m i t  of t h e  system. 
The synchronous phase a n g l e  d isp layed  i n  t h e  upper p a r t  of F igure  8 shows a  
change a t  t h e  c r i t i c a l  speed, bu t  aga in  no t  t h e  180 degree  s h i f t  a s  might b e  
a n t i c i p a t e d .  

The d a t a  p r e s e n t e d ' i n  F igure  8 a r e  f o r  t h e  probe loca t ed  near  t h e  r o t a t -  
ing  mass a t  t h e  c e n t e r  of t h e  s h a f t  and measured i n  t h e  h o r i z o n t a l  d i r e c t i o n .  
A s  before ,  t h e  FFT ana lyze r  was used t o  deduce a t r a n s f e r  func t ion  f o r  t h i s  
c a s e .  The t r a n s f e r  func t ion  was descr ibed  p rev ious ly  and w i l l  n o t  be  r e -  
s t a t e d  here .  The r e l a t i v e  d a t a  produced us ing  t h i s  t r a n s f e r  func t ion  concept 
i s  summarized a s  F igu re  9. Th i s  p l o t  ve ry  c l o s e l y  r e p r e s e n t s  t h e  synchronous 
t r ack ing  f i l t e r  p l o t  of F igure  8 .  A s  can b e  seen, on,ce aga in  three synchro- 
nous resonances a r e  seen:  3300 RPM, 4600 RPM, and 9500 RPM. The synchronous 
phase s h i f t s  are e s s e n t i a l l y  t h e  same as t h o s e  observed w i t h  t h e  synchronous 
t r ack ing  f i l t e r  (a l though inve r t ed  due t o  t h e  d i f f e r e n t  def inl . t i .ons o f  phase 
a n g l e  of t h e  two d i f f e r e n t  manufacturers  of t h e  synchronous t r ack ing  f i l t e r  
axid ,Lhc FPT ana lyzer )  . 

A r e v e a l i n g  format f o r  t h e  p r e s e n t a t i o n  of d a t a  is  t h a t  shown a s  a  
Nyquist  form of t h e  t r a n s f e r  func t ion  presented  in. F igure  10. The v e c t o r s  
r ep re sen t ing  t h e  i n i t i a l  bow, S and unbalancing e c c e n t r i c i t y ,  e a r e  
included.  With t h i s  f i g u r e  onercan e a s i l y  see why t h e  c l a s s i c a l  Y80" phase 
s h , i f t  was n o t  observed a t  t h e  f i r s t  c r i t i c a l  speed. Here, cl.ea.rl y I'11r renter 
of t h e  Nyquist p l o t  w a s  l oca t ed  o u t s i d e  of t h e  Nyquist loop r ep resen t ing  t h e  
f i r s t  c r i t i c a l  speed, due t o  t h e  i n i t i a l  bow v e c t o r .  Had t h e  c e n t e r  f a l l e n  
on t h e  loop ( 6  = 0) o r  i n s i d e  t h e  loop ,  180' o r  360" phase s h i f t s  would have 

37 been observed. The l a t t e r  c a s e  w a s  seen  f o r  t h e  s h a f t - w i t h  t h e  a x i a l  groove 
bear ings ,  as presented  i n  F igu re  6. 

Two s m a l l e r  loops  are seen  i n  F igu re  10. These occur a t  approximately 
4600 RPM and 9500 RPM and r ep resen t  two s t r u c t u r a l  responses of t h e  system. 
The w a t e r f a l l  diagram f o r  t h e  p re s su re  dam set /I1 i s  presented i n  F igure  11. 
On t h i s  p l o t  only t h e  synchronous and tw ice  synchronous frequency components 
a r e  r e a d i l y  n o t i c a b l e  whi le  a t h i r d  o rde r  component can be  ba re ly  d iscerned .  
No sub-synchronous components a r e  ev iden t .  This  r o t o r  system, p a r t i c u l a r l y  
a t  h igh  r o t a t i o n a l  speed, i s  v e r y  s t a b l e  s i n c e  t h e  sub-synchronous component 



a t  t h e  r o t o r  f i r s t  c r i t i c a l  speed is  non-exis tent .  

Data from p res su re  dam set /I2 f o r  t h e  same h o r i z o n t a l  motion is  shown 
i n  F igure  12 f o r  run-up and i n  F igure  13 f o r  run-down. This  d a t a  i s  s i m i l a r  
t o  t h e  a x i a l  groove and p re s su re  dam s e t  #l d a t a ,  s i n c e  s i m i l a r  synchronous 
and t o t a l  motion resonances a r e  p re sen t  a t  3300 RPM and 4700 RPM and 1700 RPM, 
r e s p e c t f u l l y .  During run-up, t h e  r o t o r  w i t h  t h e s e  bea r ings  reached a  s t a -  
b i l i t y  l i m i t  a t  9300 RPM (Figure  12 ) .  On t h e  w a t e r f a l l  p l o t  (no t  presented  
here)  t h i s  i n s t a b i l i t y  w a s  seen  t o  e x c i t e  t h e  f i r s t  r o t o r  c r i t i c a l  speed. 
Upon d e c e l e r a t i o n  (F igure  13)  t h e  motion of t h e  r o t o r  is  seen  t o  d i f f e r  from 
t h a t  of t h e  run-up. During run-down t h e  r o t o r  l ocks  onto t h e  sub-synchronous 
motion and cont inues  a  l a r g e  ampli tude motion u n t i l  t h e  speed dec reases  t o  
8100 RPM . A t  a  speed lower than  8000 RPM t h e  d e c e l e r a t i o n  and a c c e l e r a t i o n  
responses a r e  n e a r l y  i d e n t i c a l .  

Theory Versus Experiment 

Using t h e  t h e o r e t i c a l  method developed i n  r e f e r e n c e  (2) Nicholas  pre- 
d i c t e d  t h e  i n s t a b i l i t y  threshold  of a x i a l  groove and p re s su re  dam bea r ings  
a s  presented here .  The s p e c i f i c a t i o n s  f o r  t h e  p r e s s u r e  dam bea r ings  a r e  
presented i n  Table 1. Overa l l  r e s u l t s  a r e  noted i n  Table 2 i n  which t h e  
.experimental and t h e o r e t i c a l  i n s t a b i l i t y  t h re sho lds  a r e  summarized. 

I n  gene ra l ,  t h e  comparison between theory  and experiment is  e x c e l l e n t  
wi th  t h e  except ion  of p re s su re  dam s e t  #2. One of t h e  bea r ings  i n  t h i s  set 
w a s  damaged upon i n s t a l l a t i o n  and t h e  s i d e  r a i l s  of t h e  dam were scored.  
Th i s  reduced t h e  e f f e c t i v e n s s  of t h e  dam s i n c e  t h e  l u b r i c a n t  could l e a k  out  

,of t h e  s i d e s ,  thereby  reducing t h e  e f f e c t i v e  load of t h e  s t e p  and changing 
. t h e  s t a b i l i z i n g  c h a r a c t e r i s t i c s .  

The speed range over which t h e  r o t o r  l ocks  i n t o  a  whip cond i t i on  i s  
r e f e r r e d  f o  as N and f o r  t h e  d a t a  j u s t  presented amounted t o  1200 RPM. I n  
Table 2 one can gee  t h a t  v a l u e  of N i n c r e a s e s  w i t h  t h e  i n s t a b i l i t y  t h re sho ld .  
A t  t h i s  p o i n t  i n  t ime, no t  enough dx ta  has  been obta ined  t o  determine o r  gen- 
e r a l i z e  t h i s  r e l a t i o n s h i p  f o r  p re s su re  dam bear ings .  

Summary 

This  work shows t h e  r e s u l t s  t h a t  can be  obta ined  by proper  instrumenta- 
t i o n  of a  r o t a t i n g  system. I n  t h i s  ca se ,  some r e s u l t s  have been presented  
us ing  an  a x i a l  groove bea r ing  and p re s su re  dam bear ings .  The synchronous 
t r ack ing  f i l t e r  and a  FFT ana lyzer  were used t o  reduce t h e  ou tpu t s  from t h e  
s h a f t  monitor ing proximity probes and from a v e l o c i t y  t ransducer  used f o r  
monitor ing s t r u c t u r a l  resonances.  The experimental  r e s u l t s  do seem t o  a g r e e  
ve ry  we l l  w i th  t h e o r e t i c a l  r e s u l t s  e s p e c i a l l y  regard ing  rhe optimum v a l u e  K* 
of t h e  p re s su re  dam bear ing .  With t h e  FFT a t r a n s f e r  func t ion  technique  has  
been developed t h a t  produces r e s u l t s  s i m i l a r  t o  t h a t  obtained from synchro- 
nous t r ack ing .  By p l o t t i n g  t h i s  t r a n s f e r  func t ion  i n  a Nyquist form t h e  
e f f e c t s  of r o t o r  bow can be e a s i l y  recognized.  Severa l  s t r u c t u r a l  resonances 
were observed i n  t h i s  experimental  work wi th  t h e  probably causes  i d e n t i f i e d  
hy us ing  the synchronous tracking i i l t e r  and a FFT t r a n s f e r  func t ion  and 
spectrum a n a l y s i s .  
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TABLE 1 PRESSURE DAM BEARING SPECIFICATIONS 

* ' - 

- ,  

ROTOR 

uN~ALANCE 
(gm-cm) 

2 2 

22 

2 0 

23 

20 

20 

LID 
RATIO 

.. 

1 .0  

1 .0  

1 .0  

1 .0  

- 1 . 0  

1 .0  

STEP 

LOCATION 

(es) 

N.A. 

145' 

140' 

150' 

90" 

140" 

K' RATIO 

(hs + c )  /c  

N.A. 

N.A. 

2 . 1  

2.4 

2.8 

2.6 

6.6 

8.6 

3.3 

2.1 

11.7 

8.3 

STEP 
HEIGHT 

h . 
( m a  
N.A. 

N.A. 

0.064 

0.091 

0.112 

0.104 

0.340 

0.483 

0.140 

0.069 

0.569 

0.442 

INSTALLED 
RADIAL 

C L E U C E  
c 

(mm) 

0.046 

0.051 

0.056 

0.064 

0.064 

0.064 

0.061 

0.064 

0.061 

0.061 

0.053 

1 0.061 

BEARING 
TYPE 

2 AXIAL GROOVE 

-PRESSURE DM- 

SET # 1  

PRESSURE DAM 

SET 112 

PRESSURE DAM 

SET 113 
-- 

PRESSURE DAM 

SET #4 

PRESSURE DAM 

SET 1/5 

BEARING 
NUMBER 

1 .- 
2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 
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TABLE 2 SUMMARY O F  EXPERIMENTAL RESULTS FOR.SHAFT WITH PRESSURE DAM BEARINGS 
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Figure 2 Dual Thrust Probe Arrangements
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Figure 4 Rotor and Drive Assembly 
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F i g u r e  6 Y 1  Synchronous and T o t a l  Motion, A x i a l  Groove Bear ings  

I 1 I I 1 I 2" 

ROTOR El 

C ,  E 4 . 3 1  x In ' c m l  1 9 mi l t )  

- 90 
V) - -. W 
W - 

r -0 % 
W 

FREQUENCY, CPM 

7.5- 

0 
x PHASE ANGLE 

L 

5.0- 
- - 

W TOT4L RESPONSE 
\ n * - 

2.0- L 

JINI.HHUNUUS: HESPOMSE 
-J 
a r 
0.0 I 1 I 

Finure  7 x2 Motion Cascade P l o t .  A x i a l  Groove Bear ings  

0 

W --90 
(3 
z 
a 

--I80 W 
1.0 

--270 

-360 

0 1000 2000 3000 4000 5000 6000 7000 8000 
ROTATIONAL S P E E D ,  R P M  



PRESSURE D A M  
S E T  * I 
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PROCESS CONTROL FOR ENVIRONMENTAL SYSTEMS: 
CASE STUDIES I N  DESULFURIZATION 
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ABSTRACT 

S u l f u r  spec ies i n  gaseous e f f l u e n t s  f rom f o s s i l  energy processes 

have l ong  been recognized f o r  p o t e n t i a l  adverse impact on t h e  environment.  

Poor ope ra t i ng  exper ience  and/or f a i l u r e  o f  wet scrubbers i n  t h e  e a r l y  1970 's  

has produced growing r e c o g n i t i o n  o f  t h e  impor tance o f  chemical process con- 

t r o l  . Several  case s tud ies  which desc r i be '  desul  f u r i z a t i o n  process c o n t r o l  

exper ience a r e  presented.  I n  genera l ,  desul  f u r i z a t i o n  o f  process streams 

i n  l a rge -sca le  coa l  g a s i f i c a t i o n  p l a n t s  i s  l e s s  w e l l  understood and i s  n o t  

w e l l  documented compared w i t h  wet scrubbing systems used f o r  c o a l - f i r e d  power 

. p l a n t s .  One o f  t h e  ma jo r  f ac to r s  which has c o n t r i b u t e d  t o  o p e r a t i n g  problems 

w i t h  wet scrubbers i s  inadequate r e l i a b i l i t y  o f  c r i t i c a l  process c o n t r o l  

sensors.  The o p e r a t i o n  o f  conven t iona l  l i m e / l  imestone scrubbers i s  com- 

pared w i t h  some o f  t h e  newer d e s u l f u r i z a t i o n  processes such as d r y  scrubbing.  

D r .  Mesich i s  an A s s i s t a n t  V ice-Pres ident  o f  Radian Corpora t ion  

and Dr. Jones i s  a Regional  Manager of  Radian Corpora t ion .  Radian 's .  home 
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Of f lCes Sn Wash~ngton, U.U., ~ b s  Ange'les, S a l t  Lake City, and Durham, NC. 



1.0 INTRODUCTION 

Coal u t i l i z a t i o n  i n  t h e  U n i t e d  S ta tes  i s  c u r r e n t l y  o r i e n t e d  towards 

e l  e c t r i c  power p roduc t i on  (i. e .  over  200,000 MW) 'and process ing i n d u s t r i e s  

.such as s t e e l  manufactur ing.  Current  r e g u l a t i o n s  r e q u i r e  f l u e  gas desul  f u r i -  

z a t i o n  (FGD) f o r  new coa l -burn ing  sources, and 'several  new FGD techno log ies  

have emerged i n  t h e  pas t  few years.  New p r i o r i t i e s .  have a1 so encouraged a  

more r a p i d  pace o f  ' s yn the t i c  f u e l  techno logy  development. A s  shown i n  

F igure  1-1, l a r g e  sca le  coa l  u t i l i z a t i o n  f o r  p roduc t i on  o f  s y n t h e t i c  f u e l s  

r e q u i r e s  p ressur ized  coal  g a s i f i c a t i o n  (.Ref. 1 ) .  

There a r e  o n l y  t h r e e  l a rge -sca l  e, commercial 1  y -ope ra t i ng  p ressu r i zed  

coal  g a s i f i c a t i o n  p l a n t s  i n  t h e  w o r l d  today. The l a r g e s t  o f  these  i s  t h e  

Sasol burg oxygen-blown L u r g i  p l u s  F ischer-Tropsch 1  i q u e f a c t i o n  system, which 

was s t a r t e d  up i n  t h e  mid-1950's i n  an i n i t i a l  phase. The government o f  

' South A f r i c a  has moved ahead w i t h  phases two and three,  which w i l l  r e s u l t  i n  

t h e  productio.n o f  over  100,000 BPD o f  s y n t h e t i c  f u e l s  i n  t h e  e a r l y  19801s, 

us i ng  ove r  one hundred L u r g i  g a s i f i e r s  (Ref .  1 ) .  The o t h e r  two l a r g e  s c a l e  

coal  g a s i f i c a t i o n  systems a r e  t h e  Kosovo Combine f a c i l i t y  near P r i s t i n a ,  

Yugoslavia and t h e  STEAG g a s i f i c a t i o n  p l u s  combined c y c l e  p l a n t  i n  Lunen, 

' West Germany. The Kosovo p l a n t  f e a t u r e s  s i x  oxygen-blown L u r g i  g a s i f i e r s  

and t h e  STEAG p l a n t  u t i l  i z e s  f i v e  a i r - b l own  L u r g i  g a s i f i e r s ,  which a r e  t hen  

i n t e g r a t e d  w i t h  a  1 2 0  MW combined c y c l e  power p l a n t .  O f  these  t h r e e  f a c i l i t i e s ,  

t h e  o n l y  pub1 i shed  i n f o r m a t i o n  rega rd ing  d e t a i l e d  s u l f u r  removal da ta  re l - a tes  

t o  t he  Kosovo experience. 

'Cons ider ing  b o t h  environmental  c o n t r o l  requi rements and c u r r e n t  

m'andates f o r  r e p l a c i n g  i n d u s t r i a l  use o f  pet.roleum w i t h  s y n t h e t i c  f u e l s ,  i t  

i s  p robab le  t h a t  new processes must be'deueloped and demonstrated t o  meet 

t hese  needs. I n  s p i t e  o f  these  a n t i c i p a t e d  changes, t h i s  paper i d e n t i f i e s  

severa l  case s tud ies  i n  d e s u l f u r i z a t i o n  processes, based on c u r r e n t  ex- 

p e r i  ence . 
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F i gu re  1-1.  La rge-sca le  coa l  u t i l i z a t i o n  a1 t e r n a t i v e s .  
Bas is :  near- term appl i c a t i o n s  o f  advanced t echnc log ies .  
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2.0 CASE STUDIES OF DESULFURIZATION PROCESSES 

Three case s t u d i e s  a r e  presented and d iscussed.  F i r s t ,  da ta  ob- 

t a i n e d  f rom t h e  Kosovb coa l  g a s i f i c a t i o n  f a c i l i t y  i s  presented. Then t h e  

process c o n t r o l  f e a t u r e s  o f  f u l l  - s ca le  1  ime and 1 imestone wet scrubbers ,  

a r e  i d e n t i f i e d .  A t h i r d  case s tudy  i n v o l v i n g  sp ray  d r y e r  p l u s  baghouse, , 

systems concludes t h i s  s e c t i o n .  

2.1 Kosovo Coal G a s i f i c a t i o n  F a c i l i t y  

A  process b l o c k  f l o w  diagram o f  t h e  Kosovo L u r g i  g a s i f i c a t i o n  

f a c i l i t y  i s  shown i n  F i gu re  2-1 (Ref.  2 ) .  The ma jo r  process element o f  i n -  

t e r e s t  i s  t h e  a c i d  gas removal system ( R e c t i s o l ) ,  bu t  s u l f u r  spec ies i n  gas- 

phase e f f l u e n t s  f rom t h e  l o c k  hoppers, t h e  t a r  sepa ra t i on  ven ts  and t h e  phenol 

p l a n t  ven ts  a r e  a1 so notewor thy.  - The es t imated  f l owrates and measured compo- 

s i t i o n s  o f  t hese  gas streams a r e  p rov ided  i n  Tab le  2-1, which i nc l udes  t h e  

f o l l o w i n g  s u l f u r  spec ies:  

hydrogen su l  f i d e  (.H2S) 

( COS ) ca rbony l  su l f i de 

methy l  mercaptan (.CH 3SH ) 

e t h y l  mercaptan ' (.C2HSSH) 

A t  Koso'vo, t h e  h i g h  p ressure  gas stream from t h e  coa l  l p c k  system i s  

"f1ared;while t h e  l ow  p ressure  gas stream i s  v e n t e d ' t o  atmosphere. I n  t h e  

U n i t e d  S t a t e s ,  ver! l  ing t h e  l o w  presaure l o c k  hopper gas w o u l d  no t  be  an en- 

v i r o n m e n t a l l y  accep tab le  a1 t e r n a t i v e .  ' The l o c a t i o n  o f  t hese  two gas streams 
. . 

w i t h  r espec t  t o  t h e  coa l  g a s i f i c a t i o n  p rocess ing  system i s  i n d i c a t e d  i n  

F i g u r e  2-2. Note t h e  wate r  scr'ubbers i n  F i gu re  2-2 wh ich  a r e  used t o  . sepa ra te  . 

t a r s ,  o i l s ,  and phenols f rom t h e  raw p roduc t  gas. These m a t e r i a l s  condense 

under a  g a s i f i e r  o p e r a t i n g  p ressure  o f  about 370 psis, and when t h e  l i q U i d s  
' 

a r e  depressur i zed  i n  t h e  t a r  sepa ra t i on  sec t i on ,  f l a s h  gases a r e  generated 
. .  , 

. . 

i n  t h e  sepa ra t i on  vesse l s .  'Some o f  t h i s  gas i s  f l a r e d ,  bu t  t h e  surge t anks  

a r e  vented t o  atmosphere. A l though t h e  ven t  gas f l o w r a t e s  a r e  sma l l ,  t h e  

medium o i l  and pheno l i c  water  surge t a n k  ven t  gases c o n t a i n  r e l a t i v e l y  h i g h  

concen t ra t i ons  o f  s u l f u r  species,  as shown i n  Tab le  2-1. 



Figure  2-1.. Process  block flow diagram. 
Ko.sovo Lurg"  G a s i f i c a t i o n  Fac i l  i t y ,  Yugoslavia.  



TABLE 2-1. GASEOUS EFFLUENT ANALYSES ( R e f .  2 )  
KOSOUO LURGI  G A S I F I C A T I O N  F A C I L I T Y ,  YUGOSLAVIA* 

Rect t  s o l  S u l f u r  Removal System 
Low Pressure i i g h  Pressure  Medium Phenol ic Water Phenosolvan . H2S-Rich -CO,-Rich 
Lock HooDer Lock H o ~ o e r  011 Tank Surae Tank S t r i p p e r  Cooled Off-Gas Off-Gas 

went G ~ S  F l a r e  Vent Gas vent  Gas ~ e n t . ~ a s  I n l e t  Gas t o  F l a r e  t o  Vent 

Est imated Flow Rate (SCFM) 22 225 30 22 225 10.200 1.500 3000 

F i r ed  Gases ( v o l .  %)  

Hz 34.0 32.0 

S u l f u r  Spectes (ppn) 

H2S 700 1 1 0 0  . 13,000 1900 7500 4,700 23.000 4.6 

COS 

CH,SH 

P 

*This t a b l e  p rov ides  a  November 1978 l i s t i n g  o f  t h e  l a r g e r  gaseous e f f l u e n t  streams, based o n  s i n g l e  p o i n t  a n a l y t i c a l  
measurments wh ich  may n o t  be r e p r e s e n t a t i v e  o f  long- te rm sampl ing  r e s u l t s .  
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F i g u r e  2 -2 .  Lurg i  coal  g a s i f i c a t i o n  process schematic - Kosovo Combine, Yugoslavia . 



Another gaseous e f f l u e n t  stream which i s  s i g n i f i c a n t  a t  Kosovo i s  

t h e  phenosolvan u n i t  condensate s t r i p p e r  ven t .  Th i s  stream r e s u l t s  from t h e  

steam s t r i p p i n g  o f  process condensate upstream o f  t h e  phenol p l a n t  e the r  

e x t r a c t i o n  sec t i on .  As would be expected, t h i s  stream was-found t o  c o n t a i n  

a c i d  gases and a v a r i e t y  o f  o t h e r  components con ta ined  i n  t h e  process gas 

1 i q u o r  which i s  d ischarged f rom t h e  t a r  sepa ra t i on  sec t i on .  

One o f  t h e  most s i g n i f i c a n t  sources o f  gaseous emissions a t  Kosovo 

i s  t h e  s u l f u r  removal sec t ion .  S ince  t h e  Kosovo R e c t i s o l  u n i t  i s  a s e l e c t i v e  

( R e c t i s o l  11) a c i d  gas removal process, a C02 - r i ch  stream which no rma l l y  con- 

t a i n s  minor  amounts o f  H is  and o t h e r  s u l f u r  species i s  generated a long  w i t h  

an H2S-r ich stream which should c o n t a i n  most o f  t h e  o t h e r  a c i d  gases and s u l -  

f u r  spec ies.  The C0,-rich stream i s  vented d i r e c t l y  t o  t h e  atmosphere a t  \ 

Kosovo. T h i s  same approach has been proposed i n  severa l  conceptual  U.S. 

p l a n t s .  The i n i t i a l  1978 sampl ing r e s u l t s  i n d i c a t e  t h a t  t h i s  would n o t  be 

a se r i ous  problem, except perhaps d u r i n g  upset ope ra t i ng  c o n d i t i o n s .  . Com- 

ponents o t h e r  than  C02 which were found i n  t h e  C02 - r i ch  ven t  gas i nc l uded  

methane and o t h e r  1 i g h t  hydrocarbons (which may p resen t  hydrocarbon emiss ion 

problems i n  some areas o f  t h e  U.S. due t o  t h e  r e l a t i v e l y  l a r g e  f l o w  r a t e  o f  

t h i s  s t ream).  Minor  amounts o f  H2S and mercaptans were a l s o  found i n  t h i s  

stream. 

The H2S- r i ch  gas stream generated f rom t h e  R e c t i s o l  u n i t  i s  a v e r y  

s i g n i f i c a n t  gaseous e f f l u e n t .  A t  Kosovo, t h i s  stream i s  f l a r e d .  I n  t h e  U.S. 

I t I s  g e n e r a l l y  pr-e.fer;i'ecl t o  i n c o r p o r a t e  il t rea tment  process which produces . 

e lemental  s u l f u r ,  such as Claus o r  S t r e t f o r d .  However, t h e r e  a r e  p o t e n t i a l  

problems w i t h  t h i s  approach which a r e  i n d i c a t e d  by  the.Kosovo sampl ing da ta .  

For example, t h e  CO, con ten t  o f  t h i s  stream may be t o o  g r e a t  t o  permi t '  t h e  

economical use o f  a Claus system. A1 so, t h e  presence o f  methy l  and e t h y l  

mercaptans and hydrocarbons i n  t h i s  stream cou ld  r e s u l t  i n  r e s i d u a l  s u l f u r  

o r  hydrocarbon emissions . Speci f i c a l l  y w i t h  r espec t  t o  t h e  s u l f u r  spec1 es 

which were analyzed, mercaptan l e v e l s  appear t o  be a t  l e a s t  as g r e a t  a source 

o f  concern as r e s i d u a l  H2S which penet ra tes  a s u l f u r  removal and recove ry '  

system. 



I n  a  U.S. g a s t f i c a t i o n  f a c i l i t y ,  most o f  t h e  gaseous emiss ions 

wh i ch  have been i d e n t i f i e d  a t  Kosovo would be c o l l e c t e d  and i n c i n e r a t e d  i n  

o n - s i t e  steam gene ra to r s  o r  recompressed and r e c y c l e d  back i n t o  t h e  process. 

F u r t h e r  work needs t o  be done t o  c h a r a c t e r i z e  t h e  f a t e  o f  s u l f u r  spec ies  u s i n g  

t hese  two approaches. I n  a d d i t i o n ,  p o t e n t i a l  problems wh ich  may be caused by 

mercaptans, COSY t r a c e  hydrocarbons, and C02 d i l u e n t  i n  t h e  H,S-rich gas 

s t ream feed ing  i n t o  a  s u l f u r  r ecove ry  processeneed t o  be i d e n ' t i f i e d  and r e -  

so lved.  Another  unusual f e a t u r e  o f  t h e  Kosovo L u r g i  g a s i f i c a t i o n  process i s  

t h e  tendency t o  produce l o w  s u l  f u r  heavy f u e l s  and h i g h  s u l f u r  gas01 i n e  p ro -  

d u c t s .  T h i s  i s  shown i n  Tab le  2-2, where t h e  l owe r  s u l f u r  con ten t  o f  t h e  

t-~eav.iet. b y - p ~ v d u c t  f u e l s  may al ' low o n - s i t e  use o f  t h i s  m a t e r i a l  t o  s a t i s f y  

a u x i l i a r y  f u e l  requ i rements .  The combust ion and emiss ion c h a r a c t e r i s t i c s  

when bu rn l ng  t hese  m a t e r i a l s  has n o t  been i n v e s t i g a t e d .  , 

TABLE 2-2.  LIQUID BY-PRODUCTS FROM LUKt i l  GAS1 FICATION 
KOSOVO COMBINE FACILITY, YUGOSLAVIA* (Ref .  2 )  

Heavy Tar Med i um 
+ Dust T a r  O i  1  Gas01 i n e  

Composi t ion 

C 56.0 81 .9 81 .2 85.7 
H 7.6 8 .4  8.9 9.8 
N 0.87 1.3 1 .U 0.2 
S 0.33 0.49 U . 1 1  2.2 
Ash 6.6 0.22 U .U3 - 
0 2 28.6 7.8 8.2 ? 1 

Hea t i ng  Val ue 12,300 17,300 17,800 19,300 
( B t u l l  b )  

*The hea t i ng  v a l u e  of t h e  feeds tock  coa l  i s  about 10.OClfl B t . l r / l h  and t h e  
su l  f u r  con ten t  i s  about  1 .I%. 

2.2 F u l l  Sccll e Lime/Lirnest.one We1 Scrubbers 

Poar o p e r a t i n g  exper ience  and/or f a i l  u r e  o f  f u l l  - s ca le  wet sc rubb ing  

systems a t  e l e c t r i c  u t i l i t y  s i t e s  i n  t h e  e a r l y  1970 's  has r e s u l t e d  i n  a  

growing r e c o g n i t i o n  o f  t h e  impor tance o f  chemical  process c o n t r o l  . Based on 

r e c e n t  s t u d i e s  o f  f u l l  s c a l e  systems by  t h e  E l e c t r i c  Power Research I n s t i t u t e  

(EPRI) (Ref. 3 )  and o t h e r s  (Ref.  4 ) ,  t h e  most s e r i o u s  o p e r a t i n g  and c o n t r o l  . 

d i f f i c u l t i e s  w i t h  wet scrubbers  have been sca le  f o rma t i on  problems caused by  



inadequate c o n t r o l  o f  t h e  system chemis t ry .  For t h e  s i x  f u l l  , s c a l e  sc rubb ing  

systems eva lua ted  i n  a  r ecen t  E P R I  study, t h e  r e 1 , i a b i l i t y  o f  pH sensors f o r  

reagent  feed  r a t e  c o n t r o l  cannot be overemphasized as one o f  t h e  most impor- 

t a n t  f e a t u r e s  o f  wet scrubbers which have operated s u c c e s s f u l l y .  These s i x .  

systems' a r e  i d e n t i f i e d  i n  Tab1 e  2-3. 

A l though  reagent  f e e d r a t e  c o n t r o l  by pH has s&e drawbacks, i t  i s  

t h e  method used i n  t h e  m a j o r i t y  o f  t h e  1  ime o r  1  imestone scrubber  i n s t a l l a -  

t i o n s ,  b o t h  those  which a r e  c u r r , e n t l y  o p e r a t i n g  and those  which a r e  planned .. 

I n  a  t y p i c a l  scheme f o r  c o n t r o l 1  i n g  reagen t  f e e d r a t e  u s i n g  pH, a  streani o f  

scrubber s l u r r y  from t h e  r e c i r c u l a t i o n  l o o p  i s  tapped o f f  and passed t h rough  

a  vessel  c o n t a i n i n g  t h e  pH sensor.  I f  t h e  i n l e t  SO2 increases,  t h e  pH l e v e l  

i n  t h e  scrubber  s l u r r y  drops because o f  i nc reased  SO2 abso rp t i on .  When t h e  

pH drops below t h e  s e t  po in t ,  t h e  c o n t r o l l e r  d r i v e s  t h e  reagent  s l u r r y  f l o w  

' con t ro l  v a l v e  (FCV) t o  a  more open p o s i t i o n .  The r e s u l t i n g  l a r g e r  f l o w  o f  

- reagent  caus'es an inc reased  . r a t e  o f  r e a c t i o n  w i t h  a c i d i c  spec ies i n  t h e  

scrubber  h o l d  t ank  and b r i n g s  t h e  scrubber  s l u r r y  pH back up again .  The pH 

sensor, i n  t u r n ,  m o n i t o r s  t h e  i nc rease  i n  pH l e v e l  and t h e  c o n t r o l l e r  responds 

by  c u t t i n g  back on t h e  reagen t  s l u r r y  f l o w  r a t e .  T h i s  i s  a  con t inuous  p ro -  

cess t h a t  can o s c i l l a t e  back and f o r t h  i n  a  "band" across t h e  pH s e t  p o i n t  o r  

remain f a i r l y  steady, depending on f a c t o r s  such as t h e  t y p e  o f  reagent ,  h o l d  

t a n k  s i ze ,  s l u r r y  r e c i r c u l a t i o n  r a t e ,  q u a n t i t y  o f  SO, be ing  removed, and t h e  

con t ro1 , le r  s e t  p o i n t .  

The w i d t h  o f  t h e  pH c o n t r o l  band i s  s e t  by  a  number o f  cons idera -  

t i o n s :  The minimum pH i s  cons t ra i ned  by  two f a c t o r s .  ,One f a c t o r  i s  t h e  

minimum reagent  f e e d r a t e  r e q u i r e d  t o  ach ieve  a  g i ven  degree o f  SO, removal .  

A  second f a c t o r  i s  t h e  pH l e v e l  below which s c a l e  f o rma t i on  w i l l  t end  t o  

occur  - t h i s  depends on b o t h  system des ign  and o p e r a t i n g  c o n d i t i o n s  such as 

i n l e t  SO2 concen t ra t i on .  The maximum pH i n  t h e  c o n t r o l  band i s  g e n e r a l l y  

cons t ra i ned  due t o  reagent  u t i l  i z a t i o n  f a c t o r s ,  wh ich  may i n c l u d e  CaC03 

s c a l i n g  i n  1  ime systems. These f a c t o r s  a r e  ill u s t r a t e d  s c h e m a t i c a l l y  i n  

F i g u r e  2-3. 

There a r e  two bas i c  t ypes  o f  pH sensors. The d i p - t y p e  sensor i s  

i n s e r t e d  i n t o  a  s l u r r y  t ank ' and  can be manua l l y  removed f o r  p e r i o d i c  



TABLE 2-3.  TYPICAL FULL-SCALE LIMEILIMEST0.dE SCRUBBING SYSTEMS (.Ref. 3 i 
-- ----.-- --- 

MU Est imated Est imated 
R a t i n g  Gas Flow Rate  L/G R a t i o  Type or' Type o f  

U t i l i t : * / S i t e  Type of S y s t q  (MW) (SCFM)' (qal/MSCF) Reiqen: Reheat . 

1.  ?ennsyl v a n i r .  Power .Co. Veotur i !Aisorbers 825 2;500.000 50 L I m t  D i r e c t - F i r e d  . 
Bruce M a n s f i e l d  U n i t  1 6.lR1duQes . Burners 

2.  Southern C a l i f o r n i a  E d i s i o n  C r ~ i s f l ~ k  Spray .  170 450,000 20 Lime I n d i r e c t  
Nohave U n i t  .2 1 Piodu; e Steam Heaters 

3. bentucky U t O l i t i e s  . Vef?tu?</At.sorber 64 ' 210.000 4 5 Lime None 
Ereen R i v e r  1 FPdule 
U n i t s  1. 2, S 3 

4. D e t r o i t  Edison' Ventur i /Rbsorber  1EO 490,000 100 L i m e ~ t o n e  I n d i r e c t -  
S t .  C:air U n i t  5 . 2 k d u l e s  - F i r e d  

Burners  

5. C m o r w e a l t h  Edison . Ven x r i / A b s o r b e r  167 460,000 80  L ine- tone . D i r e c t  
W i l l  County I n i t  . l  2 M d u l e :  Steam Heaters  

6. S o ~ t h ~ n  C a l - f o r n i a  Edison V e r ~ . i c a l  Scrubber 170 . 450.000 3 5. L i n e r t o n e  D i r e c t  
Molave U n i t  1 1 M o j u l s  Steam Heaters  



so 2 control  "band" 
reagent 
u t  i l  i  z a t  ion 
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~ d e ~ u a t e  design al lows f o r  
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I * 
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Figure 2 - 3 .  I l l u s t r a t i o n  of pH control  "band" f a c t o r s .  
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maintenance and c a l  i b r a t i o n .  The f low- th rough sensor i s  l o c a t e d  i n  a  s e c t i o n  

o f  sample p i p i n g .  A s l u r r y  sample must be ob ta ined  from a  h i gh  p ressure  

header, f o r ced  th rough t h e  pH sensor c e l l ,  and d ischarged t o  a  low pressure  

area.  The problem w i t h  d i p - t y p e  sensors i s  t h a t  t h e y  cannot be used e f f e c -  

t i v e l y  i n s i d e  scrubber  vesse l s  wh ich  must be gas t i g h t .  The problem w i t h  

f low- through sensors i s  t h a t  t h e  sample l i n e s  t o  and from t h e  sensing element 

f r e q u e n t l y  p l u g  up and must be back-f lushed', cleaned, o r  p e r i o d i c a l  1  y  r e -  

placed, and t h e  sensor elements a r e  sub jec t  t o  h i g h  r a t e s  o f  e ros ion  wear. 

Maintenance o f  pH sensors u s u a l l y  i n v o l v e s  a c i d  washing f o l l o w e d  b y  

r e c a l  i b r a t i o n  w i t h  s tandard b u f f e r  s o l u t i o n s .  pH sensor maintenance problems 

a r e  sometimes aggravated d u r i n g  a  scrubber r e s t a r t  a f t e r  a  l o n g  outage.. T h i s  

can be a t t r i b u t e d  t o  two causes: 1 )  a  low l e v e l  o f  s l u r r y  so l  i d s  con ten t  

d u r i r ~ g  s t a r t - u p  can r e s u l t  i n  r a p i d  s c a l e  fo rmat ion ,  and 2 )  smal l  chunks o f  

p h y s i c a l l y - d r i e d  s l u r r y  o r  f l a k e d  sca le  l e f t  over  f rom t h e  outage can p lug  

t h e  pH sensor l i n e s ,  and may con t i nue  t o  be a  problem u n t i l  a l l  t h e  chunks 

a r e  d i s s o l v e d  o r  removed. I t  i s  p r i m a r i l y  f o r  t h i s  reason t h a t  d i p - t ype  

pH sensors sometimes r e q u i r e  1  ess maintenance than  f l ow - th rough  pH sensors. 

I n  a  l i m e  scrubbing system, t h e  c o r r e l a t i o n  between s l u r r y  pH, 

redgent  feed r a t e ,  and ou t1  e t  SO, concen t ra t i on  usual1 y responds v e r y  q u i c k l y  

t o  changes i n  o p e r a t i n g  c o n d i t i o n s .  It i s  even p o s s i b l e  i n  some cases t o  

ope ra te  t h e  sc rubb ing  system based on reagent feed  r a t e  i n d i c a t i o n ,  w i t h  

p r r l s d l c  c lse~kh  o f  s l u r r y  pH l e v e l .  

I n  a  1  imestone scrubbing system, however, t h e .  presence o f  s o l  i d -  

'phase a l k a l i n i t y  (CaCO,) a c t s  t o  cause a r e l a t i v e l y  h i g h  degree o f  b u f f e r i n g ,  

so t h a t  t h e  r e l a t i o n s h i p  between t h e  pH l e v e l  and o u t l e t  SO, concen t ra t i on  i s  

l e s s  we l l - de f i ned .  Scrubber ope ra to r s  have no ted  t h a t  t h e  degree o f  excess 

a l k a l i n i t y  i n  l imes tone  s l u r r , y  can be eqt imated based upnn t h e  r a t e  o f  response 

o f  a  .pH c o n t r o l  system. I f  t h e r e  i s  t oo  much ,excess a1 kal  i n i t y ,  then  t h e  pH 

o f  t h e  s l u r r y  w i l l  n o t  change v e r y  r a p i d l y ,  r ega rd less  o f  t h e  s e t  p o i n t  on 

t h e  pH c o n t r o l l e r .  I f  t h e  s l u r r y  system i s  dep le ted  f rom excess a l k a l i n i t y ,  

then  t h e  s l u r r y  pH w i l l  respond r a p i d l y  t o  manual adjustment i n  t h e  pH s e t  

p o i n t .  These symptoms can a1 so be observed i f  t h e  l imes tone  reagent  feed 

r a t e  i s  recorded on a  s t r i p  c h a r t .  Over a  g i ven  pe r i od  o f  o p e r a t i n g  t ime, 



t h e  response o f  t h e  pH c o n t r o l .  system w i l l  u s u a l l y  produce c h a r a c t e r i s t i c  

r eco rds  on t h e  reagen t  feed r a t e  c h a r t ,  depending on whether t h e  scrubber  

s l u r r y  con ta i ns  t o o  much o r  t o o  l i t t l e  ca l c i um  carbonate a l k a l i n i t y .  A 

t y p i c a l  example i s  shown i n  F i gu re  2-4. 

Excesses i n  reagent  feed  r a t e  a r e  n o r m a l l y  o f  s h o r t  d u r a t i o n  s i n c e  

t h e  t r o u b l e  u s u a l l y  can be i d e n t i f i e d  f a i r l y  r a p i d l y ,  o r  t h e  s i t u a t i o n  co r -  

r e c t s  i t s e l f .  More s e r i o u s  problems occur  when t h e  scrubber  system has been 

i nadequa te l y  designed, and t h e  pH l e v e l  below which sca l  i n g  occurs  i s  t o o  

c l o s e  t o  t h e  pH l e v e l  r e q u i r e d  f o r  adequate SO2 removal .  The c o n t r o l  "band" 

between j u s t  enough and t o o  much reagent  may then  be q u i t e  narrow, p o s s i b l y  

caus ing t h e  reagen t  feed c o n t r o l  system t o  o s c i l l a t e  o u t  o f  c o n t r o l .  The 

ma jo r  drawback.of  a  system which o s c i l l a t e s  o u t  o f  c o n t r o l  i s  a  l ow  pH ex- 

cu rs ion ,  which r ep resen t s  i n a b i l i t y  o f  t h e  c o n t r o l  system t o  respond q u i c k l y  

enough. Repeated low pH excurs ions  w i l l  u l t i m a t e l y  r e s u l t  i n  severe ca l c i um  

s u l f a t e  scal  e  fo rmat ion ,  c u l m i n a t i n g  i n  an extended scrubber  outage f o r  main- 

tenance. 

Shor t - term reagent  feed  i n t e r r u p t i o n s ,  when n o t  repeated c o n t i n u a l l y ,  . 

have n o t  caused much t r o u b l e .  Even w i t h  a  complete feed  i n t e r r u p t i o n ,  many 

scrubbers  do n o t  n e c e s s a r i l y  have t o  be shut  down immediate ly .  ' Depending on 

t h e  s i z e  o f  t h e  h o l d  t a n k  and t h e  o p e r a t i n g  c o n d i t i o n s  a t  t h e  beg inn ing  o f  an 

upset  o f  t h i s  na tu re ,  scrubber  o p e r a t i o n  can be con t inued  f o r  a  m a t t e r  o f  

hours i n  many cases. T h i s  i s  shown i n  Tab le  2-4 where i t  i s  seen t h a t  a  r e -  

agent feed i n t e r r u p t i o n  o f  5  t o  7 hours was t o l e r a t e d  i n  a  l imes tone  system . 

w i t h o u t  a  l o a d  r e d u c t i o n .  I n  t h e  l i m e  cases, t h e  system chem is t r y  i s  much 

l e s s  h i g h l y  bu f fe red ,  b u t  even so, i n t e r r u p t i o n  t i m e  o f  about one hour  has 

been t o l e r a t e d .  (Thk 4 hour i n t e r r u p t i o n  a t  Green R i v e r  was e f f e c t i v e l y  l e s s  

than  4  hours on a  " t y p i c a l "  b a s i s  because t h e  30 m inu te  res idence  t i m e  i n  t h e  . , 

scrubber  h o l d  t ank  i s  n o t  t y p i c a l  f o r  many scrubber  systems.) I t  i s  impo r tan t  

t o  n o t e  t h a t  i n  a l l  these  cases, c o n t r o l  o f  t h e  system chem is t r y  was recovered 

i n  r e l a t i v e l y  s h o r t  t imes  (i.e. 0.5 t o  1.3 hours)  f o l l o w i n g  resumpt ion o f  r e -  

agent feed  t o  t h e  system. A l though  SO2 removal presumably dropped o f f ,  in'. 

none o f  t h e  t e s t s  were t h e r e  any adverse e f f e c t s  such as  s c a l i n g  o r  l imes tone  

b l  i n d i  ng. 
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Excess so l  i d  shase a1 k a l  i n i t y :  
Rate o f  pH change w i t h  t i m e  i s  so 
low and t h e  s l s t em i s  so h i g h l y  
b u f f e r e d  t h a t  t h e  f l o w  c o n t r o l  
va l ve  responds ve ry  s l u g g i s h l y .  

Observed Cond i t i on  
0  % 1oo:i 

Required Operator  Act  i o n  

a, 

None 

Lower .pH c o n t r o l  se t  p o i n t  t o  
reduce absorbent  feed r a t e .  
Excess co .nd i t i on  may be caused 
by  l o a d  ' reduct ion,  d rop  i n  
s u l f u r  con ten t  o f  coa l ,  and/or 
acc i den ta l  absorbent  ove r f eed ing  . 
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I n s u f f i c i e n t  s o l i d  phase a1 k a l i n i t y :  Raise pH c o n t r o l  s e t  p o i n t  t o  
Rate o f  pH -change w i t h  t i m e  i s  so i n c r e a s e  absorbent feed  r a t e .  
f a s t  anc t t e  system'. is so s t a r ved  D e f i c i e n t  c o n d i t i o n  may be 
f o r  a b s c - r b ~ n t  t h i t  t h e  f l o w  c o n t r o ~ l  caused b y  i i c r e a s e  i n  load,  
v a l v e  respcnds t o o  r a p i d l y .  increas. i n  s u l f u r  con ten t  o f  

coa l ,  o r  under feeding o f  
absorbent .  

Normal : Rate o f  pH change w i t h  
t i m e  i s  3 t  2 medium -!evel .  The 
feed  i s  h e l d  " o f f "  o r  "on" f o r  
r e l a t i v e l y  Bong per iods  and s h i f t s  
r a p i d l y  f rom oqe c o n d i t i o n  t o  t h e  
o t h e r .  

F i gu re  2-4.  , Method o f  a d j u s t i n g  pH s e t  p o i n t  u s i n g  l imes tone  f eed  r a t e  and s o l i d  phase 
a1 k a l  i n i  t y  v a r i a t i o n s  (Ref .  4 )  . 



TABLE 2-4. TESTS OF REAGENT FEED INTERRUPTIONS (Ref.  4 )  

Hold  Tank Length o f  Ho ld  Tank Out1 e t  Time Required 
Ou t l  e t  pH I n t e r r u p t i o n ,  pH When Reagent t o  Reach S t a r t i n g  

F a c i l i t y  a t  S t a r t  h r s .  Feed Resumed Val ue  o f  pH, h r s  . 
- - 

S t .  C l a i r  6.0 
(1  imestone) 

Mo hav e 5.8 5.5 
H o r i z o n t a l  
(1  imestone) 

Green ~ i v e r  5.2 4.0 
( 1  ime) ( scrubber  

out1 e t  ) 

Mohave 6.9 
H o r i z o n t a l  
( 1  ime) 

It i s  concluded t h a t  wet scrubbing system problems wh ich  i n v o l v e  

l o s s  o f  chemical c o n t r o l  and severe sca le  f o r m a t i o n  can u s u a l l y  be a t t r i b u t e d  

t o  a  s p i r a l l i n g  sequence o f  events:  s c a l e  f o r m a t i o n  l eads  t o  sensor mal func-  

t i o n ,  and sensor m a l f u n c t i o n  r e s u l t s  i n  l o s s  o f  chemical  c o n t r o l ;  l o s s  o f  

chemical  c o n t r o l  then  l eads  t o  s c a l e  f o r m a t i o n  which i s  f o l l o w e d  by  sensor . 

ma1 f u n c t i o n ,  e t c .  The chem is t r y  o f  1  ime ' o r  1  imestone sc rubb ing  i s  q u i t e  com- 

p l ex .  There i s  a  need t o  conduct f u r t h e r  i n v e s t i g a t i o n s  o f  sc rubb ing  chemis- 

t ry  i n  areas such a s  c o n t r o l  o f  s u l f i t e  o x i d a t i o n ,  e f f e c t  o f  o rgan i c  a d d i t i v e s  

and se lec ted  d i s s o l v e d  s a l t s  on s c a l e  fo rmat ion ,  and e f f e c t i v e n e s s  o f  new 

reagen t  feed  c o n t r o l  c o n f i g u r a t i o n s .  

Spray Dryer  P lus  Baghou sr Systems 

Due t o  t h e  o p e r a t i n g  and maintenance problems wh ich  have been ob- 

served w i t h  wet scrubbers,  severa l  d r y  scrubber  process c o n f i g u r a t i o n s  i n -  

v o l v i n g  spray d r y e r s  f o r  f l u e  gas SO, removal a r e  be ing  i n s t a l l e d  on com- 

m e r c i a l  c o a l - f i r e d  gene ra t i ng  s t a t i o n s  i n  t h e  U n i t e d  S ta tes .  The d r y  scrub-  

b i n g  approach a l s o  o f f e r s  t h e  advantages o f  zero o r  l i t t l e  f l u e  gas r e h e a t i n g  

requi rements ,  and t h e  s o l i d  waste m a t e r i a l  i s  d i scharged  as a  powder which 

a can be pneuma t i ca l l y  conveyed. A l i s t  o f  t h e  commercial p l a n t s  c u r r e n t l y  p ro -  

ceeding w i t h  t h e  des ign and c o n s t r u c t i o n  o f  f u l l - s c a l e  d r y  sc rubb ing  equipment 

i s  p rov ided  i n  Tab le  2-5. 



Succes:ful A-E o r  MW Capac i ty  & S t a r t - u p  
U t i l  i t y / P l a n t / S i t e  . . B idder  . . .  Eva lua to r  No. o f  Modules Date 

1. Bas in  E l  e c t r i c  Joy/Ni r o  
Antelo.pe- Val 1  ey ( 1  ime reagent)  
Beulah, .ND 

Stearns-Roger 435 MW 1981 
5 modules 

2.  Bas in  E l e c t r i c  - Babcock & Wi-cox Burns & McDonald 600 MW 
Laramie R i v e r  ( 1  ime r e a j e n t )  
Wheatland, MY 

3. O t t e r  T a i l  Power Rockwell I n t e r n a t i o n a l /  Becht e l  
Coyote S t a t i o n ,  HD Wheel ab ra to r -F rye  

(soda ash  reageqt 3 

4. Niagara Mohawk Atomics ESEERCO 
Hunt ley  S ta t i on ,  NY I n t e r n a t  ionaO 

'ESEERCO stands fo r '  Empire State.  El e c t r i :  Energy Research Corporat ion,  which i s  s o l e l y  funded by 
p r i v a t e  u t i l  i t y  companies i n c l u d i n g  Consol i d a t e d  Edi  son, New England E l e c t r i c  Pcwer Se rv i ce  
Company, Niagara Mohawk Pcwer Compary, and o the rs .  

2 ~ h e  ESEERCO p r o j e c t  f ea tu res  a  mo l ten  s a l t  r egene ra t i on  system and t h e  c u r r e n t  c o s t  es t ima te  
i s  about $640/kW - about f i v e  t imes  as much as a  Joy /N i ro  system i n c l u d i n g  d r y s r  and bag- 
house. The Joy /N i ro  b i d  f o r  Ante lope V a l l e y  was. r epo r ted  t o  be $11 5/kW. 



A t y p i c a l  d r y  scrubbing process b l o c k  f l o w  diagram i s  shown i n  

F igu re  2-5, and t y p i c a l  l'i.me s l u r r y  SO, removal r e s u l t s  a r e  presented i n  

F i g u r e  2-6 as a f u n c t i o n  o f  reagent  u t i l i z a t i o n  and f l .ue  gas temperature 

d rop  across t h e  spray d r y e r  ( ~ e f .  5 ) .  Normal sp ray  d r y e r  ou t1  e t  temperatures 

a r e  i n ' t h e  160°F t o  170°F.range t o  p rov ide  s u f f i c i e n t  o p e r a t i n g  marg in  above 

t h e  s a t u r a t i o n  temperature.  The reagent  feed  r a t e  can be c o n t r o l l e d  by t h e  

spray  d r y e r  o u t l e t  temperature.  If t h e  a i r  p rehea te r  r o t a t i n g  speed i s  r e -  

duced, t h e  spray d r y e r  i n 1  e t  temperature increases,  and t h e  degree o f  SO, 

removal inc reases  by  v i r t u e  o f  improved 1 i qu id /gas  c o n t a c t i n g  when more 

l i q u i d  can be t o l e r a t e d  i n  t h e  feed  s l u r r y  (Ref. 5).  

The percentage reagent  u t i l i z a t i o n  can u s u a l l y  be increased by  

r e c y c l i n g  a p o r t i o n  o f  t h e  f l y  ash p l u s  r e a c t i o n  p roduc ts  f rom t h e  baghouse 

and/or sp ray  d r y e r  bottom cone. I n  some cases where h igh  SO2 removal e f f i -  

x i e n c y  i s  requ i red ,  t h e  amount o f  f r e s h  1 ime reagent  needed can be reduced 

by a f a c t o r  o f  two when f l y  ash r e c y c l e  techniques a r e  employed. Obviously,  

t h i s  depends On t h e  chemis t ry  o f  t h e  f l y  ash as  we l l '  as t h e  s p e c i f i c  n a t u r e  

o f  t h e  f l y  ash r e c y c l e  c o n t r o l  system. Many d r y  scrubbing concepts a r e  s t i l l  

be ing  developed and tes ted ,  and most o f  t h e  process c o n t r o l  schemes a r e  s t i l l  

cons idered  p r o p r i e t a r y  a t  t h i s  t ime.  

2.4 D iscuss ion  

As shown i n  Table 2-6, t h e r e  a r e  f ou r t een  a i r -b lown,  low pressure  

coal  g a s i f i e r s  i n  ope ra t i on  o r  under c o n s t r u c t i o n  i n  t h e  u n i t e d  S ta tes  a t  

t h i s  t ime. T h i s  amounts t o  a  coal  p rocess ing  c a p a c i t y  o f  about t h r e e  L u r g i  

g a s i f i e r s ,  and cannot be cons idered a s i g n i f i c a n t  l a rge -sca le  use o f  c o a l  

g a s i f i c a t i o n  i n  t h e  Un i t ed  S ta tes .  

Two pro to type-sca le  (,i.e. 150 TPD) ent ra ined-bed g a s i f i e r s  have 

been operated i n  West Germany s i n c e  e a r l y  1978. Bo th  systems are oxygen- 

blown, s lagg ing- type  g a s i f i e r s  t h a t  do n o t  produce t a r s ,  o i l s ,  o r  phenols 

t y p i c a l  o f  L u r g i  o r  low-pressure, a i r -  blown. coal  g a s i ' f i c a t i o n  systems. One 

o f  these  p ro to types  uses t h e  Texaco coa l  g a s i f i c a t i o n  process (Ref.  1) and 

t h e  o t h e r  i s  a  h i gh  pressure adap ta t i on  o f  t h e  o r i g i n a l  K-T process (Ref. 8 ) .  

Bo th  o f  t hese  newer coal  g a s i f i c a t i o n  processes o f f e r  t h e  promise o f  h i g h  



Reagent Sl ur ry  
Sol u t i o n  

F i g u r e  2-5. Flow dia.gr.am - sp.r.3~ d r y i n g  w i t h  bag'nouse c a l l  e c t i o n  . 



Reagent Util ization = 1 - 

- -- 
Note: A higher A t  means that  the solids content of t h e  feed s lurry can be 

reduced a t  the same reagent u t i l iza t ion .  Thus, the reagent par t ic les  
get dispersed better and SO2 removal increases. 

Figure 2-6. Typical dry scrubber resu l t s  with 1 ime reagent (Ref. 5 ) .  



TABLE 2-6. CURRENT AIR-BLOWN, LOW-PRESSURE COAL GASIFICATION 
FACILITIES I N  THE UNITED STATES (Ref .  6 )  

Opera t ing  Company Number o f  Gas P u r i f i c a t i o n  S t a r t - u p  
and L o c a t i o n ( s )  G a s i f i e r s  Process Date 

G l  en-Gery B r i c k  Co. 

a York, PA 2  Hot Cyclone 

Reading, PA 2  

a Shoemakersv i l le ,  PA 1  

? Wationtown, PA 1  

N a t l o n a l  Lime & Stone Co. 

a Carey, OH 2  Hot Cyclone 

Can Do, Inc .  

a Hazel town, .PA 

Bureau o f  Mines 

8 F o r t  S n e l l  i ng ,  MN 

C u r r e n t l y  
o p e r a t i o n a l  

C u r r e n t l y  
o p e r a t i o n a l  

2  Hot Cyclone 1979 

I e Hot Cyclone 

e S O e  S c r ~ ~ h b e r s  

P l  ke County, Kentucky 2 a Hot C ~ C I U I I ~ / ~ S P  , 1979 

6 P' i kesv l l l e ,  KY r SLre t t L  T0i.d Sit1 Tur Removal 

Aluminum R e f i n e r y  C l i e n t  

m P ~ n n q y l  v a n i a  s i  t.e 1 Hot Cyclone 1979 " 



pressures,  reduced env i ronmenta l  c leanup problems, and simp1 i f i e d  process 

c o n t r o l  s u i t a b l e  f o r  i n t e g r a t i o n  w i t h  combined c y c l e  power p l a n t s .  Texaco, 

I n c .  and Southern C a l i f o r n i a  Edison Company have r e c e n t l y  announced p lans t o  

c o n s t r u c t  a 1000 TPD coa l  g a s i f i e r  modul e 1 eading t o  demonst ra t ion o f  t h e  

i n t e g r a t e d  g a s i f i c a t i o n  p l us  combined c y c l e  process (Re f .  9 ) .  Such a demon- 

s t r a t i o n  p r o j e c t  would he1 p i d e n t i f y  t h e ' h i g h  degree o f  s u l f u r  removal and 

recove ry  which i s  a n t i c i p a t e d  t o  be f e a s i b l e .  

3.0 CONCLUSIONS 

Al though p ressu r i zed  g a s i f i c a t i o n  w i l l  be r e q u i r e d  fo.r t h e  p roduc t i on  o f  + 

any s y n t h e t i c  f u e l s  f rom coa l  ( i n c l u d i n g  coa l  l i q u e f a c t i o n ) ' ,  t h e  U n i t e d  " 

S ta tes  l a g s  f a r  behind severa l  o t h e r  c o u n t r i e s  i n  proceeding w i t h  t h e  

necessary demonst ra t ion p r o j e c t s .  

a Desp i te  encouraging t r e n d s  t o  develop and demonstra.te a s y n t h e t i c  f u e l s  

i ndus t r y ,  t h e r e  w i l l  be  v e r y  l i t t l e  i n  t h e  way o f  l a r g e - s c a l e  s y n t h e t i c  

f u e l  p roduc t i on  p r i o r  t o  t h e  1985 t o  1990 t i m e  frame. 

It i s  a n t i c i p a t e d  t h a t  d i r e c t  combustion o f  coa l  i n  a b o i l e r ,  f o l l o w e d  

by wet o r  d r y  f l u e  gas desu l f u r i za t ' i on ,  w i l l  c o n t i n u e  t o  be t h e  pr imary 

method o f  u t i l i z i n g  coa l  i n  t h e  U n i t e d  S ta tes  u n t i l  w e l l  p a s t  t h e  yea r  

2000. 
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Corre la t ing  Process Parameters and Tar/Water 
Product ion f o r  a Slagging F ixed-Bed Gasi f ier  

G. G. Mayer,  D. R. Hajicek, and  P.. G. Freeman 
Grand Forks  Energy  Technology Center  

INTRODUCTION 

T h e  Grand Fo rks  Energy  Technology Center  (GFETC) i s  opera t ing  
a modif ied vers ion  o f  a l u r g i  f i xed -bed  gas i f ie r .  Major emphasis o f  t h e  
resear'ch program i s  t o  ga the r  e f f l uen t  data. As p a r t  o f  t h e  program, a 
gas chromatographic (GC) system was developed t o  determine quant i t ies  
o f  water  and t a r  components in t h e  h o t  p r o d u c t  gas stream. T h e  
system descr ibed in t h i s  paper  has successfu l ly  sampled and analyzed a 
h i g h  moisture, low temperature gas stream, generated by gasi f icat ion of 
a h i g h  moisture l ign i te .  Results obta ined by t h e  GC a r e  cor re la ted  w i t h  
resu l ts  obta ined w i t h  a side stream sampling system. A f u r t h e r  
comparison between resu l t s  f rom t h e  side stream samples and resu l t s  f o r  
composite samples f rom a down-stream s p r a y  washer i s  p resented in a 
companion paper  a t  t h i s  Symposium (5). 

GAS1 FICATION PROCESS 

A f lowsheet o f  t h e  p i l o t  p lan t  i s  shown in F i g u r e  1. Recent 
publ icat ions (1,2,3,4) have discussed t h e  t e s t  equipment and 
procedures in deta i l .  A b r i e f  summary w i l l  b e  p rov ided  here .  

T h e  t e s t  coal i s  in t roduced i n to  t h e  gas i f ie r  t h r o u g h  a lock 
hopper .  As t h e  coal decends t h r o u g h  t h e  shaf t ,  it is  heated by 
coun te rcu r ren t  f low o f  h o t  gases coming f rom t h e  react ion zone. 
D r y i n g , .  devolat i l izat ion and  gasi f icat ion occu r  in d i s t i n c t  zones in t h e  
coal bed.  T h e  coal reacts w i t h  t h e  steam-oxygen m i x t u r e  t h a t  i s  
in jected i n t o  t h e  h e a r t h  section. Gasif icat ion occurs  a t  temperatures of 
approximate ly  170Q°C, completely consuming t h e  coal and leaving on1 y 
molten ash. T h e  molten ash d rops  down i n t o  a water  ba th  in t h e  lower 
lock hopper,  p roduc ing  a frit resembling coarse sand wh ich  i s  per iod i -  
ca l l y  removed. T h e  p r o d u c t  gas leaves t h e  t o p  o f  t h e  gas i f ie r  and 
enters  a recycle l i quo r  sp ray  washer, where water  vapors,  t a r ,  o i l  a n d  
d u s t  a re  removed. T h e  accumulated l i quo r  in t h e  s p r a y  washer system 
i s  per iodical ly  d ra ined  i n to  a ho ld ing  t a n k  a t  atmospheric p ressure .  
A f t e r  passing t h r o u g h  t h e  s p r a y  washer, t h e  gas i s  f u r t h e r  cooled i n  a 
heat exchanger, depressur ized,  demisted, metered, and f la red .  A 
t yp i ca l  gas composit ion i s  58% CO, 29% H2, 5% CH4, and 7% C02, w i t h  
small amounts o f  C2-C4 hydroca'rbons. 

Gasif ication tes t  parameters inc lude opera t ing  pressure ,  oxygen  
rate, oxygen  tn steam rat io ,  moisture content  o f  coal, and t y p e  o f  coal 
gasi f ied.  T h e  raw  p r o d u c t  gas stream i s  sampled per iodical ly  during 
.each gasi f icat ion t e s t  t o  determine t h e  quant i t ies  o f  t a r  and water  in t h e  
gas and how var ia t ions  o f  process parameters a f fec t  t h e  p roduc t i on  o f  
t h e  components. I n  t h e  tes t  p rogram opera t ing  pressures  have ranged  
f rom 100 t o  400 ps ig,  t h e  oxygen  ra tes  have ranged f rom 4000 t o  
6000 scfh,  th'e molar , o x y g e n  steam rat ios have ranged  f rom 0.9 t o  1.1, . 

and fue l  moistures have ranged f rom 20 t o  38 percent .  



Col lect ing representa t ive  and reproduc ib le  samples o f  e f f luents  
f rom t h e  gas o f f t ake  a t  t h e  top  o f  t h e  gasi f ier  presents special 
problems. Samples must  b e  collected a t  p ressures  up t o  400 ps ig  and 
a t  a n  approximate steady-state temperature o f  300°F. T h i s  e f f l uen t  
stream contains a mult i -phase combination o f  p r o d u c t  gases, water  
vapor,  o rgan ic  vapors, t a r  and water  aerosols, and entra ined 
par t icu lates.  T h e  sampling p robe  a t  t h e  gas o f f t ake  consists o f  k" OD 
b y  $" I D  t u b e  b e n t  i n to  a 90° angle t o  face t h e  p r o d u c t  gas stream. 
T h e  leading edge o f  t h i s  p robe  i s  tapered down a t  a 45' angle. 

SAMPLING METHODOLOGY 

A major e f f o r t  has been d i rec ted toward  developing and en larg ing  
the  capabi l i t ies f o r  sampling and charac ter iz ing  liquid ef f luents.  T o  
accomplish th is ,  several foprns o f  sampling I-rave beer-I dev'eloped. T l ~ e  
methods t h a t  w i l l  be  descr ibed in t h i s  paper w i l l  inc lude side stream 
sampling t h r o u g h  a condensation t r a i n  and on- l ine sampling t h r o u g h  a 
heated GC. B o t h  these methods, b u t  p a r t i c u l a r l y  t h e  on- l ine sampling, 
p rov ide  an o p p o r t u n i t y  t o  observe t h e  shor t - te rm changes in e f f luent  
y ie ld  and composition t h a t  r e s u l t  f rom non-steady state operat ion due  t o  
coal cha rg ing .  

Side Stream Sampling 

Side-stream sampling ( 5 )  allows t h e  col lect ion o f  samples rep re -  
sentat ive o f  selected coal cha rg ing  cycles w i th in  a gasif icat ion test .  I n  
side stream sampling, a po r t i on  o f  t h e  raw p r o d u c t  gas stream f rom t h e  
gas o f f t ake  i s  passed t h r o u g h  a sampling system t o  remove t h e  
condenslbles and pareiculates t rom a measured q u a n t i t y  o f  gas. Major 
components o f  t h e  present  system, shown in F igu re  2 ,  are  an automatic 
pressure  cont ro l  valve, a high pressure  and low pressure  cyclone, two  
heat exchangers, a cryogenic t r a p  and a gas  meter. T h e  automatic 
pressure  cont ro l  valve regulates t h e  f low nf gas sampled and reduces 
the  sample p ressu re  t o  approximately 18 ps ig .  T h e  high pressure  
cyclone i s  located before  t h e  contro l  va lve  and removes water  and t a r  
aerosols t h a t  could plug t h e  valve. T h e  low pressure  cyclone removes 
the  addi t ional  e f f luents  condensed o u t  during pressure  let-down. T h e  
two heat  exchangers condense out water  and light oi ls  down to  I0C. 
The  cryogen ic  t r a p  i s  used t o  remove water  and some o f  t h e  light oi ls 
f rom t h e  gas stream a t  temperatures below O°C. 

b' On-l ine Sampling 

T h e  on- l ine sampling, employing GC's, p rov ides  t h e  capabi l i ty  o f  
establ ish ing r a p i d  and s h o r t  term var iat ions in tar -o i l  and water  
p roduct ion  rates.  Since sampling i n te rva l s  can b e  as s h o r t  as f i v e  
minutes, a f a i r l y  complete pa t te rn  o f  change can b e  established ove r  t h e  
course o f  sthe nominal h o u r  coal cha rg ing  cycle. T h e  GC system used 
f o r  analysis i s  f lex ib le  in t h a t  a v a r i e t y  o f  e f f l uen t  components can be  
determined by select ing .an appropr ia te  set  o f  analyt ical  parameters such 
as column suppor t ,  s ta t ionary  phase, temperature, and f low rate.  T h e  
po r tab i l i t y  o f  t h i s  system allows it t o  b e  used a t ' seve ra l  d i f f e r e n t  sam- 



p l i n g  locations during a gas i f ie r  r u n ,  o r  it can be  taken t o  t h e  
labora tory  f o r  cal ibrat ion and  developmental work .  

A schematic o f  t h e  sampling system i s  shown in F igu re  3. T h e  
insulated stainless steel sample l ines a re  p u r g e d  cont inuously w i t h  t h e  
sample stream t o  stabi l ize sampling condit ions. Thermocouples a re  
st rategical ly  located t o  monitor temperatures o f  t h e  e f f l uen t  stream 
th roughou t  t h e  sample l ine. Flow ra tes  are  manual ly contro l led by 
ad jus t ing  t o  a constant  pressure.  A Valco* e igh t -po r t  swi tch ing  va lve  
w i t h  .5 ml sample loops i s  used t o  obta in a quant i ta t ive  sample wh ich  i s  
ca r r i ed  i n to  t h e  GC column w i t h  helium c a r r i e r  gas. T h e  temperature 
o f  t h i s  sampling system i s  maintained above l lO°C t o  p r e v e n t  conden- 
sat ion and plugging. 

T h e  gas chromatographic system f o r  moni tor ing t a r  product ion,  
shown in F igu re  4, consists o f  a Gow-Mac series 150 gas chromatograph 
and a HNU model PI-51 photoionizat ion detector .  A Spectra-Physics 
Auto lab System I comput ing i n teg ra to r  and a Honeywell Electronic 196 
recorder  p rov ide  t h e  data hand l ing  capabi l i ty .  T h e  photoionizat ion 
detector  uses a 10.2 e lectron v o l t  u l t rav io le t  source. T h i s  detector  
does n o t  respond t o  permanent gases, water,  o r  most low molecular 
we ight  hydrocarbons because o f  t h e i r  high ionizat ion potent ials.6 As a 
resu l t ,  detect ion o f  organics i s  simpl i f ied because o f  t h e  re lat ivery small 
q u a n t i t y  o f  t a r  - nominal ly less t h a n  0.006 volume percent  - in re lat ion 
t o  gas and water  in t h e  e f f l uen t  streams. 

I n  o r d e r  t o  meet t h e  c r i t e r i a  o f  mul t ip le  analysis w i th in  a data 
per iod  t h e  on- l ine GC i s  n o t  in tended t o  p rov ide  a detai led component- 
by-component analysis. Rather, .a simulated d is t i l la t ion  i s  obtained, 
which can be  accomplished in a much shor te r  t ime per iod.  A 6 ft x 
O.D. column packed w i t h  5% Apiezon L o n  80/100 Anakrom SD was 
selected because it prov ides  a good bo i l ing  po in t  d i s t r i b u t i o n  o f  t h e  t a r  
components. 1 nst rumental  parameters used were: i n le t  temperature 
170°C, detector  temperature 170°C, helium c a r r i e r  f low o f  20 ml/min a t  
150°C column temperature. 

T h e  gas chromatographic system f o r  moni tor ing water  p roduct ion  
consists o f  a GQW-Mac series 150 gas chromatograph and a thermo- 
conduc t i v i t y  detector .  Data hand l ing  capabilities are  t h e  same as fo r  
t h e  t a r  monitor.  A n  8 f t  x %Ik O.D. Porapak ,Q column was selected 
because o f  t h e  s h o r t  analysis t ime and t he  e f f i c ien t  separat ion of water 
f rom t a r  components. 1 nst rumental  parameters used were: i n le t  

- temperature 145OC, detector  temperature 145OC, hel ium c a r r i e r  f low 'of 
60 ml/min a t  125OC column temperature.  

* Reference t o  specif ic b r a n d  names o r  models i s  done t o  fac i l i ta te 
understandir ig  and ne i ther  const i tu tes n o r  implies endorsement by t h e  
Department o f  Energy.  

T h e  precis ion o f  t h e  GC system was determined by per forming s ix  
repl icate analyses o f  a sample o f  gasif icat ion t a r .  Tab le  1 shows t h e  . 
average., s tandard  deviat ion, and re la t ive  s tandard  deviat ion (7) fo r  s ix  



observations respectively on the  s ix major peaks. The  relativc 
standard deviat ion ranged f rom 1.39 t o  5.88 pct .  

Samples o f  the compounds appearing in each o f  the  peaks were 
obtained by us ing the  same column material and chromatographic 
condit ions in a Varian model 2100 preparat ive scale gas chromatograph. 
Analysis o f  each collected f ract ion was done w i th  a Dupont model 4918 
mass spectrometer. The  f i r s t  two f ract ions consisted o f  saturated 
hydrocarbons, which were no t  ident i f ied f u r t he r .  The  other fou r  
samples contained mixtures o f  der ivat ives o f  benzene, phenol, indene, 
indane, and naphthalene. Al though the separation of  compounds i s  by 
no means clean, the re  i s  a regular  progression o f  boi l ing points as 
i l lus t ra ted in F igure 5. 

TAR AND WATER PRODUCTIUN 

The yie ld of waler in the  raw product  gas was calculated f o r  
several I-uris us ing Nor th  Dakota Indian Head l igni te as fuel .  
Comparisons o f  t h i s  data f rom the  on-line gas chromatograph and the  
side stream sampler were made. Values obtained f rom the on-l ine GC 
system and the  side stream sampling system are given in Table 2; these 
values agree wi th in  3 to 5 pct .  

The  y ic ld  uT ta r  in t he  raw p roduc t  gas was also calculated for  
p i lo t  p lant  gasification o f  Nor th  Dakota l igni te.  The  value obtained 
f rom the  on-l ine GC system and f rom the  operation o f  the side stream 
sampler are  g iven in Table 3; these values agree wi th in  7 t o  12 pct .  

These estimates a f  the  water and t a r  yields show good agreement 
between t he  two sampling techniques. T a r  yields measured b y  on-l ine 
GC were consistently h igher than those from the side stream samples; 
water yields were re lat ively lower. Consistent resul ts were obtained 
independent o f  the  operational variables. 

EFFECT OF COAL CWAHGING ON 
TAR AND WATER PROOIJCTION 

In all tests t o  date it has been necessary t o  isolate and 
depressurize the  coat lock t o  replenish the coal supply; therefore the  
GFETC gasi f ier  has operated in a semi-batch mode. The  time required 
t o  gas i fy  the  amount o f  coal in the or ig inal  single lock hopper (about 
1100 t o  1300 Ib) i s  refer-red t o  as a "data period". Depending on  
operating conditions, a data period lasted from 40 t o  70 t~l inutes. The  
semi-batch operation resul ted in cycl ic behavior in the gasif ier.  Thts IS 

par t icu lar ly  evident in t h e  u f f take temperatures and product  gas 
rr~oisrure content as shown in Figures 6 and 7. When the  coal lock 
emptied, it was isolated f rom the  gasif ier and recharged. Dur ing  t h i s  
period (approximately 12 minutes f o r  every  hour  o f  operation) the  fuel 
bed in the  gasi f ier  continued t o  descend. Without the  moisture content 
o f  the  coal feed, gas temperatures increased and the  moisture content 
of the  gas decreased. The  level o f  coal in the reactor may have 
dropped in to  t he  devolati l ization zone causing the rate o f  devolati l izatior 
to  change. A f t e r  t he  coal lock was charged, it reopened and f resh coal 
immediately f i l led the  top o f  the..bed, revers ing the  t r end  i n  the gasi- 



f i e r  heat  balance, Gas temperatures immediately decreased, and 
moisture content  o f  gas increased. Volati les in t h e  gas stream 
contacted re la t ive ly  fresh. coal and may have condensed. W i t h  a 
.moderately high moisture l ign i te,  t h e  {steady state o f f - t ake  temperature 
was t yp i ca l l y  13S°C. D u r i n g  t h e  per iodic coal charging;  o f f t a k e  
temperatures ranged f rom 55OC t o  500°C. 

T h e  t a r  content  o f  t h e  p r o d u c t  gas stream was also a func t i on  of 
t h e  cha rg ing  cycle, a l though t h i s  was less ev ident  t h a n  f o r  t h e  water  
content,. From F igu re  8 it can b e  seen t h a t  typ ica l  t a r  p roduct ion  
var ied  between t w o  extremes. C u r v e  A represents t a r  p roduct ion  as a 
sinusoidal f unc t i on  o f  t h e  cha rg ing  operat ion w i thout  a constant  level o f  
t a r  evolut ion. C u r v e  B shows t a r  be ing  produced a t  a constant  r a t e  
f o r  some def inable per iod  w i th in  t h e  data per iod .  Both  cu rves  show t a r  
p roduct ion  reaching a maximum towards t h e  end o f  t h e  data per iod  o r  
a round t h e  t ime o f  isolation o f  t h e  coal hopper  f rom t h e  gasi f ier  column. 
Product ion o f  t a r  reaches a minimum s h o r t l y  a f te r  t h e  hopper  i s  opened 
and t h e  temperature i s  a t  a low. 

It i s  ev ident  t h a t  t a r  p roduct ion  va r ied  w i th in  a data pe r iod  
because o f  t h e  semi-batch operat ion o f  t h e  gasi f ier .  T o  determine 
whether  t a r  p roduct ion  va r ied  f rom one data per iod t o  another, t h e  
re la t ive  s tandard  deviat ions o f  cer ta in  t a r  f rac t ions  were calculated f o r  
selected time per iods ove r  a number o f  data periods'  during a 
gasif icat ion run. These resu l ts  were compared w i th  t h e  s i x  repl icate 
analyses per formed on gasif icat ion t a r  in t h e  laboratory.  T h e  two  
peaks showing t h e  lowest re la t ive  s tandard  deviat ions were chosen f o r  
t h e  comparison. Results shown in Table 4 ind icate la rge var iat ions in 
t a r  p roduct ion  ove r  t h e  en t i re  course o f  t h e  gasif icat ion test .  , 

Operat ion is  considered t o  be  a t  s teady state condit ions when a 
series o f  values v a r y  f rom t h e  data per iod  average by less than  t e n  
percent .  From F igu re  9 it can b e  seen t h a t  w i t h  increased p ressu re  
and oxygen  r a t e  t h e r e  i s  a s l i gh t  t r e n d  toward  longer per iods of 
s teady-state gasi f ier  operat ion. However, t h e  tota l  amount o f  t ime t h e  
gasi f ier  i s  a t  steady state operat ion i s  in t h e  range o f  on l y  13 t o  32 
p c t .  T h e  d ~ . ~ a l - l o c k  coal feeding system be ing insta l led should eliminate 
most o f  t h e  var ia t ion  caused by t h e  semi-batch operat ion o f  t h e  gas i f ie r  
(4). 

CONCLUSION 

T h e  on- l ine GC system prov ides  a method f o r  sampling a 
mult iphase stream of gas and t a r  aerosols a t  elevated temperatures and 
pressures, and f o r  p r o v i d i n g  a character izat ion o f  t h e  t a r s  in t h e  raw 
gas by an approximate bo i l ing  po in t  d i s t r i bu t i on .  A h i g h  level of 
measurement precis ion and good agreement between GC estimates and  
side-stream sampler determinat ions o f  t a r  and water p roduct ion  was 
demonstrated. The  large d i f ference in re la t ive  deviat ion between 
repl icates per formed in t h e  labora tory  and on-stream GC indicates t h a t  
t h e  gasif icat ion process i tse l f  was highly var iable.  T h e  on-stream GC 
analyses wi l l  be  used t o  estimate t h e  success o f  design modifications in 
achiev ing steady-state gasi f ier  operat ion. 
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A B S T R A C T  

I n d u s t r i a l  b o i l e r  h o u s e s  h a v e  h i s t o r i c a l l y  u sed  a  measu remen t  of e x c e s s  oxygen and  

e i t h e r  pneumatic  o r  e l e c t r o n i c  ana log  c o n t r o l s  t o  maintain p r o p e r  combust ion .  

O b s e r v a t i o n s  a t  numcrous  such  f ac i l i t i e s  r e v e a l  combust ion  be ing  con t ro l l ed  f o r  

n z t u r a l  g a s  be tween 15% and 55% e x c e s s  air (with o t h e r  f u e l s  somewhat  h i g h e r ) ,  . 

and in f r equen t  u s e  of a u t o x a t i c  feedback  c o n t r o l .  

Motivated by t h e  economic  p r e s s u r e  of e s c a l a t i n g  fue l  c o s t s ,  t he  P leasurex  C o r p o r a t i o n  

began  working with t h e  P u l p  and P a p e r  I n d u s t r y  i n  1974 t o  c r e a t e  a n  e n t i r e l y  new 

a p p r o a c h  f o r  t h e  c o n t r o l  of i n d u s t r i a l  power  h o u s e s .  T h e  most  impor tan t  p roduc t  

which h a s  evolved  from t h i s  e f fo r t  is t h e  2001 d ig i t a l  compu te r  c o n t r o l  sy s t em which 

u t i l i z e s  a  new multi-channel f lue  gas a n a l y z e r  f o r  c o n t r o l .  T h e  a n a l y z e r  m e a s u r e s  

i n  s i t u  t h e  va lues  of C O ,  C O Z Y  S O 2 ,  NO and Opzc i ty ,  with r e m a r k a b l e  a c c u r a c y .  

T h e  c o n t r o l  sy s t em employs  a D i r e c t  Dig i ta l  Con t ro l  ( D 9 C )  a p p r o a c h  supplemented by 

s e v e r a l  opt imizing s u p e r v i s o r y  c o n t r o l  l o o p s .  T h e  r e s u l t s  be ing  a c h i e - ~ e d  with t h i s  

d r a m a t i c  new c o n t r o l  a p p r o a c h  a t  s e v e r a l  s i t e s  v;ill b e  p r e s e n t e d .  

At one  such  loca t ion ,  t he  Un ive r s i t y  of Ca l i fo rn i a  a t  B e r k e l e y ,  t h e r e  are f o u r  b o i l e r s  

. with c a p a c i t y  of 100 ,000  pounds of s t s a m  p e r  h c u r  b u r n i n g  n a t u r a l  - g a s  with o i l  backup.  

Number one  b o i l e r  h a s  both.F'D and  I D  f a n s  whi le  t h e  o t h e r  b o i l e r s  are pos i t i ve  

p r e s s u r e  b o i l e r s .  S t eam t u r b i n e s  d r i v e  t h e s e  f a n s .  

Thc .  CO rncasureiiie!ll is  c u r ~ l r v l l i r ~ g  these b o i l e r s  with r e l a t i v e  e a s e  a t  3% e x c e s s  a i r ,  

r e d u c i n g  fue l  consumption o v e r  2%.  Cont ro l l i ng  both t u r b i n e  s p e e d  and  d a m p e r  posi-  

t ion f u r t h e r  r ed l i ce s  t h e  fue l  r equ i r emen t  by epproximate ly  2%. Drum l eve l  i s  main- 

ta ined  a t  + 3 / 8  - i n c h e s .  Addit ional  s av ings  come f r cm moni tor ing  the  e f f ic iency  of all 

b o i l e r s  and a l l oca t ing  l o a d s  t o  t he  most  c o s t  e f fec t ive  u n i t s .  

O b s e r v i n g  the  fue l  savir igs  and o t h e r  benef i t s  f rom cont ro l l i f lg  with CO measu remen t  

and DDC c o n t r o l  makes  i t  seem s a f e  t~ p r e d i c t  t ha t  t h e  f u t u r e  wi l l  s e e  t h e s e  become 

the  s t a n d a r d  t echn iques  f o r  c o n t r o l  of f o s s i l  fuel  combust ion .  
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INTRODUCTION 

T h e  h i s t o r i c  low c o s t  of f o s s i l  f ue l  h a s  l imited incen t ive  t o  apply  s tate-of- the-ar t  

n e a s u r e m e n t  and  c o n t r o l  f o r  the  combustiori of Ltiese ~ n a l e r i a l s .  T h e  aut l lor  h a s  

v i s i t e d  many i n d u s t r i a l  b o i l e r  h o u s e s  i n  r e c e n t  y e a r s  w h e r e  n a t u r a l  gas is be ing  

f i r e d  a t  15% t o  55% e x c e s s  a i r  (wi th  o t h e r  f u e l s  a t  h i g h e r  l e v e l s ) .  Most l a r g e  bo i l e r  

h o u s e  o p e r a t i o n s  are con t ro l l ed  manually f rom a measu remen t  of e x c e s s  oxygen in  t h e  

f l u e  g a s  -- v e r y  se ldom i s  t he  s i g n a l  u sed  f o r  f eedback  c o n t r o l .  

~ h e ' n  conduc t ing  d e t a i l e d  s u r v e y s  of b o i l e r  h o u s e s ,  0 a n a l y z e r s  a r e  of ten  o b s e r v e d  
2 

t o  r e a d  3% t o  4%, when t h e  a c t u a l  0 va lues  w e r e  fotind t o  b e  a n y w h e r e  f rom 0 t o  8% 2 

02.  
T h e  f lue  g a s  w a s  f o ~ n d  t o  con ta in  15 ,000 .  PPM C O  in  one  s u c h  case. Actua l  O2 

v a l u e s  should b e  c ~ n f i r m e d  by measu remen t  of CO 2 ' 

T h e  c o n t r o l s  found i n  many b o i l e r  hol-lses a r e  equal ly  i nadequa te .  Pneumat i c  c o n t r o l  

i s  t h e  r u l e ,  but  of ten o b s o l e t e ,  non-s tandard  o p e r a t i n g  r a n g e s  s u c h  a s  U-30 PSI a r e  

s t i l l  i n  u s e .  T h i s  s i t ua t ion  r e s u l t s  i n  inef f lc len t  combust ion ,  s l ugg l sh  c o n r r o l s  and 

low a v e r a g e  load  u t i l i z a t i on .  T h e  typ i ca l  i n d u s t r i a l  b o i l e r  h o u s e ,  long  s t a r v e d  f o r  

c a p i t a l  inves tment ,  is r i p e  f o r  o p e r a t i o n a l  improvement  with improved  measurement 

and  c v n t r o l .  

AN iMPROVED COMBUSTION S E N S O R  

T h e  Measu rcx  C o r p o r a t i o n  of C u p e r t i n o ,  C a l i f o r n i a ,  began  apply ing  c o a p u t e r  c o n t r o l  

t o  b o i l e r s  i n  t h e  P a p e r  I n d u s t r y  d u r i n g  1974.  I n i t i a l l y ,  t h e s e  s y s t e m s  w e r e  u sed  t o  

c o n t r o l  the touchy b l ack  l i quo r  r e c o v e r y  b o i l e r  appl ica t ion .  T h e  need  w a s  soon  

a p p a r e n t  f o r  a n  a c c u r a t e  combust ion a n a l y z e r .  I n  o u r  h i s t o r i c  p r o c e s s  c o n t r o l  

app l i ca t i ons  t h e  p r o c e s s  v a r i a b l e  i s  u sua l ly  c o n t r o l l e d  t o  + l % ,  - t h e r e f o r e  the  c u r r e n t  

e x c e s s  a i r  v a r i a t i o n  h a r d l y  s e e m s  a commendable  p e r f o r m a n c e .  



O u r  i n i t i a l  e f f o r t s  t o  d e v e l o p  a m o r e  a c c u r a t e  a n a l y z e r  l e d  t c  t h e  p u r c h a s e  a n d  i n s t a l . .  

l a t i o n  of t h r e e  of t h e  b e t t e r  c o m m e r c i a l  0 a n a l y z e r s  a t  o n e  l o c a t i o n .  T h e  p u r c h a s e d  2 
p r o b e s  w e r e  no t  s a t i s f a c t o r y  o n  t h i s  r e c o v e r y  b o i l e r  s o  a new t y p e  p r o b e  w a s  d e s i g n e d  

which  g a v e  u n i n t e r r u p t e d  p e r f o r m a n c e .  S t i l l  t h e  a c h i e v e d  a c c u r a c y  w a s  no t  s a t i s f a c -  

t o r y .  At t i m e s  t h e  t h r e e  unit'. would d i f f e r  i n  r e a d i n g s  by 3 o r  4%.  A c o n t r i b u t i n g  

f a c t o r  w a s  d e t e r m i n e d  t o  b e  f l u e  g a s  s t r a t i f i c a t i o n .  E x x o n  R e s e a r c h  h a s  c a r r i e d  o u t  

s t u d i e s  f o r  t h e  E P A  which  document  t h i s  c h a r a c t e r i s t i c  f low p a t t e r n  of f l u e  g a s e s .  

A s  a r e s u l t  of t h i s  e x p e r i e n c e ,  M e a s u r e x  s e n s o r  d e s i g n  e n g i n e e r s  b e g a n  i n v e s t i g a t i n g  

o t h e r  p o s s i b i l i t i e s  a n d  f i n a l l y  s e l e c t e d  t h e  m e a s u r e m e n t  of c a r b o n  monoxide  a s  h a v i n g  

t h e  h i g h e s t  l i k e l i h o o d  of s u c c e s s .  T h i s  u s e  of C O  is  n o t  n e w  i n  p r i n c i p l e ,  f o r  c o n t r o l  

of c o m b u s t i o n ,  bu t  h a d  s u f f e r e d  i n  e x e c u t i o n .  Most  o f t e n  Z O  w a s  m e a s u r e d  v i a  t h e  

s a m p l e  e x t r a c t i o n  t e c h n i q u e .  S a m p l e  h a n d l i n g  of p a r t s  p e r  mil l ion ( P P M )  g a s e s  is 

a l w a y s  a t e d i o u s  a n d  d i f f i cu l t  Sask. 

At t h i s  t ime  M e a s u r e x  w a s  a p p r o a c h e d  by a s m a l l  Los  A n g e l e s  f i r m  t h a t  w a s  p r o d u c i n g  

a n  i n  s i t u  s e n s o r  c h i e f l y  u s e d  i n  t h e  e l e c t r i c  u t i l i t y  i n d u s t r y  f o r  e m i s s i o n  m o n i t o r i n g .  

T h e i r  t e c h n o l o g y  w a s  a spin-off f r o m  t h e  J e t  P r o p u l s i o n  L a b o r a t o r i e s  i n  ~ a . s a d e n a  

which  u s e d  v i s i b l e ,  i n f r a r e d  a n d  u l t r a v i o l e t  e l e c t r o m a g r , e t i c  f r e q u e n c i e s  t o  m e a s u r e  

O p a c i t y ,  C O ,  C 0 2 ,  NO a n d  S O 2 .  M e a s u r e x  p u r c h a s e d  t h e  t e c h n i c a l  know-how a n d  

m a n u f a c t u r i n g  r i g h t s  f o r  t h i s  u n i t  and  b e g a n  a n  e l a b o r a t e  t e s t  a n d  r e d e s i g n  p r o g r a m .  

T h e r e  w e r e  a n u m b e r  of r e l i a b i l i t y  a n d  a c c u r a c y  p r o b l e m s  which  n e e d e d  t o  b e  s o l v e d ,  

a s  w e l l  a s  t h e  job  of c o n v e r t i n g  t h e  un i t  f r o m  a n  a n a l o g  t o  a d i g i t a l  d e s i g n .  T h e  

a b i l i t y  ts c o n t r o l  the. s e n s o r  t e m p e r a t u r e  w a s  a d d e d .  A s e c o n d  k e y  a d d i t i o n  w a s  t h e  

z e r o  s t a n d a r d i z a t i o n  f e a t u r e ,  w h i c h  when  combined  with  p e r m a n e n t  i n t e r n a l  g a s  c e l l  

and .  o p a c i t y  s t a n d a r d s ,  p e r m i t t e d  h igh ly  a c c u r a t e  a u t o m a t i c  s t a n d a r d i z a t i o n  of a l l  

m e a s u r e m e n t  c h a n n e l s .  See F i g u r e  I .  An a c c u r a t e  z e r o  s t a n d a r d i z a t i o n  is  i m p o s s -  

i b l e  wi thou t  t h e  a b i l i t y  t o  s i m u l a t e  t h e  b o i l e r  b e i n g  s h u t  d o w n .  

C O M P A R I S O N  O F C O  A N D 0 2 M E A S U R E M % N T  

Now t h a t  a h igh ly  a c c u r a t e  a n d  r e l i a b l e  C O  m e a s u r e m e n t  is a v a i l a b l e ,  how d o c s  i t  

c o m p a r e  with  t h e  ~ l d e r  i n d u s t r y  m e a s u r e m e n t  s t a n d a r d  -- e x c e s s  0 2 ' 



1 .  CO i s  d i r e c t l y  r e l a t e d  t o  the  c o n t r o l  v a r i a b l e  as a n  in t e rmed ia t e  combustion 

p roduc t  -- i t  is spec i f i c  t o  incomple te  combust ion .  0, is r e l a t e d  t o  t he  v a r i a b l e  - 
of i n t e r e s t ,  which is e x c e s s  a i r ,  however  in c e r t a i n  c a s e s  such  a s  in  s t e e l  mil ls  

and  pe t ro leum r e f i n e r i e s ,  the  v a r i a b l e  conpos i t i on  of t he  fuel  ma te r i a l ly  d e g r a d e s  

t h e  u t i l i ty  of t he  O2 measu remen t  

2 .  Ba lanced  d r a f t  b o i l e r s  and many combustion p r o c e s s e s  suck  in  a ir .  0, a n a l y z e r s  
L 

cannot  d i f f e ren t i a t e .  be tween t h i s  air and tha t  l z f t  o v e r  from the  combustion pro-  

cess. T h i s  problem becomes  most  s e v e r e  when one  t r i e s  t o  r u n  c l o s e  t o  a 

s to ichiorne t r ic  condi t ion .  T h i s  t ype  of l e a k a g e  h a s  . l i t t le  e f fec t  on t h e  Measu rex  

vensor s i n c e  t h o r e  i~ no GO in tlle d l r ~ ~ u s p h e r e .  

3 .  Beanring the  r a d i a t i o n s  a c r o s s  t he  f lue  gzs d u c t  o r  s t a c k  p rov ides  a n  a v e r a g i c g  

of g a s  s t r a t i f i c a t i o n .  T h i s  p r o v i d e s  a much m o r e  a c c u r a t e  s igna l  which is 

r e p r e s e n t a t i v e  of the  to t a l  combustion p r o c e s s ,  a f e a t  not poss ib l e  from any 

s ing le  point  measu remen t .  

4 .  T h e  CC measu remen t  is a n  o r d e r  of magnitude m o r e  s e n s i t i v e  than  a n  O2 measu re -  

ment .  On o n e  b o i l e r  Measurex  is con t ro l l i ng  which b u r n s  n a t u r a l  g a s ,  t he  

coinbustion t a r g e t  is s e t  a t  250 PPM CO which is equiva lent  t o  0.48% 0 o r  
2 

, approximate ly  2.5% e x c e s s  air. At 350 PPM CO the  0, va lue  d r o p s  0.1% t o  
L 

.38% and a t  150 PPM CO the 0 i n c r e n 3 c s  0.2% trj 0.67316. I n  t h i s  case the  CO 2 
measu remen t  is  1U t o  20 t imes  m o r e  a c c u r a t e  than a n  O2 s igna l .  

5 .  A v e r y  conven ien t  c h a r a c t e r i s t i c  of CO measu remen t  i s  tha t  a common t a r g e t  c a n  

b e  used  r e g a r d l e s s  of the  fuel or boiler lned .  I n  the  caGe of O2 the  t a r g e t  lllusl 

b e  changad with load  o r  fuel  mix.  T h i s  lparlc: tc cccsrtrol complclrity (which i a  a 

problem with ana log  s y s t e m s )  .and n e c e s s i t a t e s  a s a f e t y  f a c t o r  which i s  was tefu l  

of fue l .  

Any thoughtful c o n s i d e r a t i o n  of t he  above  poin ts  c e r t a i n l y  l e n d s  to the  conclusiori  that  

t h i s  a n a l y z e r  is a genu ine  state-cf-the-art advance  ir. combustion c o n t r o l .  T h e  

ava i l ab i l i t y  of a c c u r a t e  opac i ty ,  S O  o r  NO s i g n a l s  c a n  often enhance  the  con t ro l  2 
of combus:ion o r  e m i s s i o n s .  



DDC CONTROL A P P L I E D  T O  B C I L E R S  

A compar i son  of d ig i t a l  computer  c o n t r o l  v s .  ana log  c o n t r o l  is h a r d l y  needed by' any- 

one  working  i n  the  ins t rumenta t ion  o r  c g n t r o l  f i e l d s ,  sc only a f ew poin ts  wil l  tie 

made to  spec i f i ca l ly  i l l u s t r a t e  k e y  c o n t r o l  a d v a n c e s .  T h e  i n h e r e n t  capab i l i t i e s  of 

DDC c o n t r o l  c a n  subs t an t i a l ly  enhance  the  ope ra t ion  of a b o i l e r  h o u s e .  T h i s  i s  

p a r t l y  t r u e  d u e  t c  t h e  s t r o n g  i n t e r a c t i o n s  tha t  e x i s t  be tween f e e d w a t e r  f low,  fuel  

flow and to ta l  air flow. T h e  computer  c a n  p r e c i s e l y  account  f o r  changes  i n  any  

v a r i a b l e ,  u s ing  e x t e n s i v e  f eed fo rward  ac t ion  t o  minimize u p s e t s .  T h i s  means  tha t  

h ighe r  c o n t r o l  g a i n s  c a n  b e  u s e d  t o  p rov ide  quickly r e s p o n d i n g  t ight  c o n t r o l  of a l l  

v a r i a b l e s .  

1 .  I t  is unlikely tha t  a s t a n d a r d  ana log  c o n t r o l l e r  cou ld  s u c c e r s f u l l y  c o p e  with t h e  

CO s igna l  mentioned above .  T h e  c u r v e  is  v e r y  s t e e p  in t h e  c o n t r o l  r a n g e  and 

the  ang le  of s lope  c h a n g e s  g r e a t l y  o v e r  a l imited r a n g e  of e x c e s s  a i r .  See 

F i g u r e  11 .  T h e  CO loop is a h ighe r  l eve l  s u p e r v i s o r y  loop which s e t s  the  a i r  

t o  fue l  r a t i o .  Measu rex  u s e s  1 3  adap t ive  g a i n ' f a c t o r s  t o  inatch the  c u r v e ' s  

c h a r a c t e r i s t i c .  T h e r a  i s  a l s o  c o n s i d e r a b l e  l og ic  employed t o  handle  the  l e z d /  

lag c o n t r o l  of a i r l f u e l  r a t i c  with load  and t o  limit c h a n g e s  t o  t he  a i r  r a t i o  t a r g e t  

when load  c h a n g e s .  All of t h i s  becomes  m o r e  c r i t i c a l  when running  c l o s e  t o  t he  

s t ~ i c h i o m e t r i c  l eve l .  See F i g u r e  I I I .  

2. DDC c o n t r o l  c a n  c o n t r o l  b o i l e r s  p r e c i s e l y  even  u n d e r  sudden large upse t  condi- 

t i c n s .  A c a s e  i n  point i s  t he  f ive  e lement  c o n t r o l  of s teaming drum l e v e l .  See 

F i g u r e s  I V  and V. A ca lcula t ion  of m a s s  ba l ance  about  t h e  d rum i s  augmented 

by f eed fo rward  s i g n a l s  from the  fue1,flow and d rum p r e s s u r e  to  compensa te  f o r  

the  s h r i n k l a w e l l  e f fec t .  T h i s  improved p e r f o r m a n c e  c a n  al low w i d e r  o p e r a t i n g  

r a n g e s  f o r  the  b o i i e r s  and occas iona l ly  permi t  operat ior .  with o n e  less b o i l e r  on 

l i n e  than  would o t h e r w i s e  be  p r a c t i c a l .  

3 .  F a n  power  c a n  be  r e d u c e d  as e x c e s s  a i r  d r o p s .  T h e r e  a r e  cases w h e r e  improved 

c o n t r o l  c a n  subs t an t i a l ly  c u t  fan p o w e r .  F o r  i n s t a n c e ,  when a fan is d r i v e n  by a 

s team t u r b i n e  the  addi t ion  of a mid-range c o n t r o l  a lgor i thm wi l l  open  t h e  damper  ' 

and r e d u c e  the  fan s p e e d ,  thus  sav ing  power .  See F i g u r e  V I  . T h i s  c o n t r o l  

must be  p r e c i s e  and hand le  the  i n t e r a c t i o n s  be tween fan speed  and d a m p e r  

pos i t ion .  T h z  r e l a t i o n s h i p s  are qui to  n o w l i n e a r .  



4.  Two o t h e r  t a s k s  uniquely handled  by d ig i t a l  l og ic  a r e  the  p ropor t ion ing  of f u e l s  

i n  a multi-fuel b o i l e r  and  the  optimum al loca t ion  of l o a d s  t o  a g r o u p  of b o i l e r s .  

T h e  ob jec t ive  with mult iple f u e l s  is t o  b u r n  a s  high a p e r c e n t a g e . a s  p o s s i b l e  of 

t he  c h e a p e r  fue l .  T h i s  may b e  l imited by a v a r i e t y  of f a c t o r s ,  such  as e m i s s i o n s ,  

fue l  feeding  capab i l i t y  and combust ion  s t ab i l i t y .  

Al loca t icn  of l o a d s  i n  b o i l e r  h o u s e s  h a s  usua l ly  meant a n  e v e n  sp l i t  o r  t he  b a s e  

loading  of c e r t a i n  un i t s .  E i t h e r  of t h e s e  a p p r o a c h e s  i g n o r e s  t he  money-making 

potent ia l  of a l l oca t ion  by inc remen ta l  c o s t .  T h e  Measu rex  a lgor i thm cont inual ly  

d e t e r m i n e s  what  i t  wil l  c o s t  f o r  e a c h  b o i l e r  t o  p r o d u c e  a n  inc remen ta l  amount of 

s tea in .  Loads are then  appor t ioned among the  b o i l e r s  whi le  account ing  f o r  bo i l e r  

o p e r a t i n g  c o n s t r a i n t s  t o  o p e r a t e  t h e  b o i l e r  house  a t  t h e  minimam pnss jb l e  fuel  

c o s t .  

S y s t e m s  employing t h e s e  new t echno log ie s  are a t  work  i n  E u r o p e ,  J a p a n ,  and North 

A m e r i c a ,  con t ro l l i ng  t h e  combustion of b lack  l i q u o r ,  hog  fue l ,  n a t u r a l  g a s ,  o i l  and 

c o a l .  T h e  appl ica t ion  of t h e s e  t echno log ie s  will  p r ~ d u c e  v a r i o u s  d e g r e e s  of fue l  

s a v i n g s ,  depending  on a number of f a c t o r s .  Improved combustion ef f ic iency  c a n  s a v e  

f rom 1% t o  4% of t h e  f u e l  depending  on s t a c k  temperatures: ,  e x c e s s  a i r  l e v e l s  and fuel  

t ype .  S e e  ks igure  V 11. k'an power  is usua l ly  r e d u c e d  0.5% to I. .o% of b o i l e r  fue l  

u s e ,  depending  on type  of f an  and d r i v e r  and the  amount of e x c e s s  air  r educ t ion  

p o s s i b l e .  

T h e  cjptimum a l loca t ion  of l o a d s  wil l  s a v e  a n y w h e r e  f rom nothing t o  o v e r  5% of the  

fue l  c o s t  depend ing  on the  number  of b o i l e r s ,  e f f ic iency  c h a r a c t e r i s t i c s  of the  b o i l e r s  

and the  cost and t y p e s  of f u e i s  be ing  bu rned .  'I'he m o r e  complex the  s i t ua t ion ,  the  

g r e a t e r  t he  p o s s i b i e  s a v i n g s .  

A b o i l e r  h o u s e  s u r v e y  c a n  l ead  t o  r e a s o n a b l y  p r e c i s e  e s t i m a t e s  of t h e  potent ia l  f u e l  

s a v i n g s  from the  in t roduc t ion  of CO m e a s u r c m e ~ t  and  DDC c o n t r o l .  

While t h e  p r e s e n t  i n s t a l l a t i ons  a r e  c o n t r o l l i n g  only on a v a r i e t y  of i n d u s t r i a l  b o i l e r s ,  

applicat io;? of s i m i l a r  -technology would seem su i t ab le  f o r  e l s c t r i c  v t i l i ty  b o i l e r s ,  

v a r i o u s  oven and k i ln  p r o c e s s e s  w h e r e  c ~ m b u s t i o n  o c c u r s .  T h e  s e n s o r  with i t s  



abi l i ty  t o  m e a s u r e  opac i ty ,  S O  and NO should a l s o  p lay  a n  impor tant  r o l e  f o r  c o n t r o l  2. 
of f luidized bed b o i l e r s  o r  t h o s e  bu rn ing  municipal  w a s t e  o r  b iomass .  

Working with t h e s e  new combustion c o n t r o l  s y s t e m s  and o b s e r v i n g  t h e  improved pe r -  

fo rmance  achieved on a v a r i e t y  of i n d u s t r i a l  b o i l e r s ,  o n e  f e e l s  v e r y  comfor table  i n  

p red ic t ing  a v e r y  l a r g e  f u t u r e  r o l e  f o r  CO measu remen t  and d ig i t a l  c o n t r o l  of f o s s i l '  

fue l  combustion p r o c e s s e s .  



1. - The Industrial  Powerhouse of the Future by Thomas T .  Dingo, Energy Manage- 

m e ~ t  and Plant Engineering, General Motors Corporation. Presented at  

1ndustri.al Coal Conference, University of Kentucky, May 2 ,  1979. 

2 .  Control of Excess  Air in Waste Heat Eoi lers  by J .  W .  Womack, Mobile Research 

and Development Corporation. AICHE , 1975. 

3 .  The Case ous Monitoring by Dr.  P .  C. Wolf, Ethyl corporat ion.  
., ,...,. . .,. ., .- . ... . . . , . , .- -. . =,-=.. . -..,, .. 

power ,  August 19'14. 

4 .  Determination of the Magnitude of SO2,  NO, C 0 2 ,  and 0 Stratification in the* , 2 
Ducting of Fossi l  Fuel Fired Power Plants by M .  W .  Gregory,  A. R. Crawford, 

L . H. IvIanny and W . Bar  luk, Eahuli Resiarcl, and Engineering Company. 
- - APCA, J~.lr.lr?: 1 976. 

5.  Field Tes t s  of Industr ia l  Stoker Fired Boilers  for Emission'Control by J .  E .  

Gabrielson and P .  L. Langsjoen of KVB, Inc. Proceedings of the Third 

Stationary Source Combustion Symposium, Vol. I ,  EPA Interagency Energy/  

Environment R & D Program Report,  San Franc isco ,  February '1979. 

6 .  Fuel Cost Savings Through Computer Control of a Boiler Complex - Two Case  

Histor ies  by C .  M .  Worthley, Measurex Corporation. lnternationai Energy 

Conference, Houston, Texas ,  A p ~ i l  1979. 





COIO, wI;[IoN 
NATURAL GR? 

- 1 I 

t 0.5 Co -I 
1 -5 

€ICES5 OXYGEN 

Figure  I1 





DRUM LEVEL CONTROL 

tp ;;R+ 
FLOW C~~NTROL 

ERROR 
FEU,WAW 

. -. .-. V4LVE 

3 - I l l  
SHRINK-SWOL 
CWGE IN FEED WAER 
>&E FUEL Row 





. . - . * *.~ , 

FURNACE DSMT MID-RAM€ CONTROL 

I , I 1.0- FAN , 

I I 

UMITS ON 
SW f POSITIOM MI 0-RANGE 

PAMPER 



F
ig

u
re V

I
I
 



DETERMINATION OF S2 I N  REACTIVE GAS MIXTURES BY TUNABLE ATOMIC 

LINE MOLECULAR SPECTROSCOPY 

Tetsuo Hadeishi,  Alan V .  Levy, David P. W h i t t l e ,  and Enrique Cuel la r *  

Lawrcnce Bcrkel ey Laboratory 
Berkeley, C a l i f o r n i a  94720 

Presented a t  t h e  1979 Symposium on Instrumentat ion and Control f o r  
Foss i l  Energy Processes 

Denver, Colorado 
Aug. 20-23, 1979 

*Presenting author 



Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 
Telephone 4151486-4000 

FTS: 451-4000 

August 29, 1979 

Richard W. Doering . 
Applied Phys ics  Divis ion 
Bui ld ing  316 . 

Argonne National  Laboratory . 
9700 S. Cass Ave. 
Argonne, 111. 60439 

Dear D r .  ~ o e r i n ~ :  

I r e a l i z e d  t h a t  t h e  o r i g i n a l  copy o f  t h e  paper I presented  a t  
t h e  r e c e n t  Symposium i n  Denver and which I gave t o  you i s  no t  
i d e a l l y  s u i t e d  f o r  reproduct ion ,  as t h e  type is l i g h t  and r u n s  
too c l o s e  toge ther .  I have had t h e  paper  retyped on s tandard  
ANL forms and I am sending i t  t o  you. Th i s  re typed  ve r s ion  o f  t h e  
paper is i d e n t i c a l  t o  t h e  one you have. I f  you a r e  a b l e  t o  
use  t h i s  re typed  form o f ,  t he  paper you w i l l  need t o  add t o  i t  
t h e  t h r e e  8 1/2 x 11 photographs of  t h e  f i g u r e s  which accompany 
t h e  paper  I kave you i n  Denver, 

It i s  no t  too important  i f  t h e  swltch i n  t h e  papers  cannot 
be c a r r i e d  o u t ,  as t h i s  retyped vers ion  s e r v e s  only  an a e s t h e t i c  
purpose. Also, i t  is  no t  .necessary f o r  you t o  send back t o  me 
whichever copy is no t  used f o r  t h e  Symposium Proceedings, 

I apologize  t o  you f o r  t h i s  inconvenience. 

S ince re ly ,  



DETERMINATION OF S2 IN REACTIVE GAS MIXTURES BY TUNABLE ATOMIC . 
LINE MOLECULAR SPECTROSCOPY 

Tetsuo Hadeishi, Alan V.  Levy; David P. Whi t t le ,  and Enrique Cue l la r *  

Lawrence Berkeley Laboratory 
Berkel ey, Cal i f o r n i a  94720 

I. INTRODUCTION 

I n  t h e  search f o r  energy suppl ies,  t he  Un i ted  States i s  p rn jec ted  t o  

r e l y  h e a v i l y  on coa l ,  which i s  t h e  most abundant f o s s i l  f u e l  ava i l ab le .  

Scvcral  rnet l iod~ Tur- extracting energy from coal  a re  c u r r e n t l y  being explored; 

t h e  f i n a l  choices o f  energy conversion processes w i l l  doub t l ess l y  balance 

economic as w e l l  as environmental considerat ions.  The presence o f  s u l f u r  

i n  coal  I s  of c l e a r  importance, as t h i s  co r ros i ve  species a f f e c t s  n o t  o n l y  

, t h e  design and e f f i c i e n c y  o f  an energy conversion p lan t ,  bu t  a l s o  represents 

a p o t e n t i a l  p o l l u t a n t  which must be c o n t r o l l e d  i f  coal i s  t o  be used i n  

an env i ronmenta l l y  acceptable manner. 

With t h i s  inmind,we have i n i t i a t e d  a research e f f o r t  t o  develop a r e a l  

t ime  s u l f u r  probe t o  determine q u a n t i t a t i v e l y  t he  presence o f  S2 i n  an 
energy convers ion process such as coal  g a s i f i c a t i o n .  T r a d i t i o n a l l y ,  t he  

o p t i c a l  d e t e c t i o n  o f  molecules has been accomplished by i n f r a r e d  absorp t ion  

spectroscopy us ing  e i t h e r  ther-IIICI~ 1 i g h t  Sources o r  i n f r a r e d  1 asers, In 
getser.dl, because o t  t h e  d i f f e r e n c e  i n  t he  o s c i l l a t o r  s t rengths  f o r  t r a n s i -  

t i o n s ,  d ~~~edsuremene t h a t  depends on an e l e c t r o n i c  t r a n s i t i o n  o f  a molecule 

i n  t h e  u l t r a v i o l e t  (UV) reg ion  o f  t he  spectrum i q  mnre s e n s i t i v e  than one 

t h a t  depends on d v i b r a t i o n a l  o r  r o t a t i o n a l  t r a n s i t i o n  i n  t he  i n f r a r e d  (IR) 

o r  f a r  i n f r a r e d  (FIR) spec t ra l  regio'ns. Furthermore, t he  s e n s i t i v i t y  o f  

photodetectors i s  a l s o  b e t t e r  i n  t he  UV than i n  the  I R  region.  However,. 

t h e  spectrum due t o  e l e c t r o n i c  t r a n s i t i o n s  i s  much more c o ~ r ~ p l i c a t e d  and . 
cons iderab ly  l e s s  s e l e c t i v e  than v i b r a t i o n a l - r o t a t i o n a l  I R  o r  r o t a t i o n a l  FIR 

t r a n s i t i o n s .  I n  t he  vas t  m a j o r i t y  o f  cases, t he  r o t a t i o n a l  s t r u c t u r e  can be 

reso lved i n  t he  I R  and FIR spectrum, b u t  n o t  i n  t he  UV spectrlrm, except f o r  
1 t h e  case o f  small molecules . Even f o r  small molecules, h igh  r e s o l u t i o n  

* present ing  author  



(.~50,000) i s  requ i red  fo r  t h e  observat ion o f  r o t a t i o n a l  s t ruc tu re .  Since the  . , 

sharp ,s t ruc ture  t h a t  i s  necessary f o r  h igh  s p e c i f i c i t y  i s , d i f f i c u l t  t o  

observe, UV spectroscopy has n o t  been used as o f t e n  as I R  spectroscopy f o r  

t h e  ana lys is  o f  t r a c e  moTecules present i n  a  gas mixture.  

Recently, we have developed a  new technique f o r  t he  determinat ion o f  S2 

by u t i l i z i n g  UV absorpt ion o f  a' magnet ica l ly  tunedand  frequency modulated 

' atomic l i n e  This method a l lows f o r  h igh  r e s o l u t i o n  spectra t o  be 

obtained w i thou t  t h e  need o f  a  h igh  r e s o l u t i o n  spectrograph. Hadeishi and 
4 0 

Shimomura found t h a t  a  C r  atomic emission l i n e  a t  3017.6 A can be tuned t o  

a  v i b r o n i c  t r a n s i t i o n  o f  S2 b y  the  Zeeman e f f e c t .  I n  t h i s  technique, one o f  

t he  Zeeman components o f ' t h e  emission l i n e  i s  exact ly ,  tuned t o  co inc ide  w i t h  

a  s i n g l e  v i b r a t i o n a l  r o t a t i o n a l  t r a n s i t i o n  i n  t h e  32 - 3Z e l e c t r o n i c  mani fo ld  

o f  S2, w h i l e  t h e  o the r  components are  s h i f t e d  away from the  S2 l i n e .  The 

matched component i nd i ca tes  t h e  ex tent  o f  S2 p lus  background absorpt ion, wh i l e  

t h e  unmatched components i n d i c a t e  background absorpt ion only.  By means o f  

d i f f e r e n t i  a1 measurements o f  t h e  i n t e n s i t i e s  o f  t h e  matched and unmatched 

Zeeman components, a  p e r f e c t  background cor rec t ion .  can be acheived.. I n  

a d d i t i o n  t o  being h i g h l y  s p e c i f i c ,  t h i s  technique i s  capable o f  h igh  sensi- 

t i v i t y  because t h e  o s c i l l a t o r  s t rength  o f  e l e c t r o n i c  t r a n s i t i o n s  i n  the  

vacuum UV, UV, and v i s i b l e  regions of t h e  spectrum a re  much l a r g e r  than those 

f o r  t r a n s i t i o n s  i n  t h e  I R .  Furthermore, by us ing  an exac t l y  tuned very 

narrow (a few GHz h a l f  w id th)  atomic l i n e  source, t h e  h igh  s e n s i t i v i t y  

p red ic ted by the  t r u e  absorpt ion c o e f f i c i e n t  can be obtained. 

I n  t h e  vas t  m a j o r i t y  o f  cases t h i s  technique does n o t  s u f f e r  from 

in te r fe rence  due t o  absorpt ion o f  l i g h t  s c a t t e r i n g  caused by coex is t i ng  

l a r g e  molecules and p a r t i c u l a t e s  (smoke o r  soot)  present i n  the  absorpt ion 

region.  Because the  absorpt ions due t o  e l e c t r o n i c  t r a n s i t i o n s  o f  polyatomic 

molecules a re  almost always constant over a  spect ra l  reg ion o f  a  few GHz, 

the re  i s  no d i f f e r e n c e  i n  absorpt ion between the  two Zeeman components, 

11. EXPERlMENTAL DESIGN 

A block d iagram.of  the  experimental system i s  shown i n  Figure 1. F igure 

2  shows t h e  cons t ruc t i on  o f  t he  1  i g h t  source. . The 1  i g h t  source i s  a  m o d i f i -  

c a t i o n  o f  a  magnet ica l ly  conf ined arc  lamp described by Hadeishi a'nd 



5 Anderson . The lamp chamber i s  made o f  s t a i n l e s s  s t e e l  and i s  p laced between 

t h e  po les  o f  a  permanent magnet. The gap between t h e  po les  i s  reduced by 

we ld i ng  po les  made o f  i r o n  t o  t h e  d ischarge  chamber i n  o r d e r  t o  o b t a i n  t h e  

r e q u i r e d  f i e l d  s t r eng th .  Argon f l o w s  through t h e  l i g h t  source a t  a  pressure 

o f  2-10 t o r r .  The cathode i s  made o f  s t a i n l e s s  s t e e l  on which a  n i c k e l -  

chrome sheet  meta l  s t r i p  i s  spo t  welded. The anode i s  cons t ruc ted  f rom an 

au tomob i le  spark p l u g  m o d i f i e d  t o  m in im ize  t h e  l i k e l y h o o d  o f  d ischarge  t o  

t h e  chamber w a l l .  D.C. power i s  supp l i ed  t o  t h e  l i g h t  source a t  a  c u r r e n t  

betwccn 30 and 100mA. Discharge t o  t h e  cathode r e s u l t s  i n  i n t e n s e  C r  
0 

dtornic cmiss ion  at. 3017,b A. I n  t h e  presence o f  t h e  magnet'ic f i e l d  t h e  

a tomic  emiss ion i s  s p l i t  i n t o  i t s  Zeemari components. One o t  t h e  Zee~nan 

components e x a c t l y  matches a  r o t a t i o n a l  t r a n s i t i o n  i n  t h e  v ' =7  - v"=2 
6 v i b r a t i o n a l  band o f  t h e  'L - 'Z e l e c t r o n i c  t r a n s i t i o n  m a n i f o l d  o f  S2 . 

7 The v a r i a b l e  phase r e t a r d a t i o n  p l a t e  shown i n  F igu re  1  c o n s i s t s  o f  a 

b l o c k  of fused  q u a r t z  t h a t  I s  IIIUUIIL~J on J magnet i r  clamp, The a p p l i e d  

s t r e s s  causes an o p t o e l a s t i c  e f f e c t  which produces a  r e t a r d a t i o n  o f  t h e  

phase o f  t h e  l i g h t .  The v a r i a b l e  phase r e t a r d a t i o n  p l a t e  i s  used t o  sw i t ch  

t h e  Zeeman component matched t o  t h e  S2 abso rp t i on  and t h e  unmatched Zeeman 

component a1 t e r n a  t e l y .  

111. RESULTS AND D I S C U S S l O N  

A m i x t u r e  o f  H2S I n  Hz gas ( 7 . 5 %  HZS, Matheson Gas Co. ) was heated i n  a  

10 cm l o n g  t u b u l a r  qua r t z  c e l l  under f l o w i n g  cond i t i ons ,  and t h e  r e s u l t i n g  

S2 molecules were con t i nuous l y  de tec ted  by t h i s  new method. S2 i s  formed 

i n  t he  decolnposi t ion o f  H2S by t h e  r e a c t i o n  

H S--L H + 112 S2 AH= 20.3 kcd l /mole 2 r 2  

F igu re  3 shows t h e  s i g n a l  due t o  recorded on a s t r i p  c h a r t  r eco rde r .  The 

H2S f l o w  r a t e  i s  0.024Y/mir1.  The S2 s i g n a l  increases s l o w l y  as t h e  w a l l  

temperature o f  t h e  q u a r t z  c e l l  increases t o  about 750 OC. The gas tempera- 

t u r e  under f l o w  cond i t i ons ,  however, i s  cons ide rab l y  lower ,  and i t  i s  

t h i s  temperature t h a t  determines t h e  e x t e n t  o f  d i s s o c i a t i o n  o f  S2. I f  t h e  

f l o w  o f  H2S i s  c u t  o f f ,  t h e  i n t e n s i t y  o f  t h e  s i g n a l  due t o  S2 increases, 

i n d i c a t i n g  t h a t  t h e  gas temperature r i s e s  and S2 concen t ra t i on  increases.  



, he c a l i b r a t i o n  o f  t h e  d e t e c t i o n  system was es tab l i shed  f rom t h e  abso lu te  

abso rp t i on  c ross  s e c t i o n  determined f rom an S2 vapor c e l l  s i m i l a r  t o  t h a t  
8 used by Durand . The vapor p ressure  o f  s u l f u r  was taken f rom Ref. 9. I n  . . 

t h i s  manner, we es t ima te  t h e  measured S2 concen t ra t i on  under t h e  f l o w  

' cond i t i ons  descr ibed  above and a t  a  gas temperature o f  about 350 "C i s  

8 x  atm. ' 

I V .  CONCLUSIONS ' 

We have demonstrated t h e  p o s s i b i l i t y  o f  dete 'c t ing S2 q u a n t i t a t i v e l y  

i n  a r e a c t i v e  gas m i x t u r e  shy t h e  a p p l i c a t i o n  o f  mo lecu la r  spect roscopy 

us ing  a Zeeman tuned f requency modulated atomic l i n e  source. By s p l i t t i n g  , 
0 

t h e  C r  atomic emiss ion 1 i n e  a t  301 7.6 A and m a g n e t i c a l l y  t u n i n g  one compon- 

e n t  i n t o  resonance w i t h  a  sharp mo lecu la r  abso rp t i on  o f  S i t  i s  p o s s i b l e  
2' 

t o  d e t e c t  t h i s  s.pecies on a r e a l  t ime  bas is .  Furthermore, d i f f e r e n t i a l  

abso rp t i on  measurements a l l o w  f o r  a  p e r f e c t  background c o r r e c t i o n .  

Therefore,  t h i s  techn ique  should be very  power fu l  f o r  t h e  -- i n  s i t u  a n a l y s i s  

o f  S2 i n  samples c o n t a i n i n g  smoke o r  a  m i x t u r e  o f  va r i ous  k inds  o f  gases. 
0 0 
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ON-LINE NONINTRUSIVE MEASUREMENTS OF FLY ASH 
AND OTHER COMBUSTION-GENERATED PARTICULATES 

W i l l i a m  .D. Bachalo 
Spec t ron  Development Labora to r i e s ,  Inc.  

Costa Mesa, C a l i f o r n i a  , 9 2 6 2 6  

ABSTRACT 

P a r t i c l e  d i a g n o s t i c  i n s t rumen ta t i on  t h a t  have been developed f o r  
a p p l i c a t i o n  t o  t h e  measurement of combustion-generated p a r t i c u l a t e s  and 
a e r o s o l s  a r e  descr ibed .  The l a s e r  l i g h t  s c a t t e r i n g  methods used provide 
a cun.vrn ler i t  means f o r  eva lua t ing  t h e  f l u e  gas  c l e a n u p  mechanisns and a r e  
s u i t a b l e  f o r  use a s  r e a l  time monitors  of t h e  p a r t i c u l a t e  load ing  l e v e l s  i n  
t h e  system. 

Aerosol s i z i n g  systems capable  of measuring d r o p l e t  s i z e  and v e l o c i t y  
i n  dense  sprays  have been demonstrated over a  broad range of a p p l i c a t i o n s  
i n c l u d i n g  f u e l  sp rays ,  a g r i c u l t u r a l  sprays  and i n  m e ~ e o r o l o g i c a l  ~nrixror?- 
mencs. 'I'hese systems a r e  s u i t a b l e  f o r  a p p l i c a t i o n s  i n  sc rubber  c o l l e c t i o n  
e f f i c i e n c y  e v a l u a t i o n ,  monitor ing water  d r o p l e t  f o r n a t i o n  i n  steam p l a n t s ,  
and l i q u i d  d r o p l e t  f o r n a t i o n  i n  i n d u s t r i a l  exhaust  gas .  

Unique obse rva t ions  of burning coa l  p a r t i c l e s  ob ta ined  wi th  t h e  use 
of ho lographic  methods a r e  a l s o  presented and d iscussed .  
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BEHAVIOR OF HIGH TEMPERATURE THERMOCOUPLES 
I N  COAL GASIFICATION REACTORS 

G. W. Burns and PI. G. Scroger 
Nat ional  Bureau of Standards 

Nat ional  lleasurement Laboratory 
Center f o r  Absolute Phys ica l  Q u a n t i t i e s  

Washington, D. C. 20234 

ABSTRACT 

Thermocouple assemblies  removed from the  c'onbusiion zone ( s t a g e  1) 
and from t h e  en t r a ined  bed s e c t i o n  ( s t a g e  2) of t h e  Bi-Gas p i l o t  p l an t  
g a s i f i e r  were examined t o  c h a r a c t e r i z e  t h e i r  s t r u c t u r a l ,  chemical ,  and 
t h e r n o e l e c t r i c a l  behavior.  Chronic oxide coated clolybdenum thernowel l s  
used t o  p r o t e c t  thermocouples i n  s t a g e  1, where temperatures  range from 
1350 t o  1650°C, t y p i c a l l y  su rv ive  f o r  only 10  t o  100 hours ,  depending on 
g a s i f i e r  ope ra t i ng  condi t ions .  The Cr203 c o a t i n g  was found t o  be 
completely eroded away from t h e m o w e l l s  opera ted  f o r  15 hours ,  and t h e  
molybdenum showed s u b s t a n t i a l  co r ros ion  and was weakened s t r u c t u r a l l y  due 
t o  t h e  formation. of a grai'n boundary phase. S t a i n l e s s  s t e e l  thermowells 
used f o r  about 200 hours  i n  s t a g e  2 of t he  g a s i f i e r ,  where temperatures  
range from 750 t o  llOO°C, e x h i b i t e d  very l i t t l e  co r ros ion  o r  e ros ion ,  bu t  
t h e  s t a i n l e s s  steel sheathed Type K thermocouples contained i n  t he  themo-  
w e l l s  were found t o  have experienced a s  much a s  a 2.5% decrease  i n  thermo- 
e l e c t r i c  ou tput  due t o  p r e f e r e n t i a l  ox ida t ion  of chromium i n  t he  p o s i t i v e ,  
nickel-9.5% chromium thern~oelements.  New pro to type  thernocouple  assembl ies  
designed t o  a l l e v i a t e  t h e  aforementioned problems were cons t ruc ted  a t  NBS, 
and t h e i r  e v a l u a t i o n  i n  t he  Bi-Gas g a s i f i e r  i s  i n  progress .  The s a l i e n t  
f e a t u r e s  of t h e  pro to type  a s s e n b l i e s  a r e  descr ibed .  



INTEGRATED RADIOMETRIC SYSTEM FOR 
GASIFIER TEMPERATURE MEASUREMENTS - PART 2 

Freder ic  M. Zweibaum 
Alan T. Kozlowski 

William E. S u r e t t e ,  Jr. 
Barnes Engineering Company, Stamford, CT. 06904 

ABSTRACT 

An in tegra ted  radiometr ic  system f o r  g a s i f i e r  temperature 
measurement has  been developed, f ab r i ca ted  a n d  i s  undergoing 
t e s t s  a t  the  Bituminous Coal Research B i - G a s  P i l o t  P lan t  a t  
Homer Ci ty ,  Pennsylvania. The hu.yer i s  C.Fa Eraun 5r Csrmpally 
f o r  the  Energy Research and Development Administration and 
The American Gas Associat ion.  

The purpose o f  t h i s  sytztem i s  t o  monitur and  t n  scAn t he  
r a d i a t i o n  i n s i d e  a  c o a l  g a s i f i e r  r e a c t o r  i n  order  t o  perform 
s e v e r a l  simultaneous funct ions .  These include flame de tec t ion  
f o r  alarm func t ions  and temperature rneaslirement by mcclouring 
r a d i a t i o n  2 . 1  micrometers i n  wavelength. Another funct ion  i s  
monitoring the g a s i f i c a t i o n  process  by scanning r a d i a t i o n  over 
t h e  range of 1.5-5.5 mictometers. The radiometr ic  system 
monitors a n d  scans the  process  by viewing i t  through a  s igh t ing  
tube.  

The I n s t a l l a t  ion and i t s  p r i n c i p l e s  of opera t ion  were described 
i n  t h e  previous symposium on t h i s  sub jec t .  This paper b r i e f l y  
reviews t h e s e  concepts and cont inues with t h r e e  major 
d e s c r i p t i o n s .  F i r s t  i s  a review of the  systpm and the  i n i t i n l  
~~~easurernenes t h a t  have been made with i t .  Second i s  a  review of 
a modif icat ion made t o  permit g a s i f i e r  temperature measurements 
by t h e  two-color r a t i o  method. Third i s  a d e s c r i p t i o n  of a 
merhod f o r  making these  same measurements wi th  a scanning 
radiometer opera t ing  under t h e  c o n t r o l  of a b u i l t - i n  
microprocessor.  

1. R.EVIEW. OF INITIAL INSTALLATION 

Optimizing the performance of a  c o a l  g a s i f i c a t i o n  system 
r e q u i r e s  continuous knowledge of the  peak process  temperature 
being achieved together  wi th  a knowledge of the na ture  of the  
flame processes  t h a t  a r e  tak ing  place within %he  r e a c t o r .  
Developments t h a t  have been made i n  i n d u s t r i a l  radiometry make 
i t  poss ib le  t o  accomplish both these  goals .  



The f i r s t  i n s t a l l a t i o n  i s  shown i n  Figure 1. I n  t h i s  
arrangement, the  sensing heads of two radiometr ic  instruments 
a r e  i n s t a l l e d  i n  a n  explosion-proof con ta ine r  c lose  t o  the  
ou t s ide  of t h e  r e a c t o r  chamber. Beam s p l i t t e r s  i n s i d e  the  
con ta ine r  make i t  poss ib le  f o r  both instruments t o  view the  
process  simultaneously through a s igh t ing  tube t h a t  pene t ra te s  
through the  r e a c t o r  wal l .  E l e c t r i c a l  outputs  from the  sensing 
heads go through 300 f e e t  of cable  t o  e l e c t r o n i c  c o n t r o l  and 
readout u n i t s  located i n  a  remote c o n t r o l  room. 

Each o f  the  two instruments i s  designed t o  accomplish a  
sepa ra te  but r e l a t e d  t a s k  i n  continuous temperature measurement 
and s p e c t r a l  scanning. F i r s t ,  t he re  i s  a n  instrument t h a t  
cont inuously monitors the  temperature of the char  and combustion 
products i n  the  lower p a r t  of the  r eac to r .  This  monitor i s  
designed t o  determine the  peak process temperature up t o  
3200°F. . The monitor i s  supplied with a  s i n g l e  . s e t  poin t  
c o n t r o l  t o  produce a  warning' s i g n a l  a t  maximum s a f e  .operat ing 
temperature.  

Second, t h e r e  i s  a  s p e c t r a l  scanning instrument whose purpose i s  
t o  provide the  c a p a b i l i t y  of monitoring the process .  Under 
normal opera t ing  condi t ions ,  the  input  t o  the  scanning s e n s o r .  
should approximate a  blackbody d i s t r ibu t . ion .  Discon t inu i t i e s  i n  
t he  blackbody curve would i n d i c a t e  the  presence of o t h e r  
processes ,  represent ing  reac t ions  of i n t e r e s t  f o r  poss ib le  
i n v e s t t g a t i o n .  

I n  i n i t i a l  t e s t s ,  t he  system demonstrated success fu l  opera t ion  
a s  a  temperature monitor and a s  a s p e c t r a l  scanner .  ' I n  t he  
s p e c t r a l  scanner mode, the  system demonstrated c a p a b i l i t y  i n  
determining the presence,  r e l a t i v e  concent ra t ion  and 
temperature of combustion by-products. Figure 1 D i s  an example 
of suck1 a s p e c t r a l  scan.' 

The o r i g i n a l  concept involved incorpora t ing  a  second temperature 
monitor sensing. head i n  the  explosion-proof con ta ine r .  Space 
had been l e f t  f o r  t h i s  i n  the con ta ine r ,  and the  beam s p l i t t e r  
system had been designed t o  permit i t s  i n s t a l l a t i o n  and 
.simultaneous opera t ion .  It was decided t o  i n s t a l l  t h i s  second 
instrument together  with a ra t io -p rocessor  system t h a t  makes 
i L  poss ib le  t o  use the  "two-color" r a t i o  method t o  be descr ibed.  

2 .  RATIO-PROCESSOR FOR TWO-COLOR RATIO MEASUREMENTS 

P r i n c i p l e s  

The Rat io Processor i s  an add i t ion  t o  the Integrated Radiometric 



System f o r  G a s i f i e r  Temperature Measurements. Its purpose i s  t o  
permit t h a t  i n t e g r a t e d  system t o  make g a s i f i e r  temperature 
measurements by t h e  two-color method. 

A t  temperatures  below incandescence, the  t o t a l  r a d i a t i o n  method 
i s  commonly used t o  make non-contact temperature measurements 

. of a su r face  a r e a  of i n t e r e s t .  This  method i s  based upon t h e  
f a c t  t h a t  t h e  t o t a l  r a d i a n t  energy output  over  a broad s p e c t r a l  
reg ion  i s  a w e l l  known funct ion  and i s  p ropor t iona l  t o  t h e  
fo-urth power of  t h e  abso lu te  temperature mul t ip l i ed  by the  
su r face  emiss iv i ty .  Although a knowledge of su r face  emiss iv i ty  
is. r equ i red ,  t h i s  i s  w e l l  known f o r  an extremely wide number of 
m a t e r i a l s  and i s  s u f f i c i e n t l y  high t o  be p r a c t i c a l l y  ignored 
f o r  most opaqnc! insulators. 

I 

A t  temperatures above incandescence, t h e  emiss iv i ty  of the  
su r face  v a r i e s  wi th  temperature and i s  not we l l  known. For 
such cond5tions,  t h e  two-color r a t i o  method can be used. I n  
t h i s  method, t h e  energy from the su r face  of  i n t e r e s t  i s  
measured i n  two different narcuw s p c c t r a l  regions.  When t h e  
r a t i o  of these  two energy l e v e l s  i s  determined, the  value of 
e m i s s i v i t y  i s  cancel led .  Thus, the  temperature can be 
determined wi th  accuracy without knowning the  emiss iv i ty ,  as . 
long a s  t h e  e m i s s i v i t i e s  i n  the  s p e c t r a l  regions a r e  
approximately equal.  See Figure 2 P a r t  A. 

The Rat io Processor  automates the  production of t h i s  r a t i o .  It 
produces d i r e c t  reading outputs  t h a t  i n d i c a t e  the  r a t i o  and the  
temperature der ived from t h i s  ra t io ,  It a l s o  produces vol tages  
d i r e c t l y  propart iorral  t o  these sutpi.it6 as wel.1. as other  outputs  
t h a t  provide automatic c o n t r o l  funct ion .  See Figure 2 P a r t  B. 

,Descript ion of Rat io  Processor 

The Rat io Processor  and i t s  p l a c e . i n  the  In tegra ted  System f o r  
G a s i f i e r  Temperature Measurements are shown i n  Figure 3 .  

The o r i g i n a l  In teg ra ted  System contained Lhe ~ o d ' e l  12-550 
O p t i c a l  Head and Elec t ronic  ~ u ~ i t r o l  U n i t ,  L11e Model 12-880 
O p t i c a l  Head and E lec t ron ic  Control Unit  i d e n t i f i e d  as "A" 
toge the r  wi th  beamsp l i t t e r s  1 and 2 p lus  an explosion-proof 
con ta ine r .  

The Rat io Processor  System c o n s i s t s  of  t h e  Model 12-880 Opt ica l  
Head and E lec t ron ic  Control  Unit i d e n t i f i e d  a s  "B" , t he  Rat io  
Processor  Unit and beamsp l i t t e r  3 .  These components a r e  
in teg ra ted  i n t o  the  o r i g l n a l  system a s  shown i n  Figures 4 and 5. 



Figure 4 shows t h e  t h r e e  o p t i c a l  heads i n s t a l l e d  i n  the  
explosion proof conta iner .  Figure 5 shows an assembly of a l l  
t h e  e l e c t r o n i c  u n i t s  not ye t  i n s t a l l e d  i n  t h e i r  racks.  A t  t he  
top  i s  t h e  e l e c t r o n i c  c o n t r o l l e r  u n i t  f o r  t h e  r a t i o  processor .  
The l a r g e  d i g i t a l  readout a t  the  upper l e f t  i s  the  temperature 
as determined by t h e  two-color r a t i o  method of measurement. 
Immediately below i s  t h e  d i g i t a l  readout of t h e  r a t i o  between 
the  outputs  of.Mode1 12-880 Opt ica l  Heads A and B. 

The second u n i t  from the  top i s  a s i n g l e  rack mount u n i t  
conta in ing  the  Model 12-880 e l e c t r o n i c  u n i t s .  A t  t he  bottom i s  
the  e l e c t r o n i c  c o n t r o l  u n i t  f o r  t h e  Model 12-550 Research 
Radiometer. Under t h e  r i g h t  edge of the  l a r g e  meter i s  a SCAN- 
MANUAL toggle  switch t h a t  s e l e c t s  whether the  s p e c t r a l  f i l t e r  i n  
t h e  Opt ica l  Head w i l l  scan continuously (SCAN) o r  be motor 
"jogged" (MANUAL) t o  any des i red  p o s i t  ion.  ' 

Because of the  add i t ion  of the  second Model 12-880, a number of 
i tems of information become newly ava i l ab le .  These new items 
a r e  provided by the  upper e l e c t r o n i c  u n i t  i n  Figure 5 and a r e  . 
as fol lows:  

A. A d i r e c t  temperature measurement derived from t h e  r a t i o  of 
the  two Model 12-880 outputs .  This  r a t i o  i s  l i n e a r i z e d  
and encoded i n t o  a d i g i t a l  p resen ta t ion  d i r e c t l y  i n  O F  on 
a 3-3/4 d i g i t  d i sp lay .  

B. A dua l  s e t  po in t  c o n t r o l l e r  which permits  s e l e c t i n g  both a ,  
high and a low temperature l i m i t  f o r  c o n t r o l  opera t ion .  

C. A 4-20 mill iampere output  f o r  automatic c o n t r o l  purposes. 
This  c u r r e n t  i s  l i n e a r  wi th  r e spec t  t o  t h e  temperature 
derived from the  r a t i o .  

D. A comprehensive s e t  of f ront -panel  and rear -panel  
connectors f o r  obta in ing  e l e c t r i c a l  s i g n a l s  equiva lent  t o  
a l l  inpu t s  and outputs  concerned i n  t h e  r a t i o  process.  

Figure 6 shows t h e  system undergoing labora tory  t e s t s .  D e t a i l s  
of t h e  i n s t a l l a t i o n  a t  the  g a s i f i e r  r e a c t o r  a r e  shown i n  t h e  
photographs t h a t  follow. Figure 7 shows t h e  g a s i f i e r  c o n t r o l  
room. The electrical c o n t r o l  u n i t s  shown e a r l i e r  i n  Figure 4 
a r e  mounted i n  the  console shown i n  Figure 8 toge the r  with a 
dual-beam osc i l loscope  which can be used t o  d i s p l a y  the  A and 
B outputs  simultaneously.  Next t o  the  r e a c t o r  w a l l  i s  the  
explosion proof con ta ine r  wi th in  which a r e  mounted the  t h r e e  
radiometer heads as shown e a r l i e r  i n  Figure 4. The i n t e r n a l  



l a y o u t ' i s  as previous ly  shown schemat ica l ly  i n  Figure 2. 

I n i t i a l  measurements made by t h i s  instrumentat ion while  
monitoring the  g a s i f i c a t i o n  process  a r e  descr ibed i n  t h e  paper 
by John Walsh. 

3 .  MICROPROCESSOR-CONTROLLED SPECTRAL SCANNING RADIOMETER 
SYSTEM 

In t roduc t ion  

P a r t  I of t h i s  paper descr ibed the  concept of using a s p e c t r a l  
scanning radiometer  t o  monitor the  combustion process  i n  the  
r e a c t o r  and described labora to ry  tests and an i n i t i a l  test on 
t h e  r e a c t o r .  A t  the  end of t h a t  paper w a s  mentioned t h e  
p o t e n t i a l i t i e s  of using a new genera t ion  scanning radiometer 
( then  i n  protoLype stage) t o  m o n i t o r  and analyze t h e  combustion 
process .  

This  development of t h i s  Model 12-550 Mark I1 microprocessor-' 
c o n t r o l l e d  radiometer system has been completed and i s  now i n  
product ion.  The concepts of using it  f o r  combustion process  
monitoring, a n a l y s i s  and c o n t r o l  w i l l  be reviewed here.  

System ~ e s i ~ n  Summary 

The Model 12-550 Mark I1 Research Radiometer System has been 
descr ibed elsewhere i n  cons iderable  d e t a i l ,  and only t h e  most 
outs tanding  f e a t u r e s  w i l l  be reviewed here.  

The system c o n s i s t s  of an o p t i c a l  Head and a Programable  
Control  Unit (PCU) as shown i n  Figure 9. Both a r c  m o d u l a r i s ~ d  
f o r  c o s t - e f f e c t i v e  f u n c t i o n a l  f l e x i b i l i t y .  

The Opt ica l  Head has a v a i l a b l e  a v a r i e t y  of interchangeable 
c o l l e c t i n g  o p t i c s  as we l l  as a processor-cont ro l led  chopper, a 
programmable f i l t e r  wheel, and modular de tec tor -preamplf ie r  
u n i t s .  The Opt ica l  Head shuwn i n  Figure 9 has the  v e r t i c a l  
pro t ruding  rr~udulc f o r  ;L l iquid-n i  t .rngen cooled d e t e c t o r .  Other 
types  of d e t e c t o r s  do not r equ i re  t h i s  extension.  

Modularity i s  a l s o  incorporated i n  t h e  Programmable Control  Unit 
whicl~ con ta ins  a l l  the c i r cu i t s  necessary t o  process  t h e  s i g n a l  
from the  Opt ica l  Head according t o  the  requirements of the  
a p p l i c a t i o n s .  Rapid modif icat ion t o  the  needs of s p e c i f i c  
a p p l i c a t i o n s  i s  aided by the  use of a c i r c u i t  board rack wi th  
p rov i s ions  f o r  mounting up t o  16 ind iv idua l  c i r c u i t  boards. 



Most s i g n a l  processing i s  done d i g i t a l l y ,  al though analog outputs  
a r e  a l s o  o f fe red  as a convenience. 

Four powerful c a p a b i l i t i e s  r e s u l t  from the  use of 'a 
microprocessor a t  t h e  base of  system a r c h i t e c t u r e .  -9 One i t  
provides such bas ic  system funct ions  as automatic switching of 
e l e c t r i c a l  a t t e n u a t o r s ,  s e l e c t i n g  chopper speed, and 
c o n t r o l l i n g  the  opera t ion  of the  s p e c t r a l  f i l t e r  system, 
'scanning mir rors  and accessory devices.  -9 TWO i t  provides the  
c a p a b i l i t i e s  of  automatic ga in  cont ro  1, sample averaging and 
normalization. Three, i t  i n t e g r a t e s  the  f i r s t  two c a p a b i l i t i e s  
t o  the  needs of t h e  app l i ca t ions .  -9 Four i t  condi t ions  and 
processes  input  and output  d a t a -  t o  achieve i n t e r f a c i n g  wi th  the  
s e l e c t e d  computer and d a t a  d i sp lay  f a c i l i t i e s .  These 
c a p a b i l i t i e s  a r e  provided mainly by software which i n t e g r a t e s  
system opera t ion  and adapts  i t  t o  use as a radiometer,  
transmissometer, process  c o n t r o l  sys tem o r  r e f  lectometer.  

Process Control Concept 

.. Real-time process  c o n t r o l  by means of continuous s p e c t r a l  
a n a l y s i s  i s  founded on a  few bas ic  p r i n c i p l e s .  When i n f r a r e d  
r a d i a t i o n  i s  d i r e c t e d  through a m a t e r i a l ,  p a r t  of the  energy 
i s  t ransmi t ted ,  p a r t  absorbed, and p a r t  r e f l e c t e d .  The 
percentages of t ransmission,  absorpt ion  and r e f l e c t i o n  vary 
wi th  wavelength i n  a  manner t h a t  i s  unique t o  the  s p e c i f i c  
ma te r i a l .  Consequently, t h e  s p e c t r a l  response curve of a 

., m a t e r i a l  serves  as a "signature" t h a t  i d e n t i f i e s  a  m a t e r i a l  
even when it  i s  intermixed wi th  o t h e r  ma te r i a l s .  Extensive 
c o l l e c t i o n s  of such s p e c t r a l  response curves have been made 
f o r  determini-ng the  concent ra t ions  of d i f f e r e n t  m a t e r i a l s  i n  
a mixture by s p e c t r a l  a n a l y s i s .  

It i s  c h a r a c t e r i s t i c  of m a t e r i a l s  t h a t  i n  those s p e c t r a l  
i n t e r v a l s  i n  which they a r e  good absorbers ,  they a r e  a l s o  good 
e m i t t e r s  of r a d i a n t  energy i n  t h a t  same wavelength i n t e r v a l .  
Thus, the  s p e c t r a l  d i s t r i b u t i o n  curve of s e l f  -emitted r a d i a t i o n  
a l s o  serves  a s  a unique s ignature.  f o r  i d e n t i f y i n g  a m a t e r i a l .  
By techniques t h a t  w i l l  be descr ibed,  the  s p e c t r a l  
c h a r a c t e r i s t i c s  of both absorpt ion  and self-emission can be 
determined sj.multaneously.. 

When a process  i s  being conducted o r  a m a t e r i a l  i s  being 
produced, i t s  s p e c t r a l  absorpt ion o r  emission c h a r a c t e r i s t i c s  
can be examined. I f  the  process  o r  product . . i s  such t h a t  a  
s p e c t r a l  a n a l y s i s  can be made, and i f  t h e r e  a r e  s i g n i f i c a n t  
s p e c t r a l  v a r i a t i o n s  as changes i n  the  processing takes  p lace ,  



i t  may be p o s s i b l e  t o  use t h i s  a s  a b a s i s  f o r  rea l - t ime process  
c o n t r o l .  The b a s i c  procedure i s  f i r s t  t o  observe the  na ture  of 
t h e  s p e c t r a l  changes t h a t  take place.  Then, s p e c t r a l  i n t e r v a l s ,  
sequences and dwell  t i m e s . a r e  s e l e c t e d  t o  determine from t h e s e  
s p e c t r a l  ana lyses  the  na ture  and degree of the  process  o r  
product  change away, from t h e  "ideal".  This  r e s u l t  i s  used wi th  
closed-loop servo c o n t r o l  techniques t o  "zero i n "  the  system 
back t o  i t s  i d e a l  form of opera t ion .  

Figure 10 schemat ica l ly  shows the  bas ic  arrangement of a 
g a s i f i e r  monitoring:, a n a l y s i s  and c o n t r o l  system based upon 
s p e c t r a l  scanning, and Figure 11 shows a photograph of a 
pro to type  arrangement i n  which a 4-foot  tube i s  s u b s t i t u t e d  
f o r  the r e a c t o r .  The process control envixonment i l l u s t r a t e d  
i s  t h a t  which e x i s t s  wi th in  the  r e a c t o r .  'rhe inpu t s  a r e  c o a l  
p l u s  t h e  gases  required t o  produce and c o n t r o l  combustion. The 
ou tpu t s  a r e  h e a t  which can 'be e x t r a c t e d  i n  a  v a r i e t y  of manners, 
p l u s  combustible gas  and a va r i e ty ,  of by-products. Control  i s  
exerc ised  by r e g u l a t i n g  the r a t e  a t  which the  ind iv idua l  inpu t s  
a r e  suppl ied t o  the  r e a c t o r  and the  r a t e s  a t  which t h e  ou tpu t s  
a r e  removed. 

While t h e  process  i s  t ak ing  p lace  wi th in  t h e  r e a c t o r ,  r a d i a t i o n  
from a blackbody source a t  known temperature i s  chopped a t  a  
s p e c i f i c  frequency t o  i d e n t i f y  i t  from o t h e r  r a d i a t i o n .  This  
r a d i a t i o n  i s  d i r e c t e d  through t h e  processing chamber t o  the  
o p t i c a l  Head. I f  necessary,  t h e  r a d i a t i o n  can be i n t e n s i f i e d  
by means of supplementary o p t i c s  t h a t  beam i t  through the  
atmosphere of the chamber. 

Program prepara t ion  begins wi th  manually a d j u s t i n g  the  process  
t o  t h e  i d e a l  condi t ion .  Then, a s p e c t r a l  scan i s  made of  
absorpt ion  and emission and t h e  d a t a  i s  recorded on t h e  p r i n t e r .  
I n  t u r n ,  each of  t h e  i n p u t s ,  outputs  and opera t ing  condi t ions  i s  
then  va r i ed  while s p e c t r a l  scans a r e  made and d a t a  i s  recorded. 
For each of these  corldit ions,  the I I~LUL-e  of adverse n f f c c t ~  on 
t h e  des i red  products a r e  noted and quantized i n  a manner 
appropr ia t e  t o  t h e  process .  'I'hen appropriaLr cu~ l~b ina t  ions  
of inpu t ,  output ,  and environmental coridiLiulis are  changed, and 
t h e  e f f e c t s  a r e  recorded. Next, t h e  process  c o n t r o l  team and 
computer programmer c r e a t e  a c o n t r o l  scenar io  i n  which a 
s p e c i f i c  d e v i a t i o n  i s  i d e n t i f i e d  from a s p e c t r a l  scan v a r i a t i o n  
away from the  " ideal"  and they devise t h e  most e f f i c i e n t  
sequence f o r  a d j u s t i n g  inpu t ,  output ,  environment condi t ions  t o  
r e s t o r e  t h e  "ideal".  This i s  dorie' f o r  a l l  reasonable 
combinations. These var ious  c o n t r o l  scenar ios  a r e  then w r i t t e n  
i n t o  a  genera l  c o n t r o l  program f o r  the  computer t h a t  i s  t o  be 



used, and this program is installed into the computer. 

During operation, the computer scans the spectral absorption and 
emission from the process, identifies the type of deviation 
taking place, and feeds out the program control signals to bring 
the process back to its ideal condition. 

Conc lus ion 

The microprocessor-controlled spectral radiometer system has the 
built in capabilities to simultaneously perform the functions 
of the previously described integrated radiometric system and 
ratio processor. In addition, it is capqble of making 
simultaneous emission and transmission measurements of the 
gasification process and to interface with a computer to perform 
control functions. 

REVIEW 

Instrumentation has been developed and installed to scan the 
radiation inside a coal gasifier reactor. A summary was 
presented of the initial system used for flame detection for 
alarm functions and temperature measurements and for monitoring 
the gasification process by spectral scanning. Also reviewed 
was the more recent addition of a ratio processor designed to 
permit the system to make gasifier temperature measurements by 
the two-color method. Finally, there was reviewed the concept 
and laboratory tests of a microprocessor-controlled spectral- 
scanning system for continuous gasifier process control. 
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Figure 1. Criginal I n s t a h t i o n  m Coal Gasifier Reac~or  o 

Umer  left photo shows reacmr wall  at extreme 
left .  Sensors a r e  i n  e~ploslon-proof enclosure 
left of center, with curved cable a t  right going 
300 feet  t o  control aad readmt  panels. 

Upper riqht photo shows control and readout 
panels . Special s c a n e r  panel is at lower left .  
Temperature monitor panel i~ a t  upper left with 
provision for additional similar panel immediately 
a t  right. Right black p ~ n e l  is X-Y scope for 
displaying output of spectral  scanner. 

Lower left photo shows explosionLproof enclosure 
center right with sighting tcbe extending to  left 
into re3ctor . 
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Figure 2 Part A. Principle of Two-Color Temperature Measurement. 
In the total radiation method energy is measured under a large 
portion of the blackbody curve shown here. Variations in 
emissivity lower curve height and lower the apparent measured 
temperature. In the two color method energy is measured in 
only two narrow adjacent bands, and taking the ratio cancels 
the effect of emissivity in the computation. 
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Figure 3 .  Place of Ratio Processor in Integrated System fo~- Gassifier 
Temperature Measurements. 



Figure 4 .  Three Optical I-leads of IntegraLed System 
Installed in Explosion-Proof Container. 
Layout duplicates that shown In upper 
part of Figure 3 .  



Figure 5. Electronic Units Prior to Final Installation. 



rigure 6 .  Integrated System During -3boratory Teszs . Scanner head is shown a t  left .  



Figure 7. Gasifier Reactor Contrzl Room 



Figure 8 .  Closeup of Integrated Radiometric System Control Console 
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Figure 10.  Functional Schematic of Gasifier Monitoring, Analysis and Control System 



Figure 1 1 .  Prototype of Mocitoring , Analysis and Control System Shown in Figure 10 . 



AN OVERVIEW OF THE EXPANDING REQUIREMENTS FOR THE 
MEASUREMENT OF PRESSURE, FLUIDIZED BED LEVEL, Al3D 

TEMPERATURE ABOVE 1500 PSI and 1500 F I N  FOSSIL 
ENERGY PROCESSES 

M. Berdshl and J. Inskeep 
J e t  Propulsion Laboratory 
Pasadena, Ca l i fo rn i a  91103 

ABSTRACT 

Measurement of temperature,  l e v e l  and p re s su re  above 1500 F and 
1500 PSI i n  c o a l  r e a c t o r s  and corabustors p re sen t s  unique problens.  Cur- 
r en t \ app roaches  t o  these  problens a r e  reivewed and f u t u r e  requirements  
a r i s i n g  from t h e  energing technology are discussed.  



SCALING LAWS FOR GAS-PARTICLE FLOW THROUGH VENTURIS 

C.T. Crowe and J. Lee 
Mechanical Engineering Department 

Washington State Univers i ty  
Pullman, WA 99164 

ABSTRACT 

The two most important f l ow parameters r e l a t i n g  t o  the f low o f  a gas- 

so l i ds  mixture i n  a ventur i  are Stokes number and.loading. Experimental stu-  

d ies a t  Washington State  Univers i ty  have shown t h a t  the  pressure drop increas- 

es l i n e a r l y  w i t h  loading and decreases monotonically w i t h  increasing Stokes 

number. The experiments were done w i t h  glass beads and pulverized coal . 
These data c l e a r l y  demonstrate the  importance o f  Stokes number i n  extrapolat-  

i n g  data from bench-scale experiments t o  f u l l - s c a l e  designs. 

INTRODUCTION 

The f l o w  o f  gases w i t h  suspended p a r t i c l e s  i s  encountered i n  many indus- 

t r i a l  and energy-related indust r ies  such as the gas i f i ca t i on  and combustion 

o f  pulver ized coal, a i r -po l  1 u t i o n  cont ro l  systems, pneumatic conveying of 

granular mater ia ls,  and i n  many other i n d u s t r i a l  processes. Common t o  these 

indus t r ies  i s  the need t o  r e l i a b l y  monitor the so l ids- f low rate.  For example, 

balancing the coa l -a i r  mixture t o  burners f i r e d  by pulver ized coal requires an 

accurate f l ow  meter. Because several feeder ducts are normally used i n  para- 

l l e l ,  f low condi t ions tend t o  d r i f t  over a per iod o f  t ime from t h e i r  cor rect  

set t ings,  so continuous monitoring and regula t ing are needed t o  maintain e f -  

f i c i e n t  combustion and economy. Currently, the so l ids  f low r a t e  i n t o  a fu r -  

nace i s  monitored by the speed o f  a coal-feeder b e l t  o r  by the pressure drop 

across the pulver izer.  These methods are no t  amenable t o  f i n e  adjustment, nor 

adaptable t o  sens i t i ve  feed-back cont ro l  systems. Hence, there i s  a need t o  

have re1 i a b l e  f low metering devices which are inexpensive and s u f f i c i e n t l y  

accurate f o r  i n d u s t r i a l  appl ications. 

Many d i f fe ren t  designs and concepts f o r  metering pneumatically conveyed 

gas-solids mixtures have appeared i n  the l i t e r a t u r e .  These include the appl i -  

ca t i on  o f  rad ioac t i ve  t racer  and B-ray absorption techniques ( I ) ,  microwave 

techniques (2) and the measurement o f  charge generated by the p a r t i c l e  cloud 

(3). Another type o f  meter i s  the  target, o r  impact,flowmeter (4), t o  measure 



the momentum imparted by the particle cloud and, knowing the particle velocity, 
calculate the particle mass flow rate. A rather novel extension of the impact 
f lometer i s  the annular venturi meter (5) which was designed to measure the 
flow rate of both phases b u t  the scatter i n  the data lends the scheme unattrac- 
tive. For industrial applications, one i s  interested i n  simple, inexpensive 
and re1 iable meters which provide acceptable accuracy. 

Pressure inferential devices, such as the orifice, flow nozzle and ven- 
turi, are used extensively i n  industry to monitor the flow rate of single- 
phase fluids. However, the application of these meter types to measure the 
flow rate of particle suspension flows has not been entirely successful. 
Carlson, e t  a l .  (6)  developed a venturi-orifice combination to monitor both 
gas and particle flow rates which performed well on bench-scale experiments, 
b u t  failed for large scale systems. The reason for the failure was the un- 
awareness of the primary independent variables re1 ating to  gas-particle flow 
through constrictions. Subsequent studies ( 7 )  indicated that the pressure 
drop across a venturi with gas-particle flow depends primarily on Stokes* 
number and particle loading. The fact  that  Stokes number i s  dependent on 
meter size explains the failure of Carlson's device to function as expected 
for a large scale system. An extensive review of the l i terature by Washington 
Skate University (8) revealed that virtually no data were available which dem- 
onstrated the dependence of pressure drop on Stokes number and loading over a 
sufficiently wide range for practical use. For example, the Stokes number for 
gas-particle flow in a 1 ine conveying pulverized coal is about .5, yet the 
data available were for Stokes numbers ten times as large. Moreover, most of 
the available data d i d  not provide adequate information on particle size. 

During the past two yearas, an extensive experimental and analytic program 
has been underway a t  Washington State University to measure the effect of 
Stokes number, loading and meter geometry on pressure drop in a venturi. This 
paper presents the results of this study. 

INITIAL PARAMtTRIC STUDY 

Dimensional analysis of gas-particle flow through a ven turi shows that 
the pressure drop i s  given by 

*Stokes number i s  the rat io of particle relaxation time to gas residence time. 



where APTp i s  the  pressure drop fo r  gas-par t ic le  flow, APG i s  the pressure 

drop f o r  gas f l ow  alone and Reg, Rep, S t  and Z are the Reynolds number o f  the 

gas, the  Reynolds number o f  the par t i c le ,  the Stokes number and the loading. 

Using t he  quasi one-dimensional numerical model developed a t  WSU (9), i t  was 

found t h a t  the  pred ic ted pressure drop f o r  the useful  range o f  flow condi t ions 

depends only weakly on Re and Re bu t  i s  very s t rongly  inf luenced by S t  and Z. 
g P 

Stokes number i s  defined as 2 S t  = p d U /18Dt 
P P g  

where p i s  p a r t i c l e  mater ia l  density, d i s  the p a r t i c l e  diameter, U the i n -  
P P 9 

l e t  gas ve loc i ty ,  the  v i scos i t y  and Dt 1l1e t h roa t  diameter. I f  the Stokes 

number i s  small, then t he  p a r t i c l e  re laxa t ion  t ime i s  small compared t o  the 

gas re laxa t ion  t ime and the  p a r t i c l e  can respond qu ick ly  t o  the changes i n  gas 

v e l o c i t y  so a near "equi l ibr ium" condi t ion i s  maintained. I n  t h i s  case, the 

two-phase mixture acts  1 i ke a heavy gas w i t h  an attendant large pressure drop. 

On the  o ther  hand, a l a rge  Stokes number impl ies l i t t l e  time ava i lab le  f o r  

change o f  p a r t i c l e  v e l o c i t y  and the mixture behaves as a pa r t i c l e - f r ee  gas. 

The loading parameter (Z)  i s  the r a t i o  o f  the  p a r t i c l e  mass f low r a t e  t o  

gas mass f l ow  rate.  

The geometrical parameter descr ib ing the  ASME ventur i  geometry i s  6-rat io;  

i .e., the r a t i o  of t h roa t  diameter t o  pipe diameter. 

EXPERIMENTAL PROGRAM 

The uxperimental set-up i s  shown schematically i n  Fig. 1. The f a c i l i t y  

consists o f  an i n l e t  a i r  supply, metered by an o r i f i c e ,  a powder feeder t o  

feed p a r t i c l e s  i n t o  the  airstream, a gas-part ic le mixing section, a t e s t  sec- 

t i o n  f o r  i n s t a l l a t i o n  o f  ventur is and f low nozzles, and, f i n a l l y ,  a ser ies  o f  

c,yclone separators t o  remove pa r t i c l es  from the airstream and re tu rn  them t o  

the  powder feeder. The pressure d i f f e r e n t i a l  dald are recorded by s l an t  tube 
alcohol manometers. The pressure taps are continuously purged by an inconse- 

quen t i a l l y  small a i r  f l ow  t o  prevcnt dust  accumulation i n  the taps, A photo- 

graph o f  the  experimental r i g  is shown i n  Fig. 2. 
A Coul ter  counter was used t o  provide de ta i led  measurements o f  p a r t i c l e  

number and s ize. 

Three types of spher ical  pa r t i c l es  were used i n  the experiment: micro- 

' -  balloons, glass p a r t i c l e s  and B a l l o t n i  impact beads. Also, Utah coal as ob- 
- 2  ' , ta ined from a commercial pu lver i ze r  was used. The maximum feed ra tes o f  each 
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p a r t i c l e  t ype  and t h e i r  c h a r a c t e r i s t i c s  a re  shown i n  t he  t a b l e ;  Using these 

p a r t i c l e s  i n  t h e  experimental  r i g  prov ided Stokes numbers from .15 t o  13 and 

load ings  f rom 0 t o  2. 

Maxi mum Densi t y 3  Mass Median 
P a r t i c l e  t ype  Feed Rate ( 1  bm/sec) (1  bm/f t  ) Di'ameter ( ~ m )  Shape 

M i  crobal  1 oons 0.02 

G l  ass beads 0.15 

B a l l o t n i - i m p a c t  
beads 0.17 

Pu l ve r i zed  coa l  0.06 

2 9 sphe r i ca l  . 

36 sphe r i ca l  

6 5 sphe r i ca l  

4 3 i r r e g u l a r  

Table: C h a r a c t e r i s t i c s  o f  P a r t i c l e s  Used i n  Experiments 

The m a j o r i t y  o f  t h e  experiments were conducted w i t h  t h e  s tandard ASME 

v e n t u r i  geometry w i t h  B - ra t i os  o f  .5, .6, and .7. The v e n t u r i  w i t h  a B - r a t i o  

o f  .. 6 was t e s t e d  i n  bo th  t h e  h o r i z o n t a l  'and v e r t i c a l  o r i e n t a t i o n s .  A standard 

ASME f l o w  n o z z l e  w i t h  a B - r a t i o  o f  .6 was a l s o  t e s t e d  w i t h  p u l v e r i z e d  coa l .  

The t e s t s  were c a r r i e d  o u t  f o r  a g iven  p a r t i c l e  t ype  and meter geometry 

by ma in ta in ing  a cons tan t  a i r  mass f l o w  r a t e  and i nc reas ing  t h e  powder feed 

ra.te t o  inc rease the  load ing .  The t e s t s  were repeated f o r  o t h e r  a i r  f l o w  

r a t e s  t o  e s t a b l i s h  t h e  r e p e a t a b i l i t y  o f  t h e  data. Typ ica l  da ta  from these 

runs a re  shown i n  F ig .  3. One notes a l i n e a r  v a r i a t i o n  o f  t he  pressure drop 

wi.th l oad ing  which p e r s i s t e d  throughout.  Thus, t h e  r e s u l t s  f o r . e a c h  t e s t  can 

be expressed as a s i n g l e  parameter r e f l e c t i n g  t h e  s lope o f . t h e  l i n e .  The para- 

meter chosen was Pr = (APTpIAPG-1 ) / Z  which i s  i d e n t i f i e d  as t h e  pressure r a t i o  

parameter and where APTp i s  t h e  pressure drop w i t h  g a ~ - ~ a r t i c l e  f low,  A$ i s  

t h e  pressure drop f o r  a i r  f l o w  o n l y  through the  nozzle.and Z I s  t he  load ing .  

A summary o f  t h e  experimental  r e s u l t s  f o r  t h e  pressure r a t i o  parameter 

versus Stokes number i s  shown i n  F ig .  4. One notes t h a t  f o r  ASME v e n t u r i s ,  

t h e  pressure r a t i o  parameter monoton ica l l y  decreases w i t h  i nc reas ing  Stokes 

number. There a l s o  appears t o  be no s i g n i f i c a n t  d i f f e rence  between t h e  h o r i -  

zon ta l  and v e r t i c a l  o r i e n t a t i o n s .  For  Stokes number up t o  5 t he re  appears t o  

be no e f f e c t  o f  B- ra t io ,  which i m p l i e s  t h a t  B - r a t i o  i s  n o t  a s i g n i f i c a n t  

parameter i n  t h i s  range. However, f o r  Stokes numbers around 10, t h e  nozzles 

w i t h  l a r g e r  B - r a t i o  tend t o  have a sma l l e r  pressure r a t i o  parameter; s p e c i f i -  

c a l l y ,  t h e  v e n t u r i  w i t h  a B - r a t i o  o f  .7. I n s u f f i c i e n t  data e x i s t s  a t  t h i s  

t ime  t o  e x p l a i n  t h i s  t r e n d  o r  t o  determine i f  i t  extends t o  h ighe r  Stokes 







numbers. Th is  i n fo rma t ion  i s  important  i n  sca l i ng  up labo ra to ry  data t o  f u l l  

s i z e  designs. 

One a l s o  notes o n  F ig .  4 t h a t  t h e  data f o r  pu lver ized coal f a l l s  above 

those f o r  spher i ca l  g lass  beads. Th is  i s  cons is ten t  w i t h  t h e  h igher  drag co- 

e f f i c i e n t  c h a r a c t e r i s t i c  o f  i r regu lar ly -shaped coal  p a r t i c l e s  (1 0). More data 

and support ing numerical s tud ies  a re  needed t o  determine i f  the  d i f f e r e n c e  can 

be a t t r i b u t e d  s o l e l y  t o  aerodynamic drag. 

A small  number o f  t e s t s  were a l so  performed w i t h  an ASME f l ow  nozzle de- 

s i g n  using p u l v e r i z e d  coa l .  The pressure drop i s  d i s t i n g u i s h a b l y  h igher  than 

t h a t  f o r  a convent ional  ventur i .  The upstream geometry o f  t h e  f low nozzle i s  

much d i f f e r e n t  than t h a t  o f  t he  v e n t u r i  which probably accounts f o r  the  obser- 

ved t rend.  Once again, more data and support ing numerical s tud ies  are needed 

t o  understand t h e  observed trends. 

The p r e d i c t i o n s  o f  t h e  quasi one-dimensional numerical model developed a t  

WSU were compared w i t h  t h e  experimental r e s u l t s .  The one-dimensional model 

c o n s i s t e n t l y  ove rp red ic t s  the  pressure drop, b u t  shows b e t t e r  agreement a t  low 

Stokes number than a t  h igh  Stokes number. This t rend i s  a t t r i b u t e d  t o  the  e f -  

f e c t  of p a r t i c l e  channeling; t h a t  i s ,  t he  tendency o f  p a r t i c l e s  t o  accumulate 

near t h e  nozzle ax is .  A two-dimensional model, now near ing completion, tends 

t o  bear t h l s  out.  
To summarize, t h i s  study has shown t h a t  

1 )  Stokes number and load ing a re  the  two dominant non- 

dimensional parameters r e l a t i n g  t o  pressure drop o f  

gas -pa r t i c le  flows i n  ventur-is, 

2) pressure drop a t  a f i x e d  Strikes number var ies  l i n e -  

a r l y  w i t h  loading,  

3 )  t he  pressure r a t i o  parameter decreases monotonical ly  

w i t h  increas ing Stokes numbers, 

4) v e n t u r i  B - r a t i o  appears t o  have an e f f e c t  on l y  a t  

h i g h  Stokes numbers, and 

5) pu lve r i zed  coal  has a h igher  pressure r a t i o  parameter 

than spher ica l  p a r t i c l e s  a t  a Stokes number o f  approxi -  

mately  two. . 



CONCLUSION 

The observed s e n s i t i v i t y  o f  pressure drop t o  s o l i d s  l oad ing  demonstrates 

t h e  v i a b i l i t y  o f  t h e  v e n t u r i  as a f lowmeter f o r  gas -pa r t i c l e  f lows.  Also, t he  

dependence o f  t he  pressure r a t i o  parameter on Stokes number demonstrates t h e  

importance o f  Stokes number as t h e  s c a l i n g  parameter. E i t h e r  bench-scale 

models must have Stokes numbers near t h a t  o f  t he  pro to type o r  i n fo rma t ion  i s  

needed f o r  Stokes number e f f e c t  t o  ex t rapo la te  bench-scale data t o  p r e d i c t  

f u l l  scale performance. Fur ther  i n fo rma t ion  needed inc ludes  an extended and 

more complete range o f  Stokes numbers, t he  e f f e c t s  o f  p a r t i c l e  s i z e  d i s t r i b u - ,  

t i o n  and shape, more da ta  f o r  f l o w  nozzles and a general two-dimensional 

numerical model t o  e x p l a i n  t h e  observed t rends and t o  p r e d i c t  performance w i t h  

f l o w  cond i t i ons  f o r  which data are  unavai lable.  
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X-RAY IMAGING OF COAL DERIVED PRODUCTS* 

M. G. Thomas - 
D. G. Sample 

Sandia Laboratories, Albuquerque, NM 87185 

ABSTRACT 

X-ray techniques have been developed for imaging flow and/or 

flow restrictions in coal liquefaction processing equipment. The 

two main areas addressed are (1) real time imaging of coal slurry 

flow characteristics, and (2) the residual buildup of coke and 

inorganic residues in piping, particularly tees and .elbows, that 

carries the initial coal slurry and the products. The system 

used for (1) includes a 100 kv power supply, a Magnaflux 150 

X-ray tube, photomultiplier detector, and a strip-chart reco~der. 

Water and oxygen were used to simulate a two-phase coal-slurry/ 

gas system. Analysis of the X-ray absorption has distinguished 

stratified, bubble, and slug flow, and the frequency and size of 

the gas displacements allow void volume determination. System 

(2) utilizes a Balteau portable X-ray unit and class I1 film. 

Phase boundaries between gas/coal derived liquids/coal are 

distinguishable and residue buildup has been detected in piping, 

tees, and elbows. These techniques are intended for use with 

existing equipment without the need for modifications. 

INTRODUCTION 

Coal liquefaction requires heating coal/solvent slurry at 

high temperatures, > 400°c, and pressure, % 2000 psi hydrogen, 

with and without catalysts, to form liquid products. The Depart- 

ment of Energy is currently supporting specific processes in coal 

lj,quefaction--H-Coal, SRC I and SRC 11, EDS, and process research. 

The high temperatures and pressures, plus the continuous opera- 

tion make in situ monitoring of these processes difficult. Non- 

destructive X-ray analysis has been applied tothe analyses of 

"Tfiis work supported by the U.S. Department of Energy. 



several problems associated with coal liquefaction--solid/liquid 

separation, blockages in equipment caused by coke buildup, and 

flow characteristics. Our studies have been designed to allow 

for the use of portable equipment and real time imaging, and 

require no modification of existing equipment. 

Studies 

Experiments were performed in two specific areas; (1) static 

problems: a) coking deposits and other types of residue buildup 

which cause plugging in tees, elbows, and valves, b) erosinn nf. 

equipment due to the circulation of slurries; and (2) dynamic 

problems: a) the determination of flow characteristics in two- . 
and three-phase flow,,and b) directly related, the detection 

of phase boundaries and settling rates in solid/liquid separa- 

rions. 

Static Problems 

a) Coking deposits and residual buildup in lines. Material 

buildup in lines usually occurs around those.areas o£ perturbed 

flow in equipment--around tees, elbows, valves, etc. These 

. materials are usually composed of Q 50% inorganic material in an 

organic matrix. ,Thus, the material is of considerably higher 

density than the slurry that surrounds it. In Figure 1, we have 

depicted experiments "here buildup was ~imulated and successfully 

detected and documented using portable X-ray equipment operatinq . 

at 200 kv and class I1 X-ray film. Figure '2 shows a positive 

print obtained. The'density diiference in'the simulated experi- 

ment was Q lo%, whereas 30-508 differences are expected in ' 

practice. ( 1  1 
b) ~rosion of equipment. Although lines themselves are 

eroded very slowly, erosion of valve stems is a well documented 

problem that plagues both small and large scale processes. (2,3) 

Figure 3 shows a positive print of a photo and a radiograph of 

a "failed" valve obtained from Sandia's continuous flow lique- 

faction rea~tor.~ The "v" notch is clearly visible in the 
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Figure 1 - Line drawing showing a simulated buildup of material  i n  
high pressure s t a i n l e s s  steel tubing. 



Figure 2 - Positive print of an X-ray showing coal deposited in pipe tee. 



Valve 
Body 

Eroded 
Notch 

: Figure 3 - (a) P o s i t i v e  P r i n t  of an X-ray showing t h e  eroded 
notch i n  a va lve  stem i n  p lace ,  i n  a va lve  body. 

(b)  Photo of a va lve  body and s t e m .  



valve encasement. The radiograph was obtained on fine grain 

X-ray film using a linear accelerator at 2.5 MeV and a shooting 

distance of 12 feet. 

Dynamic Problems 

a) In liquefaction systems, a coal/vehicle-oil slurry and 

hydrogen gas flow through pipes and reactors. The multiphase 

systems flow characteristics determine the residence time and, 

consequently, conversion. Since the physical properties uf 

the systcm chdnge throughout, the flow patt~rn may alsv be 

sllbjeat to change.. In order to determine flaw characteristics 

of more than a 1-phase system, the phases must be distinguishable. 

In Figure 4, we have a positive of an X-ray in which coal, coal- 
derived oil, and gas phases are clearly distinguished. The 

materials are encased in 0.25 ilrch 3lb medium pressure stainless 

steel tubing. The densities of the materials are easily 
I -, 
distinguished. 

However, in a flow sequence, film radiography would only 

$provide an average of the system. Real time documentation on 

i l m  proved to be inadequate. (5) A scintillation detector 

connected to a recorder has provided adequate real t i m e  

doeul~errta t ion. A spec li Zis cxper i31~ent designed to measure 

flow characteristics i r ~  a two-phase system is depicted in Figure 

5. A water tank w i t 1 1  d submerged pump was used to circulate 

water through a closed system. The water from the tank was 

introduced into one leg of the tee, the opposite leg was connec- 

ted to tygon tubing (used for visual veritication) that went to 

the heavy wall pipe (tubing) under test. Air was introduced at 

specific times in a third leg. Water has dpproximately the same 

absorption as the oil produced in liquefaction processes and 

air simulates the gas. As seen in Figure 5, 90 kv X-rays are 

passed through the heavy wall 316 stainless steel tubilly and 

are received by a radiation gage detector on the opposite side. 

The signal is amplified and projected on a recorder. 
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Figure 6 shows data from the simulated experiment. The 

signal from the empty tube and that obtained when liquid is 

passed through the tube serve as base lines. Gas injected is 

observed as decreased density from the one-phase liquid system. 

. The frequency. of these bubbles (by counting) and the size ' (width 

at half-height) are calibrated to yield void volume of the 

system. In addition, flows (slug, froth, bubble) would be 

clearly distinguishable. This instrumentation is currently used 

in conjunction with a low pressure slurry loop for residence 

time/flow regime determination at Sandia Laboratories. 

b) Phase boundaries and solid-liquid separation. The distil- 

late bottoms from coal liquefaction processes contain large 

amounts of solids including organic and inorganic materials. 

The separation of the ash containing material can also be moni- , 

tored by the use of a radiation gage in line with a collimated 

X-ray source. The density gradients of the liquid (low ash)/ 

solid (high ash) can be determined and plotted in real time, 

as described above. This may allow for direct process control 

in deashing systems. Initial experiments using this system were 

conducted at Sandia Laboratories and additional experiments are 

currently underway at West Virginia University. 6 

Summary 

Several X-radiographic techniques have been applied to 

specific problem areas in coal liquefaction. The ultimate goal 

is the demonstration of applicability towards process monitoring. 

Deposits in lines and valves which result in blockages can be 

detected.and the severity analyzed using film radiography and 

portable equipment. Erosion in the system can be identified and 

monitored using high energy equipment. Density - variation and 

phase boundaries can be analyzed u'sing film 'radiography, and/or 

by the use of a radiation gage. The technique employing the 

radiation gage provides real time analysis of dynamic systems. 

In addition, none of the applications requires modification of 

process equipment. 
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COMPUTER-AIDED DATA ACQUISITION AND REPORTING 

AS USED IN THE H-COAL@ DEVELOPMENT PROGRAM 

J e f f r e y  L.  Gendler and Paul R .  
Hydrocarbon Research, I n c  . 

A subs i  d i  dry o f  Dyna lec t ron   orbo oration 
INTRODUCTION 

U n t i l  1976, HRI1s da ta  a c q u i s i t i o n  and r e c o r d i n g  were accomplished by t r ans -  

c r i b i n g  i ns t rumen t  read ings  on paper l c g  sheets f o r  a l l  o p e r a t i n g  u n i t s ,  f r om 

25-pound-per-day "bench sca le "  u n i t s  t o  t h e  3-ton-per-day Process Development 

U r ~ i  1. As t he  R & D  i n d u s t ~ y  moved away f rom t c d i o u s  and c o s t l y  manual d a t a  

r eco rd ing ,  H R I  cons idered  the  many and v a r i e d  methods o f  automat ic  da ta  

c o l l e c t i o n .  The goal  was t o  f i n d  a system which would p r v v i d e  Lhis data - '  

l o g g i n g  f u n c t i o n ,  serve as a  r e a l - t i m e  process n ion i to r  and alarm, and pro-  

v i d e  o n - l i n e  process c a l c u l a t i o n s .  F i n d i n g  no such dev ice  on t h e  market, 

HRI under took t h e  t ask  of deve lop ing  one f rom bas i c  components. 



The host computer in HRI's system i s  a Sperry-Univac (formerly Varian) mini- 

computer in the V77 ser ies ,  using the proprietary VORTEX@ executive operating 

software. The machine i s  a 16-bi t-per-word processor, configured by HRI 

with K-words of semiconductor memory, 20 megabytes of disc storage and a 

nine-track tape drive. In addition, a STATOS@ pr in ter lp lo t te r  (manufactured 

by Varian Graphics Co. ) provides high-speed 1 i ne printing and graphics. Low- 

speed KSR terminals a re  used for  program editing and in the control room 

for  data access. 

Process data i s  brought to  the computer via limited-distance modem from the 

control room. HRI uses the RTP (Real -Time Processor) manufactured by Com- 
.. puter Products, Inc. Through a Wide-Range Analog Input System in the RTP, 

a variety of process signals may be monitored. For example, HRI monitors 
temperature (type "J" thermocoupl e s )  , pressure (4-20mA transducers), digi tal  . 

load ce l l s  (16-bi t B C D )  and others. Each of these i s  converted to the 

analog-equivalent of a zero-to-ten volt  signal,  then transmitted i n  binary 

code to the computer. 

The pr ior i t ized,  mu1 t i  taski ng environment of VORTEX a1 lows modular program- 

ming of the DASH system. There 'are two core-resident programs and several 

other programs which are  loaded as needed; a l l  of these share a specified 
common memory area through which data values a re  passed. The two core- 

resident programs are:  

1. DAP (Data Acquisition Processor) - This program reads a s e t  of 

predefined control tables and uses the i r  values to select  active 
process data points in a specified order and read the current value 
of each into memory. Through another control table ,  incoming data 

values ( i n  vol t s )  a re  converted to  engineering uni ts ,  then 'stored 

on disc,  in chronological order. Internal timers schedule data 

scans ( typical ly  once every two minutes), take averages on the hour, 

and cal l  in data-handling programs a t  specified times. 



2. ALM (Alarm Limit Monitor) - As each data point i s  read, i t s  value 

i s  compared to two control-table values: an upper l imi t  and a 
lower one. I f  e i ther  bound i s  exceeded, ALM takes two actions: 
F i r s t ,  a message i s  printed a t  the control room terminal giving 
the current point name and value, and the boundary value which was 
exceeded. Second, one of several programmabl e re1 ay contacts i s  
closed; i t  could, for  example, ring an alarm bel l .  
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HRI DATA REPORTING PROGRAMS 

Whi le  da ta  a c q u i s i t i o n  i s  i n  progress,  t he  data i s  made a v a i l a b l e  t o  opera t -  

i n g  personnel on a " r e a l - t i m e "  bas i s .  That  i s ,  da ta  i s  immediate ly  a v a i l a b l e  

f o r  e v a l u a t i o n  by ope ra to r s .  Our engineers a l s o  use t h e  process data,  b u t  

t h e i r  t ime- f rame . i s  somewhat d i f f e r e n t .  
, . 

Genera l l y ,  t h e  engineers have t o  w a i t  f o r  a v a r i e t y  o f  da ta  t o  become a v a i l  - 
a b l e .  Because o f  t h e  i n h e r e n t  t ime  de lay  invo lved ,  we cons ider  t h e  engineer-  

i n g  da ta  as "pos t -per iod  da ta  p rocess ing" .  To a i d  o u r  eng ineer ing  s t a f f ,  and 

t o  he1 p generate customer r e p o r t s ,  we have developed computer progralns f o r  

b o t h  general  and s p e c i f i c  c a l c u l a t i o n  needs. 

For  example, u s i n g  t h e  g raph ics  c a p a b i l i t y  o f  t h e  computer and t h e  STATOS 

p r i  n t e r / p l o t t e r ,  we a r e  a b l e  t o  generate , temperature/pressure p r o f  i 1 es o f  our 
H-Coal@ Reactor.  These p r o f i l e s  show t h e  e n t i r e  u n i t  a t  a s i n g l e  glance. 

Depending upon t h e  l o c a t i o n  of t h e  da ta  ( i  .e., tape  o r  d i s c ) ,  t h e  diagrams 

can be p r i n t e d  i n  f r om 2 t o  30 minutes.  Some of these diagrams a r e  p r i n t e d  

on a d a i l y  b a s i s  w h i l e  o t h e r s  a r e  used o n l y  as a t r o u b l e  shoo t i ng  gu ide.  

Du r i ng  r o u t i n e  o p e r a t i o n  of t h e  t e s t  u n i t s ,  we generate d a i l y  mass balances 

as we1 1 as b r i e f  summaries o f  l a b o r a t o r y  analyses.  S ince much o f  t h i s  da ta  

i s  r e p o r t e d  t o  ou r  c l i e n t s ,  we have developed a computer ized da ta  base t o  

speed up ou r  r e p o r t i n g  procedures. 

Because o f  t h e  t ime  l a g  i n  r e c e i v i n g  d i f f e r e n t  types o f  data,  we immediate ly  

e v a l u a t e  t h e  da ta  f o r  day-to-day ope ra t i ons .  r h i s  da ta  i s  then  saved f o r  

more comprehensive e v a l u a t i o n  a t  some l a t e r  date.  Every program has a 

un ique i n p u t  da ta  and i t s  own r e p o r t i n g  format. I n  a d d i t i o n ,  t h e  da ta  f rom 

t h e  program i s  recorded  on a r e e l  o f  magnet ic tape.  To min imize p o s s i b l e  . 

e r r o r s  and t o  m a i n t a i n  da ta  s e c u r i t y ,  every  program records  on i t s  own r e e l  

o f  tape  i n  a s tandard fo rmat .  The tapes a r e  c o r r e c t e d  and updated as o f t e n  

as necessary. 



A f t e r  t h e  data has been generated f o r  a  g iven day o f  operat ion,  a  merging 

program i s  used t o  blend the  p e r t i n e n t  data i n t o  a  master data base. This 

data base i s  a l so  recorded on tape f o r  permanent s torage and f o r  r e p o r t i n g  

purposes. 

For repor t ing ,  t h e  data f o r  a  g iven pe r iod  i s  read from the  data tape and 

p r i n t e d  i n  a  data summary tab le .  These summary repor t s  can be p r i n t e d  as 

o f t e n  as required.  They can be used as a  p re l im ina ry  eva lua t ion  o f  data, 

a  qu ick  check f o r  miss ing data, o r  as a  f i n a l  data t a b l e  i n  our  customer 

repor t s .  

With..our computerized r e p o r t i n g  system, a1 1  PDU data i s  entered. i n t o  the  

compliter a.nd -can be used over and over. A f t e r  t h e  c a l c u l a t i o n s  a r e  .complete, 

and t h e  l a s t  l abo ra to ry  ana lys i s  i s  determined; we can generate data tab les  

w i t h i n  3-5 days. These tab les  a re  complete, desc r ip t i ve ,  and ready f o r  

' i n c l u s i o n  i n  a  f i n a l  r e p o r t .  
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HISTORY OF COMPUTER-AIDED DATA ACQUISITION AT HRI 

In 1976, HRI installed a research-oriented computerized data acquisition 
system for  i t s  bench-scale and Process Development Units. This system was 

designed to monitor, acquire, and record process data from the experimental 

units and to  issue reports based on that  data. The system was f i r s t  used 

on the H-Coal Process Development Unit ( P D U )  a t  the HRI R & D Center, and 
i t s  functions were to: 

o record PDU temperatures, pressures,, and .feed/product weights 
o scan a l l  process data u p  to  60 times per hour 

o check each data point for  out-of-defined-range s tatus  
o sound alarms and .print s ta tus  messages when necessary 
o provide operators with current process data (on request)  

o provide operators wi t h  time-averaged data (on request) 

o give a daily report of averaged key operating conditions 
o s tore  a l l  recorded data on tape fo r  future access. 

Once in operation, the system eliminated the need for  operators to manually 
log process data; t h i s  saved th i r ty  operator hours per unit-day. In 
addition, now tha t  recorded data was on easily-accessed computer tape, the 

technical s t a f f  no longer had to  handle paper log sheets and worry about 

f i l i n g  and duplicatiny data sheets. 

The on-line (real-time) system acquired and stored process d a t a ,  a s  intended, 
on the H-Coal PDU: the next step was to organize, so r t ,  and report the data 

in a useful manner. The engineering s ta f f  a t  HRI developed specialized 

reporting software to  meet th i s  need. HRI reporting and correlating 

programs : 

o create a master data base for  the duration of the run 

o so r t  analytical laboratory data on input and generate appropriate 
reports 

o so r t  batch f i l t ra . t ion  and d is t i l la t ior i  data on input and generate 
appropriate reports 

o combine the real-time data with the ahove to  generate a complete 
material balance 



o store  a l l  of the above fo r  end-of-run reports and data correlations 

The same computer system i s  now also being used a t  the R & D Centcr on the 

Fast Fluid Bed Gasifier PDU and on H-Coal bench-scale units.  The operating 
programs for  each unit  vary; for  example, the FFB gasif ier  program module 

does not sound out-of-range alarm, b u t  i t  does print a process data summary 

every eight hours (not done on  the H-Coal PDU). 

HRI i s  contin~rousl y improving i t s  in-house data acquisit ion system. Through 
HRI and Sperry-llnivac, specialized hardware and software can be designed for  

other pi lot  plant or  bench-scale.units. These systems can record data, 
monitor real-time operations and generate concise reports.  
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COAL PREPARATION AND FLOW CONTROL FOR THE 

MHD FACILITY AT TULLAHOMA, TENNESSEE 

A. Ziobrowski and E. Lazor 
Babcock & Wi'lcox Company 

Research and Development D i v i s i o n  
A l l i a n c e ,  Ohio 

SUMMARY 

I n  November, 1975, t h e  Dabcuck & WSlcox Company (B&W) cont rac ted  w i t h  t h e  

U n i v e r s i t y  u f  Tennessee t o  supply  a u x i l  i a r y  components ar~d  techn ica  l suppor t  

f o r  t he  U. S. Department o f  Energy MHD F a c i l i t y  a t  Tullahoma, Tennessee.* 

Among t h e  components being suppl i e d  by  B&W i s  a coal  and seed (potassium 

carbonate o r  potassium s u l f a t e )  and i n j e c t i o n  system. Th i s  

system has been designed t o  i n j e c t  up t n  3 3 tons o f  coa l  and seed per  hour 

f o r  an u n l i m i t e d  p e r i o d  o f  t ime and up t o  9.2 tons o f  coal  and seed per hour 

f o r  2  hours t o  a combustor ope ra t i ng  a t  pressures up t o  120 ps ia .  The coal  

and seed can be i n j e c t e d  i n t o  t he  combustor through s i n g l e  o r  m u l t i p l e  feed 

p o i n t s .  

I n s t a l l a t i o n  o f  t h e  system i s  now complete. Tests a re  c u r r e n t l y  being per-  

Tormed t o  check o u t  t h e  components and cha rac te r i ze  t h e  system. S ta r tup  of 

t h e  system and i t s  i n t e g r a t i o n  i~rt;u the MHU f a c i l i t y  a re  expected i n  l a t e  

1979 o r  ea'rl-y 1980. 

INTRODUCTION 

lechniques f o r  pneumat ica l l y  conveying s o l i d s  f rom one l o c a t i o n  t o  another 

have been r e l i a b l y  p r a c t i c e d  f o r  many decades. However, t h e  emergence o f  

iicw energy-pr;irducing technologies has necess i ta ted  t h e  development o f  systems 

capable o f  d e l i v e r i n g  crushed o r  pu l ve r i zed  coal i n  a steady, non-pulsat ing 

f low t o  processes opera t ing  a t  h igh  pressures. Coal g a s i f i c a t i o n  and 

pressur ized  f l u i d i z e d  bed combustion a r e  two.such processes. 

*Sponsored by D. 0. E. Cont rac t  No. EX-76-C-01-17'60. 



The successful  commercial development o f  a  c o a l - f i r e d ,  combined c y c l e  MHDI  

steam system f o r  generat ing e l e c t r i c i t y  a1 so requ i res  t h e  development of 

such a  coal feed system. Combustion pressures o f  approximately 8 atmos- 

pheres a re  an t i c i pa ted ,  and pu l sa t i ons  i n  t he  feed r a t e  t o  the  combustor 

could s i g n i f i c a n t l y  reduce e f f i c i e n c y .  I n  add i t i on ,  as 1  i t t l e  " co ld "  c a r r i e r  

gas as poss ib le  should be i n j e c t e d  i n t o  t h e  process w i t h  t h e  coa l .  Reducing 

t h e  amount of t h i s  c a r r i e r  gas increases system e f f i c i e n c y  by  a l l ow ing  h igher  

combustion temperatures f o r  a  f i x e d  coal  t o  a i r  r a t i o .  I t  a l s o  may reduce 

c a p i t a l  and opera t ing  costs by lower ing  t h e  compressed gas requirements of 

t he  system. 

The Babcock & Wilcox Company (B&W) has designed and f a b r i c a t e d  systems f o r  

conveying pu l ve r i zed  and crushed coa l  f o r  many years.  Therefore, when 

selected by t h e  Department o f  Energy (DOE) t o  design a  pu l ve r i zed  coal  feed 

system f o r  i t s  MHD F a c i l i t y  i n  Tullahoma, Tennessee, B&W cou ld  lean h e a v i l y  

on i t s  experience i n  t h i s  area. The f o l l o w i n g  sec t ions  f i r s t  rev iew t h e  

company's background i n  t h i s . a r e a  and then descr ibe  the  s p e c i f i c  system 

being supp l ied  t o  the  Department o f  Energy. 

TRANSPORTING PULVERIZED COAL AT ELEVATED PRESSURES: B&W EXPERIENCE 

B&W began eva lua t i ng  systems t h a t  cou ld  be used t o  cont inuous ly  i n j e c t  

pu l ve r i zed  coal  i n t o  equipment opera t ing  a t  h i g h  pressures i n  t he  e a r l y  

1950's. A t  t h a t  t ime the  s p e c i f i c  a p p l i c a t i o n  under cons ide ra t i on  was t h e  

feeding o f  coal  i n t o  i n d u s t r i a l  b l a s t  furnaces. Tests t o  determine t h e  

t r a n s p o r t a b i l i t y  o f  pu l ve r i zed  coal a t  var ious  coal  rates,  v e l o c i t i e s  and 

pressures up t o  40 p s i g  were conducted a t  t he  company's A l l i a n c e  Research 

Center i n  A l l i ance ,  Ohio. Th i s  accumulated design data and experience l e d  

t o  the  design and cons t ruc t i on  o f  t h e  pu l ve r i zed  coal  i n j e c t i o n  system t h a t  

was 1  a t e r  i n s t a l  l e d  on Armco Stee l  ' s  Be1 1  e fon te  b l a s t  furnace a t  Ashland, 

Kentucky. Placed i n t o  commercial se rv i ce  i n  1966, the  system cont inues t o  

i n j e c t  up t o  25 tons o f  pu l ve r i zed  coal an hour through the  fu rnace 's  16 

feed po in t s .  



I n  June 1973, a l a r g e r  second-generation pu lve r i zed  coal  i n j e c t i o n  system 

was p u t  i n t o  se rv i ce  on Armco's Amanda b l a s t  furnace. Th is  system, t h e  

l a r g e s t  i n  c o m e r c i a l  opera t ion  i n  the  Uni ted States, feeds up t o  33 tons o f  

pu l ve r i zed  coal an hour t o  t h e  furnace through 24 feed po in ts .  Operating a t  

furnace pressures between 25 and 30 psig, t h i s  i n j e c t i o n  system has experienced 

v i r t u a l l y  .loo% a v a i l a b i l i t y  s ince  i t s  i n s t a l l a t i o n .  

The i n s t a l l a t i o n s  a t  both the  Be l l e fon te  and t h e  Amanda p lan ts  a r e  di ' lute- 

phase ' t ranspor t  systems, meaning t h e  coal-gas m ix tu re  has a dens i ty  of l e s s  

than 4 l b / f t J .  D&W1s developmental work over the  years has concentrated 

on t h e  design of such. systems. Simultaneously, a s i g n i f i c a n t  amount o f  

in fo rmat ion  was being gathered on t h e  pneumatic t ranspor t  o f  s o l i d s  a t  much 

h igher  sol id- to-gas r a t i o s  and dens i t i es  ( a l s o  known as dense-phase t rans-  

p o r t ) .  The combined experience o f  our dense-phase s tud ies  and t h e  more 

p r a c t i c a l  commercial app l - ica t ions  o f  t he  d i lu te-phase systems a t  B e l l e f o n t e  

and Amanda has been app l i ed  t o  the  coal  and seed i n j e c t i o n  system being 

suppl ied t o  t h e  Department of Energy. 

MHD FACILITY DESIGN CONSIDERATIONS 

A t  t h e  beginning o f  t h e  contract ,  B & W  and t h e  U n i v e r s i t y  o f  Tennessee, the  

pr ime cont rac tor ,  agreed t h a t  t h i s  system should represent  as near l y  as 

poss ib le  an ac tua l  coal and seed i n j e c t i o n  system t h a t  might  be used on a 

commercial MHD power generat ing u n i t .  Because the  performance o f  t h e  MHD 

generator  i s  so c l o s e l y  dependent on the  performance o f  the  fuel i n j e c t i o n  

system, i t  was decided t h a t  t h i s  system should n o t  be considered as merely 

a p iece of apparatus t o  support t h e  t e s t i n g  b u t  as a t o o l  f o r  developing 

and c o n t i n u a l l y  improving t h e  i n j e c t i o n  system. 

To implement t h i s  design philosophy, t h e  f o l l o w i n g  performance c r i t e r i a  

were es tab l  ished: 

8 Raw coal and seed would be.ground t o  a s i z i n g  o f  70% through 
200 mesh and dr ied .  This represents the  t y p i c a l  s i z i n g  used " 

by today' s conventional coal -f i red bo i  1 ers. 



0 Coai and seed would be blended before in ject ion in to  the  
combustor, thus eliminating the  need f o r  two separate 
in ject ion systems.. In addit ion,  the  proportion of seed t o  
coal i n  the  mixture should be control lable  and var iable  f o r  
developmental purposes. 

0 The coal and seed would be fed t o  a combustor operating a t  
pressures up t o  6 atmospheres a t  a mixture flowrate of 3 . 3  
tons per hour f o r  100 hours of continuous operation. 

0 The coal and seed would a lso  be fed t o  a combustor operating 
a t  pressures up t o  8 atmospheres a t  a mixture flowrate of* 9.2 
tons per hour fo r  2 hours of continuous operation. 

0 The coal and seed would be in jected i n to  combustors of various 
designs through s ing le  o r  multiple feed ports. 

0 Air would be used a s  the  t ranspor t  medium t o  avoid the  need fo r  
i n e r t  gas generators. The amount of a i r  t o  be injected i n to  the  
combustor with the  coal and seed would a l so  be minimized t o  im- 
prove combus t o r  performance. 

0 Combustion would be i n i t i a t e d  by in ject ion of coal and seed in to  
the  combustor a t  a s  low a r a t e  as  possible,  and gradually t he  
r a t e  would be increased t o  the nominal flowrate. This should 
protect  ceramics in the flow t r a i n  against  excessive thermal 
shock. The system would be addi t ional ly  capable of an ins tant-  
aneous s t a r t  a t  the  nominal steady-state flowrate, i f  necessary. 

c ,  

DOE MHD FACILITY COAL AND SEED INJECTION 'SYSTEM 

The MHD coal and seed in ject ion system can be divided in to  two subsystems 
(see  Figures 1 and 2 ) .  The Coal and Seed Preparation Subsystem blends the  
raw coal and seed as  i t  i s  pulverized and dried.  The Coal and Seed In- 
jection Subsystem then i n j ec t s  t he  pulverized coal and seed in to  t he  
combustor. 

COAL AND SEED PRCPARATION 

The Coal and Seed Preparati on Subsys tem consis ts  of re1 a t i ve l  y conventional 
\ 

bin-type coal pulverizing equi pment . I t  deviates from conventional 

applications in t h a t  seed i s  blended with the coal i n  the  pulverizer.  The 
subsystem can supply approximately 4 tons per hour of the  pulverized coal 



and seed mixture. The proportions of pulverized coal and seed can be 
varied to  any desired 1 eve1 . 

The raw coal and seed are  manually loaded into the i r  respective hoppers. 
Screw conveyors and a bucket elevator move the raw coal and seed from the 

hoppers in to  t h e i r  respective storage tanks. The raw coal hopper, screw 
conveyor and bucket elevator were supplied by Webster Manufacturing; the 

. seed hopper and screw conveyor were supplied by Clemons. B&W designed both 

storage tanks with the raw coal tank having a 30-ton capacity and the seed 
tank a 3-ton capacity. 

' I  he storage tanks di.scharge t h e i r  contents into the i r '  r,espective weigh 
feeders which move the coal and seed from the storage tanks to  the in l e t  

of the pulverizer. The speed of the coal weigh feeder, supplied by the 
Stock Equipment Company, i s  automatically regulated to  maintain the recom- 
mended level i n  the pulverizer. The speed of the seed weigh feeder, 
supplied by the Merrick Scale Company, i s  controlled by a signal from the 
coal weigh feeder so tha t  the r a t i o  of seed t o  coal entering the pulverizer 
remains a t  a pre-set value. 

The B&W E-35 pulverizer grinds the  mixture of coal and seed until  the 
par t ic les  a re  f ine  enough to  be swept out of the pulverizer by an a i r  stream 
from a Carl Mayer indirect  f i red  a i r  heater. A t  the pulverizer 's  rated a i r  
flow rate,  the fineness will be 70% through 200 mesh. This a i r  serves three 
d i s t inc t  purposes: (1 ) I t  controls the par t ic le  s ize and flowrate of the 
mixture leaving the pulverizer; ( 2 )  i t  transports the mixture from the 
pulverizer to  the bag f i l t e r ;  and (3)  i t  dries the mixture. 

The heated a i r  carr ies  the coal and seed mixture to  a Pedcon bag f i l t e r  
where the mixture i s  separated from the a i r .  The a i r  i t s e l f  i s  discharged 
t o  the atmosphere while the, mixture i s  fed through a rotary valve t o  one o r  
both of the two pulverized coal and seed reservoir tanks. 



COAL AND SEED INJECTION ' 

The coal and seed injection subsystem i s  of the lockhopper type. ' I t s  
components include two 5-ton capacity reservoir tanks elevated above a 
10-ton capacity feed tank and the i r  associated valves, piping and instru- 
mentation. The three tanks were designed by B&W. 

The two reservoir tanks are operated cyclically as shown in Figure 3 .  While 
one reservoir tank i s  being f i l l e d ,  the other i s  pressurized, i t s  contents 
a re  transferred to  the feed tank, and then i t  i s  depressurized. 

Pressurizing the reservoir tank to  the same level as the feed tank before 
transferring the coal and seed mixture avoids disturbing the. feed tank 
pressure as the.mixture passes from the reservoir tank. Such a disturbance 
i n  feed tank pressure would adversely a f fec t  the flowrate t o  the combustor. 
Pressurizing a i r  enters the reservoir tank through eight dis t r ibut ing nozzles 
tha t  protrude through the wall of the vessel into the coal and seed mixture. 
The heat of pressurization i s  par t ia l ly  absorbed by  the mixture, thereby 
reducing the increase i n  a i r  temperature that  would otherwise occur. When 
the reservoir tank pressure reaches tha t  of the feed tank, a pressure 
equalizing l ine between the two opens to  ensure tha t  the pressure i n  both 
tanks remains the same during the t ransfer .  

Once pressure equalization i s  complete, f luidizing a i r  i s  introduced a t  the 
discharge uf the reservoir tank. A bleed valve on the reservoir tank i s  also 
opened to prevent the internal pressure from rising as a resul t  of the ad- 
ditional fluidizing a i r  input. The valve i n  the transfer 1ine.between the 
reservoir tank and the feed tank i s  opened and the mixture i s  gravi ty-fed 
to  the feed tank. 

After- tiiarlsfer i s  complete, the valves in the transfer l ine  and pressure 

equalizing l ine  a re  closed, fluidizing a i r  in the reservoir tank i s  stopped, 

and the tank i s  depressurized. The reservoir tank i s  then recharged while 

the other i s  pressurized and i t s  contents transferred to  the feed tank, 
thcrcby completing the c,ycl e. 



The d i f f e r e n t i a l  pressure between the  feed tank and t h e  combustor ac ts  as 

the  d r i v i n g  fo rce  f o r  i n j e c t i n g  t h e  pu lver ized coal  and seed i n t o  t h e  

combustor. Feed tank  pressure i s  adjusted t o  main ta in  the  d i f f e r e n t i a l  

pressure corresponding t o  t h e  des i red  f lowra te .  Such adjustments can be 

performed manually, t o  change f lowrate, f o r  example, o r  can be automat ica l ly  

ad jus ted t o  a  s e t  p o i n t  by t h e  system con t ro l s .  

The spacia l  dens i t y  o f  t he  m ix tu re  f l ow ing  from the feed tank must be care- 

f u l l y  c o n t r o l l e d  s ince f l o w  s t a b i l i t y  i s  extremely dens i ty  dependent. Small 

amounts o f  a i r  i n j e c t e d  i n t u  1t1e bottom o f  t h c  fccd tank prov ide  thp  cnal 

and seed w i t h  m o b i l i t y .  During c e r t a i n  modes o f  operat ion, p a r t i c u l a r l y .  

a t  lfiw Plowrates, a d d i t i o n a l  d i l u t i o n  o f  t h e f c o a l  and seed stream i s  r e -  

qui red.  I n  these s i tua t i ons ,  a i r  i s  i n j e c t e d  d i r e c t l y  i n t o  t h e  stream a f t e r  

i t  leaves t h e  feed tank  through a  s p e c i a l l y  designed sec t i on  o f  t ranspor t  

p ipe  known as t h e  a i r  p ickup sect ion.  

The t r a n s p o r t  p i p e  i s  approximately 100 fee t  i n  length.  Since i t s  diameter 

i s  f lowra te  dependent, two separate t ranspor t  p i p i n g  arrangementswere re -  

q u i r e d  t o  span the  f l o w r a t e  ranges requested. 

A 3/4- inch schedule 80 t ranspor t  p ipe  was selected fo r  t he  nominal i n j e c t i o n  

f lowrate o f  3 . 3  t.nns pe r  hour. Stable i n j e c t i o n  f lowra tes  can thus be main- 

ta ined  over  a  range commencing a t  a  minimum of 0.2 tons per  hour w i t h  a  
3  ' spac ia l  dens i t y  o f  0.3 1 b / f t  up t o  a  maximum of 4 tons per hour w i t h  a  

spac ia l  dens i t y  o f  30 l b / f t 3 .  A double, ex t ra  heavy 1-1/2 i nch  p ipewas  

chosen f o r  t he  nominal f l o w r a t e  o f  9.2 tons per  hour. I n j e c t i o n  r a t e s  
3 ranging f rom 0.5 tons per hour w i t h  a  dens i t y  of 0.3 I b / t t  TO 11 .5  tons 

3 per hour w i t h  a dens i t y  o f  30 I b / f t  can be kept  s t a b l e  w i t h  t h i s  s i z e  pipe. 

I n  add i t i on ,  t he  system I s  e a s i l y  ddaptable t o  o the r  p i p e  s izes should 

d i f f e r e n t  f l owra te  ranges be des i red  i n  the  fu tu re .  

For mu l t i - f eed  cumbustors a f l o w  d i s t r i b u t o r  has been provided. Located i n  

the  t ranspor t  p ipe  j u s t  upstream o f  t h e  combustor, t h e  d i s t r i b u t o r  d i v ides  

a  s i n g l e  stream of coal and seed i n t o  f o u r  equal streams, each supp ly ing  a  



combustor feed point. I f  more than four feed points are required, these 
four streams can each be subdivided. 

CONTROLS AND IN STRUMENTATION 

The controls used in the coal and seed preparation subsystem are, l ike  the 
equipment i t s e l f ,  a l so  relat ively conventional. Both screw feeders and 
the bucket elevator are  activated by demand signals from level detectors 
in the seed and raw coal storage tanks. The raw coal weigh feeder receives 
i t s  control signal from a level measurement device in the pulverizer. Seed 
weigh feeder flow control i s  slaved to  the output of the coal weigh feeder, 
with the r a t i o  of the two flowrates being established in advance by the 
operator. 

The flowrate of the a i r  from the forced d ra f t  fan, through the a i r  heater 
and the pulverizer t o  the bag f i l t e r  i s  control led by a damper a t  the a i r  
i n l e t  t o  the pulverizer. The damper i s  electropneumatically controlled, 
receiving i t s  input signal from a flow element mounted in the l ine  jus t  
upstream of the damper. Air temperature i s  automatically adjusted to  main- 
ta in a pulverizer out le t  temperature of 150°F. 

The Coal and Seed Injection System i s  controlled by an Allen Bradley 
Programmable Controller tha t  operates i n  e i ther  a manual or an automatic 
mode. The operator has the option of manually opening and closing any of 
the subsystems' 29 valves with' individual f ront  panel switches. Startup 
and shutdown of the system, fo r  instance, a re  performed i n  the manual mode. 

In the automatic mode, 'the .programmable control ler  opens and closes the 
various valves in a programed time sequence that  i s  augmented by a ser ies  

of process signal inter l  ocks. This inter l  ock feature constantly in te r - .  
rogates valve l imit  switches, system pressures and temperatures, and load 
ce l l  readouts t o  verify the proper performance of the system. 

Lights on the control panel tha t  are  energized by l imit  switches provide the 
operator w i t h  a graphic display of the s tatus  of each va'lve (open o r  closed). 



CURRENT STATUS 

The Coal and Seed Injection System a t  the Tullahoma MHD Faci l i ty  i s  now 
in place. Instrument and control wiring has been completed, power has 

been connected to  the system, and temporary instrument a i r  applied. The 

program f o r  the Coal Transport Programmable Logic Controller has been 

written and debugged. All valves have been sequenced by the automatic 

mode program and the resul ts  observed on the l imit  switch actuated graphic 

display. 

In conclusion, we feel the t e s t s ,  soon t o  begin, will show t h a t  t h i s  i s  an 

adequate system for  t h i s  new technology--MHD. The system designed uses 

some t r ied  and proven coal handling technology. These have been combined 

with some younger technologies such as  dense phase coal transport and the 

programmable logic controller to achieve the design requirements. 
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FIGURE 3 CYCLICAL OPERATION OF THE COAL AND 
C F F n  RECER\IT\ ID T A N K C  
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