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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 Energy —

d;ﬂifhiggtanT-D. C. 2054

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. 1It's perhaps an understate-
ment to say that synthetic fuels have captured the imagination of many
" 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 other 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 permitting. . 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 huge commercial facilities required. Neither does our energy
future jjie 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 government - industry cooperation before these technologies can
be commercialized to produce significant amounts of energy from U. S.
domestic resources.

‘ 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 programs - -
direct use of coal and magnetohydrodynamics; extraction; and synfuels
(Figure 2). 1In 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 progréss, 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, Tennessee.

Next year, we will be in a position to determine the technical,
economic and envirommental feasibility of thesé designs, and whether to
proceed with final design and construction of the plants. On our current
schedule, we will have the first demonstration plant operating 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 liquids. The first commercial
liquids-from~coal plants will probably use the indirect method, which is
basically commercial and bears minimal risk.



To recombine synthesis gas to form methanol is relatively easy; we've
been doing that for years using natural gas as the chief feedstock.

Methanol can be used directly - - in turbines, for example, or it can
be added to gasoline, much as ethanol is used today in gasahol. Or again,
it can be converted directly to high octane gasoline.

This last step has been developed under DOE's program with the Mobil
0il Corporation and appears to be an extremely promising option for use in
commercial plants - - construction of which could start within the next
. few years. ;

The Lurgi/Fischer-Tropsch direct liquefaction process provided
liquids for the Germans in World War II and has been in commercial produc-
tion for over 20 years in South Africa. It will work on some Western U. S.
coals, but the vast Eastern coal resource - near our industrial heartland -
is not suitable for the Lurgi/Fischer-Tropsch process.

Therefore, our research and development program has focused on
liquefaction techniques that are suitable for Eastern coals. These pro-
cesses add hydrogen directly to the coal and convert it into a liquid
(Figure 10).

The Germans also used this technique in their production of synthetic
liquid fuel in World War II. Yet, the processes they used were bulky,
troublesome to operate, and considerably out of today's economic ballpark.

In developing the direct liquefaction processes, we have made sig-
nificant strides.

Today, four new liquefaction technologies are nearing demonstration
of commercial potential for the late 1980's (Figure 11).

Working with the Exxon Company, we are constructing a large Exxon
Donor Solvent Plant outside of Baytown, Texas (Figure 12). It will process
over 200 tons of coal per day - - converting each ton into 2.5 or 3 barrels
of 0oil. The plant should go into operation by the middle of next year.
Figure 12 shows the status of construction as of February 1979.

Also, we are in the final stages of construction of a second very
large pilot plant in Catlettsburg, Kentucky (Figure 13). Depending on how
we run the operation, this H-Coal Plant could process from 200 to 600 tons
of coal each day. This project is sponsored by Ashland 0il, Hydrocarbon
Research, and others. '

Like the Exxon Plant, the Kentucky Plant could go into initial opera-
tion next year. While these facilities are classified as pilots, they are
large enough so that when we achieve satisfactory operation - - and with the
scale up experience of the SRC demonstration plants - - we believe these
processes can be scaled directly to commercial size facilities, leapfrogging
the demonstration plant stage.



Two of the direct liquefaction technologies evolved from the same
root — — the solvent-refined-coal process which has been developed at
government expense over the past 15 years (Figure 14). We've come to the
point where a 50-ton per day pilot plant at Fort Lewis, Washington (Figure
15) has operated for over four years and a small plant in Wilsonville,
Alabama, for almost five. '

\

And, as in gasification, we have taken the next step.

Slightly over a year ago, we signed contracts to begin the design of
commercial-scale modules of the SRC process - - as shown in an artist's
concept. (Figure 16).

Southern Company Services, along with Air Products and Wheelabrator-
Frye, their industrial partners - -.is designing ‘a.variation of the process
that produces a clean-burning solid fuel, SRC I. The Gulf 0il Corporation
is designing an SRC II plant to produce a liquid fuel.

Construction of one or both of these plants would begin in 1981 - -
near Morgantown, West Virginia, for the Gulf Plant; or near Owensboro,
Kentucky, for the solid version. Operation could begin as soon as late 1983
or early 1984.

These demonstration plant sites are suitable for commercial production
plants that would have the capacity of as many as five of these first
modules. A single module wlll process 6,000 tons of coal each day, pro-
ducing the equivalent of 20,000 barrels of oil. A commercial facility would
process 30,000 tons of coal, producing the equivalent of 100,000 barrels of
oil per day. '

Thus, with EDS, H-Coal and the two SRC Projects, four direct lique-
faction processes have reached a major scale of development (Figure 17).

Together with the currently commercial Lurgi and the four near term
gasification processes that could produce synthesis gas for indirect
synthetic liquid production, these four direct liquefaction facilities will
be ready for widespread commercialization in the late 1980's or early 90's.

Thus far, we have reviewed the status of the major gasification and
liquefaction synfuels projects. The fossil energy programs also include
direct combustion, underground coal conversion, o0il from shale, and
magnelohydrodynamics.

The demand for coal in 1985 is projected to range from 1 to 1.2
billion tons. Most of the coal consumed in this country is and will con-
tinue to be burned directly. Any program to increase coal utilization must
place primary emphasis on promoting. direct coal combustion.

A technology for using the country's vast supply of coal to produce
energy by direct combustion is the fluidized-bed process. Atmospheric



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 enérgy use. Primary objectives 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, o0il 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 Admini-
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.

Magnetohydrod ynamics (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 inexhaustible Central Power Generation technologies, such
as nuclear fusion and breeder reactors, will not be in widespread commercial
use until well after the turn of the century.

With an estimated 17 hundred billion tons of proven domestic
coal reserves, as shown on the map (Figure 24), and another 23 hundred
billion tons that may lie undiscovered, there are ample coal resources. It
is our job to develop economical and envirommentally acceptable extraction,
direct combustion, gasification and liquefaction technologies to reduce our
dependence on imported oil. But regardless of the process for utilizing our
coal resources, future commercial plants for the conversion of coal to more
acceptable forms of energy will be expensive., For example, to achieve the
goal of displacing two million barrels of imported oil will require massive
financial commitments by either government or private companies, or both.
To get that amount of fuel from gasification or liquefaction technology
will require twenty plants costing $40 billion and each producing 100,000
barrels a day. Massive funding and many massive physical plants will be
necessary to achieve our national goals. Also, mass production facilities
must be built to produce the equipment needed: for the new mines that must
be opened, for the plants, and to get the product to the markets. Develop-
ment of adequate instruments and controls is an essential part of the
eventual successful commercial production of synthetic fuels. New instru-
ments and control devices are required to control these new processes,
assure safe operation of new plants, and achieve economic ''on stream’ times.

Costs are high, but the cost of not making these investments could bhe
higher still through our vulnerability to foreign sources of supply. The
major determinant of the competitiveness of most new technologies will be
the world price of o0il. Plants will cost billions, and the capital invest-
ment in these plants is the major factor inthe cost of the synthetic fuels
they produce. If the price of o0il continues to rise at the pace of the
past few years, there will soon be a cost cross-over that will make the
economics of building commercial sized plants attractive to private
industry. The cost of imported oil on the spot market in recent weeks has
already exceeded our estimate of the equivalent value of synthetic fuels.

Most private sector experts agree that the impetus for commercializa-
tion will have to come from the Federal Government. The Federal svynthetics
program received a healthy boost when the White House endorsed a congres-
sional plan to have the Federal Government buy a considerable amount of
synthetic fuels. Current administration and congressional proposals are
euncouragluy., "

I would like to make. this key point: despite the recent flurry of
synfuel-related action, we are not plunging into untested waters. This map
(Figure 25) summarizes our major on-going projects and I think it shows
that there is hardware operating, being built or being designed - - only
some of which I have described.




Moreover, private industry is an integral part of these efforts - -
and this is essential. Our eight largest projects - four gasification
demonstrations (two high BTU and two medium BTU), and four liquefaction
(two SRC, EDS and H-Coal), are sponsored and will be significantly financed
by eight different U. S. firms. A number of other private enterprises are
involved in other projects. Only by initjating and encouraging competition
between these and other private firms can we hope to meet the synfuel pro-
duction goals.

Private industry is the ultimate customer for the technologies that
emerge from these programs. U. S. companies must be encouraged to finance,
build and operate many, big commercial coal conversion plants, based on
the technologies they understand and those techniques that best suit their
needs and markets. '

If privatc industry can convert or utilize coal in acceptably clean
and economic processes, our dependence on foreign o0il can be significantly
reduced.

Likewise, the full support of those who understand the importance of
instrumentation and control is vital in attaining these goals. Manpower and
manufacturing capability to develop and supply the instrumentation and con-
trol equipment is a great challenge. All components.and instrumentation in
the early demonstration plants will be such that subsequent expansion to
commercial production can be expedited. The demonstration plants will have
limited capacity with full-scale commercial equipment and instrumentation
that can be expanded readily or replicated to produce a commercial plant of
any desired size.

Timing priorities demand that wherever possible, "off-the-shelf"
hardware must be used instead of waiting for further development. We must
act now to employ the best available technology in achieving commercial
operation. We will continue an aggressive development program for future
improvement in technology: certainly including instrumentation and control
as vital concerns. We intend to seek the counsel of industry partner
repreceentatives and technical experts to identify and define the most urgent
instrumentation and control requirements and to guide the instrumentation
and control program funded by the DOE Fossil Fuel Processing Division. Your
own program plans, providing for specific instrumentation and control needs,
will be described fully in other presentations at this meeting.

Together, we must look outward at the broader issues and needs,
rather Lhan looking dinward at our individual problems and individual con-
tributions. No difficulty ~ - such as manufacturing production capability,
instrumentalion and control, or government regulations - - can be permitted
to become show stoppers. We must proceed with the tools at hand to demon-
strate the practicality of synfuel production while simultaneously and
urgently developing the hardware, and particularly the instruments and con-
trol equipment that will be required to effectively operate the big com-
mercial plants.



With cooperative participation of all segments of American private
industry and the government, a synthetic fuels industry can develop quickly
enough to meet the national requirement. With this participation, synthetic
fuels will take us a vital step away from our over-reliance on foreign oil.

By dealing pragmatically with current "real world" problems, industry
and government working together will succeed in our commitment to become,
once again, independent of foreign control of our destiny.



PRESIDENT’'S ENERGY PROGRAM
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Figure 4 - IGT Gasification Pilot Plant
at Caicago, Illinois
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Figure 6 - Artist's Drawing, Conoco

High Btu Demonstration Plant

Figure 5 - HyGas Pilot Plant at

Illinois

Chicago,
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Figure 7
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Figure 8 - Coal Conversion Process
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Figure 9 - Indirect Liquefaction - Synthesis Gas to Liquid
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Figure 10 - Direct Liquefaction Process




PROJECT
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FRYE
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Figure 11

Figure 12 - Exxon Donor Solvent Pilot
Plant at Baytown, Texas
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Figure 13 - H-Coal Pilot Plant at Catlettsburg, Kentucky

MAJOR LIQUEFACTION PROJECTS

EARLIEST
PRODUCTION
PROJFCT SPONSOR SITE DEMO COMMERCIAL
DONOR SOLVENT EXXON BAYTOWN 1980 1986
PILOT PLANT TEXAS (NEW SITE)
(200 T/D)
H-COAL PILOT ASHLAND CATLETTSBURG 1980 1986
PLANT (200 T/D) OlIL CO. KENTUCKY (NEW SITE)
SRC | (SOLID) SOUTHERN CO. OWENSBORO 1983 1986
DEMONSTRATION AIR PRODUCTS KENTUCKY
PLANT (6000 T/D) WHEELABRATOR-
FRYE
SRC Il (LIQUID) GULF OIL MORGANTOWN 1983 1986
DEMONSTRATION WEST VA.

PLANT (6000 T/D)

Figure 14 - Solvent Refined Coal (SRC) Processes
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Figure 15 — SRC II Pilot Plant at Fort Lewis, Washington

Figure 16 - Artist's Concept, SRC Commercial Scale Modules
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Figure 17
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Figure 18 - Atmostheric Fluidized-Bed
Combustion Project at
Rivesville, West Virginia




18

UNDERGROUND GASIFICATION OF COAL FOR POWER GENERATION

Figure 20
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SYNTHETIC FUELS TECHNOLOGY FROM THE INDUSTRIAL POINT OF VIEW
by

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 prceented 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 synthelLic fuels from an industrial

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

on insecure oil imports.

Despite a gasoline shortage this summer, tight heating oil supply
for the coming winter, and the mounting trade deficits, compounded by a
hiatns in adding to our refinery capacity and building new power plants,
we have vet to see the first shovel in the ground to build commercial
synfuel plants based on our nation's bountiful domestic energy resources.
While countries with lesser r@sources have moved and are doing what they
can to increase energy supplies, our policymakers are still mired in
arguments as to whether synthetic tuels are cuwmpetitive with imporred
0il and whether we should wait for solutions that won't cost money or
hard effort. Well, therc areu't any such free solutions! 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
Lhe 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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fuels piously point their fingers at the possibility that synthetic
fuels development may cost more because of inflation and cost overfuns.
But do they remind the public that imported oil has not exactly stood
still, that it has gone from $14 to $21 per barrel in the first six

months of this year alone?

We are not yet in a position to apply marginal cost economics as a
criterion for selecting energy options. We can apply marginal cost
economics and a free market approach to international trade in television
sets, automobiles, steel and machinery, for all of which we have commeréial
production capability in this country,‘so that with respect to these
commodities we afelin a posture of "potential independence' from imports.
At any time, if dependence on imports becomes unacceptable, we have the
full capability of producing these goods domestically. But the same
capability has not yet been developed with respect to energy,‘and until
it is, we will have only worsening energy dependence and growing trade
deficips and inflation, leading not only to economic chaos‘but also to

a loss of national security.

.

The importation of oil.from OPEC countries does not fall under the
rules of a normal free market approach. Not only is the demand just

" moderately price-elastic, but more importantly, the supply is determined
by the production policies of the OPEC members and not by normal economic
considerations. Therefore, as the price of oil rises, the supply not

only may not increase, but may in fact decrease to return the same

revenue to the OPEC countries. This trend is already established in the
current actions by the OPEC nations of adjusting production to keep the
market tight and the price high; ‘Thus, it is totally out of piace to

use a free-market approach to determine the appropriate time for launching

a synthetic fuels industry when there is no free market.

- I mentioned a moment ago the widely prevalent be}ief that synthetic
fuels are not competitive with imported oil. This would seem to be true
when the posted price of imported oil, say $20 per barrel, is compared
with the estimated cost of synthetic fuels, generally in the range of
$25 to $50 per barrel oil equivalent. However, the results of preliminary

studies carried out at IGT indicate that reasoning based on this relationship

I' NS T I T UTE O F G A S TECHNOLOGYY
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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 prodﬁcer 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 goverument 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 a series ouf
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. Land reclamation has
been made part of the firm's costs by public policy. The externalities,
in the jargon of the econom{st, have been internalized. Mary 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 enérgy 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 cunsuwer when he makeco hie
market transaction. Thus, the cost of imported oil 1s lower thau il 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 wuch the same fashion that thé
manufacturer once polluted the air. The United States needs to‘expand

the principle of externalities to include foreignkoil imports.

I' NS T I T UTE o F G A S T ECHNOLOGY
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To summarize the study, IGT estimated the externalities of reducing
0oil imports: dimproved trade balance, lower oil prices,. added real
dollar output through decreased dollar leakages to foreign countries and
decreased supply disrﬁption costs due to less dgpéndence on imported
0oil. These externalities, when added to the base éost of the imported
0il, indicate a true cost of imported oil between $40 and $55 per
barrel, or about $7 to $9.50 per million Btﬁ. On this baéis, practically
all of the alternate fuel technologies available and under developmént

would be cost effective immediately.

The President has proposed ‘a program to reduce substantially the
nation's dependence on oil ‘imports by‘1990. The program i1s ambitious,
but, in my opinion, achievable, if the nation approaches this program
with a total commitment'and.mobilizatiqn of its human, technical and
financial reéources. 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
-éupply and increased energy conservation. The nation needs both. Those
'who claim that conservation alone éan solve the energy problem for the
long term mislead the public and do themselves and the nation irreparable

disservice.

It is imperativé to begin immediately the energy supply options,
especially synthetic fuels, because it takes long lead-times plus large
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 brograms for reséarch,
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

I'NSTI TUTE O F G A S TECHNOLOGY
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a broad front. This ﬁital 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 o0il 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 Lave 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 on dewonstrated
advanced technologies. Those first-wave c?mmercial 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 economical than the firot wave and will be the basis for

the competitive growth of the synthetic fuels industry.

1n my pL-UgLam, I have indicated the number 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’cah be expanded to a commercial-size plant at the
same site. Specifically:

o As to the spli; 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: '

I'N ST I TUTE O F G A S TECHNOLOGY
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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 gds 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
0il 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 should be
developed via advanced hydrogen retorting technologies.

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

o To achieve a 507 reduction of o0il use in utility boilers, 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 of the President's 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.

In summary, total synthetic gases, both high- and medium~Btu, to
provide oil substitutes and t6 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 to 1.0 MMB/D oil
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.
This figure is very close tu thal proposed 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 govermment and private industry must be reversed to one of mutual _
coopefation. If wé can accomplish these objectives and start developing
a synthetic fuels industry, the benefits will increase commensurately
with the commitment, The security of energy supply will increace, 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 intcrnational 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 mave to synthetic

fucls now.-
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Implementation of Two Elements of President Carter's Program

A) Target: 2.5 MMB/D oil substitutes with gases and liquids from
coal, peat, o0il shale, biomass, and unconventional gas by 1990

0il Equivalent, MMB/D

1) Coal Gases and Liquids ' 1.25
o 15 high-Btu gas commercial-size plaBts,
6 in West, 9 in East, each 250 X 10~ Btu/D
Total 0.6 MMB/D

i) Deploy now 3 Lurgi commercial plants
in West

ii) Deploy now 3 demo plants
in East for advanced
technologies
iii) Deploy in 1986 using advanced technologies:

3 commercial plants in West

9 commercial plants in East
(including 2 using peat)

o 5 medium~Btu industrigl fuel commercial
plants, each 100 X 10° Btu/D
Total 0.1 MMB/D

i) Deploy now 2 demo plants
- in East

ii) Deploy in 1985, 5 commercial
plants in East

0 11 coal liquids plants, each 50,000 B/D
Total 0.55 MMB/D

i) Deploy now 3 SASOL-type plants
in West

ii) ‘ Deploy now 3 demo plants for advanced
technologies, 2 in East, 1 in West

viii) Deploy in 1986 using advanced technologies:
3 commercial plants.in West

5 commercial plants in East

I'NS T I TUTE O F G A S TECHNOLUOGYY



30

0il Equivalent, MMB/D

2)  0il Shale o ﬁ 0.4

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

i) . Deploy now 5 Western
shale liquids commercial
plants, each 50,000 B/D
Total 0.25 MMB/D

ii) Deploy now 1 Eastern
shale demo plant

iii) Deploy in 1986, 2 Eastern
shale liquids commercial
plants, each 50,000 B/D, and
1 Eastérn shale, high~Btu
gas commsrcial plant,

280 X 107 Btu/n
Total 0.15 MMB/D

3) Biomass : _ ‘ 0.1
4)  Unconventional Gas : 0.75
Procuction Capacity Total 1990 . 2.5 MMB/D

B) Target: U.75 MMB/D oil reduction in
urilicy boilers by 1990.

1) Coal Gasification in Combined Cycle.

20 commegcial plants, each
100 X 10” Btu/D or 500 MW 0.4

i) Deploy now-3 demo plants in East

11) Deploy in 1986, 20 commerclal
plants, mostly in East

2) Other 0il Displacements, e.g., Fluidized Coal
Combustors, Direct Coal Combustion with Stack
Gas Cleanup 0.35

Reduction Total 1990 0.75
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TABLE 1

1990 SYNFUELS PLANT DEPLOYMENT

EASTERN WESTERN " ENERGY OUT>PUT

STATES STATES 10°Btu/DAY 108 BDOE
COAL-TO-SNG 7 6 3260 0.5
PEAT-TO-SNG 2 - 600 01
COAL-TO-FUEL GAS 3 - - s00 - 0.1

OIL SHALE-TO-SNG 1 - 260 . 0.6
OIL SHALE-TO-OIL 2 - . 0.36
COAL-TO-LIQUIDS 6 -~ 0.56
COAL-TO-COMBINED |

CYCLE | | .

- (Barrels of Oil Displaced) 14 . 6 2000 04
OTHER POWER PLANT DISPLACEMENTS ......... [ .. 036
BIOMASS .......... PEPTUORO e 0.1
UNCONVENTIONAL GAS . vvnevvneennennennseeennesnennaees 0.76

| TOTAL . 3.25
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PROGRESS SINCE THE 1978 SYMPOSIUM, AND
FUTURE NEEDS IN INSTRUMENTATION AND CONTROL
FOR FOSSIL ENERGY

T. K. LAU
Department of Energy

INTRODUCTION

I would like to add to the warm welcomes already extended to you
this morning. It is always a pleasure to see such an attendance

at a gathering of this type. More than that, I am pleased to welcome
you to the third in this series of symposia. Many of you may recall
our first meeting in Chicage. Our main purpose at that time was to
familiarize as many as possible with Lhe nature of our task and thec
scope of our challenge. At the outset we had no assurance that there
would be a second symposium. Those of you who attended the meeting
at Newport Beach last year may recall that a number of the
presentations were in the nature of progress reports. The success

of that meeting was largely due to your participation and support.

As a result, we are beginning our symposium and again an underlying
theme is progress. Those who have preceeded me this morning have
eloquently stated the case for our being here. One point might well
deserve some reinforcement. Many of you have been confronted with
the idea that the instrumentation challenges can easily be handled
sometime downstream. As we well know, in terms of today's emerging
technologies nothing could be further from the truth. At no time in
history have the instrumentation designers and manufacturers been
faced with such a tremendous challenge. During the last two decades
our colleagues in the nuclear field have been confronted with
almost overpowering challenges to meet the reliability, satety, and
environmental requirements of society. There is no reason to
believe that our challenge will be any less.

The very nature of the programs in which we are about to participate
is also testimony that there are instrumentation and control problems
for which solutions are urgently needed.

During the remainder of this day we will hear several papers which
describe some process experiences which tend to bring into focus some
of the challenges facing us. Tomorrow there will be reports outlining
our progress in the areas of flow measurement and sampling and analysis.
Tomorrow afternoon we will once again have a process clinic. This
feature has been included in the program by popular demand. There

was a session of this type included in the first year. So many of

you found it valuable that we have included it again this year.
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The process clinic will be followed by the annual show and tell
session which highlights problems and solutions. We encourage all
of you to take advantage of this opportunity to either celebrate
or commiserate with your colleagues who have front line experience
with problems.

On Wednesday the major themes will be analysis on control, and on
temperature, level and pressure instrumentation. In addition,

an Instrumentation and Equipment Exposition will be held for 2 1/2

days in the Rocky Mountain Ballroom. We urge you to take full advantage
of these sessions and expositions. To the fullest extent possible,

let us share your experience and insight.

PROCESS AND ACCOMPLISHMENT

What have we accomplished since last year? In the Argonne National
Laboratory (ANL), our major I&C program supporter since 1Y75, the

two phase, solid and gas, mass flow test facility (S/G FTF) was
completed (Figures 1,2,3). This facility provides separately measured
air flow up to 200 CFM and separately controlled solid flow up to
about one pounds per second. Although minor improvements are still
being made, the facility will be used to test the feasibility of
in-house developed prototype instruments as well as to evaluate

the performance of commercially available instruments. For example,
the ANL developed capacitive mass flow prototype instrument

(Figure 4), the Auburn International patented three phase electric
capacitive transducer for density component of mass flow measurement,
the dual Gamma Ray Density Velocity meter for dense phase mass flow
measurement (Figure 5), and the optical particulate monitor developed
by the Spectron Development Laboratories (Figure 6), are scheduled
for evaluation in this facility.

An acoustic flow/no-flow device was built for the Bi-Gas Pilot Plant
at the steam-char return line at the request of plant personnel
(Figures 7,8,9,10). The device was installed and tested during a
regular period of plant operation. The results were successful, so
that investigation for quantitative flow measurement is now underway.
On the slurry feed line of the HYGAS Pilot Plant where an acoustic
test rig was installed (Figures 11,12), initial tests indicate

that the noise background and attenuation are sufficiently low in

the appropriate frequency range that an ultrasonic flow device will
be feasible for slurries with high solid concentrations. A capacitive
device was built and installed in the HYGAS slurry line to measure
density and, via cross-correlation, flow velocity. Initial tests
indicate qualitative agreement of the indicated density with measured
density of samples. Velocity measurements which correspond well with
calculations were obtained in a few seconds. Tests of this device

as well as the acoustic tests are continuing at the HYGAS Pilot Plant
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The sonic Doppler shift principle is also investigated for the measurement
of high concentration coal slurries (5-40% solid) (Figures 13,14). A
noninvasive system having a transducer on the outside of the pipe is
essentially attractive for safety and convenience in operation and
maintenance. The ideal single frequency scattered energy is not realized
in practice but a broad band of scattered energy is observed. The spectrum
has a definite maximum value close to the expected Doppler frequency.
Further details on the acoustic and capacitive mass flow measurements

will be presented on Tuesday morning under Session A ~ flow Instru-
mentation Control.

In the arca of proccoe analysis a software package for quantifying
instrument requirements within acceptable limits was developed
sufficiently for testing on a model of a methanation unit. Tests on two
cimple syetems werc made at intermediatc stages of development of the
computer code,

Since the 1978 Symposium, personnel of the National Bureau of Standard
(NBS) Measurements Division have been working with the Bi-Gas -Pilot Plant
personnel, under a cooperative DOE contract, to develop more durable
thermocouple assemblies for the temperature measurements. Measuring

the temperature in the slagging section (Stage 1) of the Bi-Gas rilot
Plant gasifier on a continuous basis has been a persistent problem for
pilot plant personnel (Figure 15). The life of thermocouple assemblies
used for such measurements has typically been less than 100 hours owing

to failure of the protective thermowells by corrosion or erosion, or both.

In this project, three types of prototype thermocouple assemblies have
been designed and constructed by NBS personnel for use in the slagging
section of the gasifier, where temperatures range from 2500 to 3000°F.
All three types employ commercially built W-5% Re versus W-26% Re
thermocouples that are sheathed with molybdenum tubes having a
molybdenum deselicide coating. The thermocouple is contdined within a
protective thermowell, Each type of assembly uses a different material
for the thermowell. The three thermowell materials selected for use with
the initial prototypes are:

1. Chemically vapor dcposited silicon coilide.
2., High purity sintered beryllium oxide, and

3. A molybedenum-zirconia cermet.

Photos of these thermocouple assemblies are shown on Figures 16,17.
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NBS personnel have also constructed thermocouple assemblies for the
entrained bed section of the gasifier (Stage 2) where temperatures
range 1500 to 2000°F. Post-test examinations by NBS of the thermo-
couple assemblies presently used in this section of the gasifier
revealed that the steel thermocouples used experience very little
corrosion or erosion but that the type K thermocouples contained

in thermowells exhibit changes in thermoelectric output equivalent
to more than 40CF after only 200 hours of gasifier operation. -These
changes were found to be the result of preferential oxidation of
chromium in the nickel-9.5% chromium leg of the thermocouple. The
replacement thermocouple assemblies constructed at NBS for the
entrained section of the gasifier consist of stainless steel sheathed
nicrosil versus misil thermocouples contained in alonized Type 310
stainless steel thermowells.

The first group of NBS prototype .assemblies were delivered to the Bi-Gas
plant early this year and are presently undergoing evaluation in the
. gasifier. It is planned that this project of high temperature thermocouple

.- assemblies evaluation will be expanded to other pilot plants and demon-

stration plants. Further information about the NBS work can be obtained
at the NBS display at the Show and Tell Session. In addition, a paper
by NBS describing this program will be presented Wednesday afternoon.

FUTURE NEEDS

Now I would like to look into the future needs in instrumentation and
control for fossil energy process. Development of second and third gene-
ration conversion processes for fossil fuels has created an urgent need
for instruments for measurement and control that is not generally being
met by the usual commercial equipment suppliers. There are requirements
‘created by the emerging energy technologies for which there are currently
no satisfactory solutions. This situation has been recognized, and since
1975, the Argonne National Laboratory has been conducting an instrument
development program to meet some of these needs.

In July 1978, at the request of the Department of Energy, the Jet
Propulsion Laboratory (JPL) began work on a general plan for the
development of needed control instrumentation over a five year period.

The purpose of this plan is to provide a Reference Document that the

DOE can use to establish guidelines for defining, scheduling, and

funding an instrument development program. Such a program would be a
continuation and expansion of thc work now going on. The program goal

is to provide developers of fossil energy processes with the timely
commercial availability of the measurement and control instruments which
are required for the efficient, reliable, and long life operation of
fossil fuel conversion plants. This timely availability is not expected
to be realized without stepped-up government encouragement and coordination
as incentives in the high risk areas of instrument development. This is a
plan which is not presently matched by actual budget.
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Measurement ‘and control problems in advanced fossil fuel processing are
concentrated in the areas of new conversion technology, involving mixed-
phase conditions in and around the reactor. Figure 13 sets the boundary
for major instrumentation and the control problem area. Needs have

been identified in all advanced fossil fuel conversion processes,
including coal liquefaction, coal gasification, fluidized bed combustion,
oil shale processing, and coal-fired MHD. Furthermore, the most critical
development needs are at the component level: Those on-line end instru-
ments and control devices operating in the actual process streams.

The emphasis ot this program plan is therefore limited to high risk
component development in specifc areas. Although not specifically
discussed, application to other fuel conversion processes including
solid wastes, biomass, wood chips, formcoke, and peat will also be
included. '

The program for development of instruments, as provided by JPL, addresses
five specific current needs: :

a) Mixéd—phase mass flow measurement
b) Level measurement
¢) Reactor temperature measurement
d) .On-stream composition analysis
e) Particle detection
Generally, development of a new instrument may proceed in four steps:
1. Establioh the Requirements and Specifications

2, Contract for Prototype Component Development for Commercial
Source

3. Providc Altcrnate Development such as frow a Halivual
Laboratory -— should industry respond to prototype
development be unsatisfactory.

4., .Perform Testing and Performance Qualification.

The accepted components will become the basis for establishing
qualified commercial sources for these instruments and control devices.
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Technology transfer is an important aspect of technology development.
This is the means by which new and developing technology in component
design and testing is reported to potential equipment suppliers and
users. The dissemination of measurement and control information and
the transfer of technology among participating agencies and industrial
organizations is critical to an efficient development program. Support
of major symposia on instrumentation and controls is a part of the
proposed program plan. Commitment for an uninterrupted series of annual
symposia on Instrumentation and Control for Fossil Energy Processes, of
which this is the third, is recommended. Funding is called for as well
for an Instrument and Controls Newletter to be published periodically.

Involvement by component manufacturers would be actively promoted in
instrument development conducted under the JPL propoéed program plan,

A list of qualified and interested vendors would be maintained, and
regular contacts made with design and marketing personnel, Requirements
and specifications for components would be drafted with industry partici-
pation, to maintain interest by manufacturers in this activity, and so
that requirements reflect a realistic balance between needs and capa-
bilities. Bdanufacturers will participate in establishing test require-
ments and evaluation criteria. Results of tests will be widely reported,
and manufacturers' comments solicited and reviewed.

The JPL program plan also proposes the establishment of an industrial
advisory group, comprised of representatives from the user community.

This group would review the instrumentation and control program period-
ically, provide guidance and recommendations to improve the program, and
assist in integrating new instrument and control systems into fossil fuel
plants. Through this group industry should gain insight into the govern-
ment program, influence the government program to meet the needs of
industry, and have the opportunity to promote early introduction of new
technology. Membership of this group would be drawn from plant designers,
instrument manufacturers, utility companies, and associations such as EPRI
and GRI, and government agencies.

A major part of the instrumentation and control program plan is a sup-
porting technology activity which would provide the specific and advanced
technology base for instrument development. Supporting technology
includes measurement studies and evaluation, process control review,
environmental and safety studies, advanced concept development, and =
coordination with cost shared industrial partners of the fossil fuel
demonstration plants.
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Process modeling and error analysis make up the measurement studies
activity. Existing process modeling programs would be expanded to
include measurement relationships. Modeling would be used to deter-
mine the compatibility of various measurement/control schemes for
effectiveness, seeking alternatives to traditional but difficult
measurement methods. The effect of instrument error and response on
process operation would be studied, with the objective of establish-
ing realistic and appropriate component accuracy requirements.

In the plan, emphasis on conceptual studies and advanced development
is equal to that placed on current technology development. Work
would be on the new technology of today. Examples of such activity
already underway are the projects at ANL and SAI to measure mixed-
phase mass flow by neutron activation and by gamma ray correlation.
Significant support would be given to instrument innovators by
sponsoring feasibility studies and concept development contracts.

It is expected that this activity will provide a foundation for
commercial instrument availability for the future.

Extensive testing will be required to support new equipment development.
It is expected that much of the new design information will come from the
results of experimental testing. Purchased prototype hardware must be
qualified through a formal test program. Additionally, it will be neces-
sary to demonstrate new concepts and equipment to plant designers and
operators, not only in test facilities, but in pilot plants. However,
there is today a serious shortage of adequate test facilities for instru-
mentation and control components. Industrial manufacturers do not have
the large scale test capability required to test instruments with mixed-
phase flow, high temperaturers, high pressures, and sufficient flow
capacity. Geveral govcrnment-owned facilitieo are doing testing now,

but in one or more of the above areas they are deficient. Pilot plants
fill a need for component demonstration, but testing is hampered by

being on a noninterference basis with process operarion, and the absence
of controlled, known operating conditions. The instrumentation and
control program plan provides for the definition, buildup and operation
of major component test systems.

The advancement of instumentation and control technology is basic to

the development, demonstration, and evaluation of the various fossil
fuel utilization processes because it affects not only process
operation and control, but plant efficiency, plant reliability, plant
safety, process . performance evaluation, and pollution control. Benefits
in these areas will result from this proposed program plan for the
improvement of instruments for measurement and control.
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An example of the tangible benefits to be expected is the potential
return from improved instrument reliability. An inoperative or
malfunctioning instrument can close down an entire process line. More
reliable instruments mean reduced operating costs, based on fewer
unscheduled process shutdowns. Assuming a 5% savings in downtime due to
enhanced reliability, the savings from this single benefit alone could
almost repay the entire instrumentation program cost by the year 2010
(Figure 19). For this example, coal use projections and estimated
downtime costs were taken from EPRI studies., (Improvements were assumed
to affect all new capacity and to accumulate at 8% per year for existing
capacity, beginning in 1985. Benefits were discounted at 12% per

year.) Even greater savings could be realized through improvements

in plant efficiency through better process control from the availability
of more adequate instrumentation (Figure 20). If a conservative saving
of 4% in operating costs is assumed as the average for all fossil

energy conversion plants, the accumulated savings during the next
generation of plant operation would be astounding.

SUMMARY

We must not make the error of underestimating the importance of future
needs for instrumentation and control for fossil energy processes.
Those of us who work in the energy technology area are so close to

many of the problems, from an engineering and developmentery point

of view, that we tend to lose sight of our real goal. Ultimately our
purpose is to develop measurement and control systems that will provide
an extremely high degree of confidence in the performance of a process.
Making the process work is just a part of the problem. Our job will be
finished when the process works so well that it will be accepted by the
responsible members of the community in which it is to be installed.
And, perhaps more important, some insurance underwriter will be willing
to assume the liability risk at a reasonable cost to the operator.
Without this degree of confideuce, the necessary approvals and financing
will be impossible to obtain. These processes will become practical,
financial, and insurable only when we have done our task very well.
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Figure 1 - Solid/Gas Mass Flow Instrument Test Facility

Figure 2 - Power Plant Section of Test Facility
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Figure 3 - Test Facility Instrumentation Panel

Figure 4 - ANL Capacitive Prototype Flow Instrument
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Figure 5 - Dual Gamma Ray Density Velocity Meter

Figure 6 - SDL Optical Particulate Monitor System



43

Figure 7 - Bi Gas Pilot Plant

Figure 8 - Acoustic Flow/No-Flow Instrument Panel
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Figure 9 - Flow/No-Flow Meter Installation

Figure 10 - Acoustic Sensor of Flow/No-Flow Meter
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Figure 12 - Slurry Mass Flow Instrument Installation
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Figure 13 - Sonic Doppler Shift Flow Meter Installation

Figure 14 - Component of Doppler Shift Flow Meter
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Figure 15 - Bi Gas Pilot Plant Reactor
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Figure 16 - Assembling Thermocouples

Figure 17 - High Temperature Thermocouples
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INSTRUMENTATION PROBLEMS & POTENTIAL SOLUTIONS ASSOCIATED
WITH THE SRC-II (SOLVENT REFINED COAL) PROJECT

David E. Rapley
Control Systems Engineering Manager

SRC-II Project :
STEARNS-ROGER ENGINEERING CORP.

ABSTRACT

A 6,000 ton/day Coal Liquefaction Plant is being planned to demon-
strate the feasibility of this technology. The plant will be comprised
of several different processes which, due to their inherent character-
istics, will require instrumentation that, is some areas, does not appear
to be readily available.

This paper will examine some of the problem areas and the parameters
that make their treatment difficult. In some areas potential solutions
will also be presented.

The problems addressed will include but not be limited to the
following:

High Pressure Slurry Flow Measurement

Letdown valves for High Pressure Slurry Service
Composition analysis for Recycle Slurry
Level/interface Detection Problems

INTRODUCTION

There are many reasons for presenting a "Paper". Probably the most
common is for the dissemination of problem solution information. That is
probably of secondary concern in this presentation.

One of our major difficulties during the past few years has been in
keeping up with our rapidly developing technology. There are numerous
development programs, which are both government and private industry
funded. Becoming aware of and staying current with all relevant ones is
very difficult. It was felt that this symposium would be an excellent
forum to more widely publicize our problems. Hopefully it will also
trigger a response from areas that we have not previously explored. This
is the primary reason for presentation of this paper.

It should be pointed out that although the Tevel of our efforts has
been significantly different from one problem to another; nowhere in the
area of instrumentation and measurement have we found anything that will
prevent us from operating the plant. Also this paper does not address
controllabilityof the overall complex or any unit thereof.



OVERVIEW OF SRC-II PROJECT

The SRC-II Project is a complex of some twenty or more highly inter-
active process units.

The facility is a demonstration plant for liquefying coal using the
SRC-II process. The plant is designed to process 6700 tons per stream
day (tpsd), of Pittsburgh seam-.coal. Principal products from the plant
are low-sulfur fuel oil, pipeline-quality gas, liquefied propane and butane
gases, and naphtha, as well as sulfur, ammonia and tar acid by-products.
The heating value of the hydrocarbon products produced in the plant is
approximately equivalent to the production from a 20,000 barrel per day
petroleum refinery. Fig. I is a much simplified Block Diagram of the
Project.

The primary processing sections consist of coal-slurry preparation,
dissolver, refining, recycle gas treating and compression, hydrogen
recovery and hydrodesulfurization. Other sections include hydrogen pro-
duction, gas plants, and secondary recovery systems. The plant is designed
as a grass-roots installation with utilities included except electric power
which is purchased from a Tlocal utility.

The feed coal is pulverized and mixed with a recycle slurry stream
from the process and then is pumped, together with hydrogen, through a
preheater to a reactor or dissolver operated at high pressure and tempera-
ture. The coal is first dissolved in the liquid portion of the recycle
slurry then is largely hydrocracked to liquids and gases. Much of the
sulfur, oxygen, and nitrogen in the original coal is hydrogenated to H,S,
H,0 and NH, respectively. The rates of these reactions are increased gy
t%e cata]y%ic activity of the undissolved mineral residues. Recycle of
a portion of the product slurry contributes substantially to the process
by increasing the concentration of catalytic mineral residue in the reactor.

The dissolver effluent is separated into yas, 11ght hydrocarbon liquid
and slurry streams using conventional flashing and fractionation techniques.
A portion of the mineral residue slurry and hydracarhon 1iquid from the
$eparation area is recycled to blend with the feed coal in the slurry
preparation plant. The balance of the mineral residue slurry is vacuum
flashed to recovery the fuel oil product and the resulting heavy fraction
is sent to gasification to produce hydrogen for the dissolver reaction.

The instrumentation problems so far ecncountered with the SRC-II Project
are mainly in and around the dissolver area. They are due primarily to the
high erosivity of the ash containing streams, combined with the high temp-
erature requirements for the dissolver reaction and changing density of
the slurry itself. The fact that the physical characteristics of the slurry
are not as well-known as those of other more common fluids, also adds to
the problems. ‘
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INSTRUMENTATION DESIGN PHILOSOPHY

Our approach has been to provide redundancy in any area that we are
unsure of. In many ways this plant represents the first opportunity to
demonstrate, under actual conditions, some of the instrumentation techno-
logy we envisage being required.

OVERVIEW OF PROBLEMS

Figure II is a chart of the problems that are being worked on, and should
be referred to while following this part of the text.

Onstream composition analysis of these streams appears to be beyond
current technology. However, an alternative to this in some places would
be a reproducible percent solids measurement.

, Moisture content of the coal is something we would 1like to measure but can
operate without. Microwave and infrared techniques appear to hold some promise.

Ph measurement at 1990 psig and high temperatures may be a problem but
more work is required to further define and clarify this.

A rapid analysis of Btu content at this point will be required. We are
- awaiting further definition before proceeding with any investigation.

The measurement of the slurry viscosity may be required at high temper-
atures. Reproductibility will be important but accuracy is still a desir-
rable feature. Measurement of the viscosity of this erosive slurry in some
~places, may prove to be impractical with current technology but in these
cases we will attempt to use a percent solids measurement as an indirect
reading of viscosity.

The ability to be able to measure'the flows of coal and recycle slurry,
is one essential ingredient for successful control of the SRC-II process.
These measurements must be repeatable and it is desirable that they also be
accurate.

Pressures of 2000 psig and temperature of 800°F in the SRC-II process
together with coking and/or caking effects of the slurry combine to create
problems for instrumentation in slurry level measurement service. Capacitance
probes and/or nuclear devices are being used in similar low pressure and
temperature services. Differential pressure instruments are being used at
higher temperatures/pressures.

Temperature measurement problems are anticipated by reason of one or
more of the following phenomena - erosion, caking and coking. Temperatures
measuring as high as 2800°F will be required in these hostile environments.
Measurement of the Temperature profile in the dissolver itself

(2850 psig) poses problems due to its H, environment and its effect on the
thermocouple wire and sheath materials. Problems associated with physical-
1y locating the thermocouples where they are needed are also of concern.
The dissolver vessel itself is very large with 12" thick walls.



54

Slurry letdown valves will be discussed at length later in this paper.

Lockhopper valves do not now appear to be a problem in the size ranges
required. They are expensive but readily available, and acceptably reliable.

Pressure relief devices in slurry service are a very real problem. One
of the main concerns is that of coking of the inlet to the device, thus
preventing the device from operating. The use of rupture discs under the
valves and/or purging will most likely alleviate this to some extent. It
would be an understatement to say that, we anticipate that the passage
of slurry fluids through a relief valve during overpressure conditions,
will severely damage the valve internals. However, not all averpressures
will result in passage of slurry fluids. During minor process upset
relieving condiliuns, unly yaseous fluids will be released and the valve
can be expected to reseat. '

DISCUSSION

Slurry Flow Measurement

As has been pointed out previously, the measurement of slurry flows
is critical to successful control of the plant. Slurry flow must be
measured at pressures of 2200 psig and high temperatures.

The pilot plant has operated in the past by estimating slurry pre-
heater feed flow rates by the speed of the reciprocating charge pumps and
"checking”" this with a reading from a quadrant edged orifice plate/D.P.
cell installation. Both of these methods are subject to inaccuracies due
o ernsion, etc.

However, with recent modifications the performance of the slurry flow
meter has improved steadily. It has improved to a point where it is used
for primary measurement and the pump reading is used to check its realia-
bility. The meter, at the time of writing, had been in service for approx-
imately eight months and is exhibiting no signs of wear.

The installation consists of a 6K stellite quadrant edged orifice plate.
This is installed in a vertical line, with downward flow, and connected
to a differential pressure transmitter via solvent purged impulse Tines.

GCalihration tests have been conducled Lhal show that vésponse 15 1n-
dependent of Reynolds number and that the theoretical and actual flow co-
efficients are comparable. Recent tests suggest that accuracy of approxi-
mately two percent can be achieved. Further improvements are planned. In
fact, a slurry flow metering test facility is planned and should be in
service at the Fort Lewis pilot plant before the end of 1979. Plans include
the testing of the following devices:  elbow meter, segmental wedge, thermal
flow meter, target meter, venturi tube and a mass flow meter, utilizing the
coriolis acceleration principle.
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There are other programs at places such as Argonne National Laboratories
to develop other types of flow meter1ng dev1ces Papers are being presented
on some of these at this symposium.

PRESSURE LETDOWN, SAFETY RELIEF, LEVEL MEASUREMENT IN THE
H.P. SLURRY LETDOWN SYSTEM

The Slurry Depressuring System is one of the most critical problems in
the whole Project. In order to address all facets of the problem, the work
in this area has been performed on a system basis involving a multi-
discipline Team of Engineers.

In simple terms, the problem is one of reducing the High Pressure of
the slurry in the dissolver effluent separator to that of approximately
atmospheric. The ideal approach to this problem would seem to be the use
of a power recovery device of some kind. Present technology does not permit
this. In the absence of any other alternative we have selected an approach
which is based on the use of Pressure Letdown Valves. This approach is
illustrated in Fig. III. It is a three-stage Letdown System with the flexi-
“bility of operating with only two stages. The system can also operate
with either a balanced or a constant pressure drop between each stage. There
are three parallel valves per stage. These valves will be used consecutively
to insure a reasonable run time, since Plant turnarounds are the only per-
‘missible time for maintenance to be performed. Adequate purging will be
provided to prevent the slurry from plugging off lines that are not in
"service. Double block valves are provided upstream of the Letdown Valve,
to provide.tight shut off capability.

Letdown Valve Selection

An extensive survey of valve manufacturers has been made and a short 1list of
promising candidates has been prepared. Vendor interest has ranged from
"not interested"to one or two who are interested in designing a new valve

gor.this service. The more common approach is to modify a standard valve
esign. :

The best experience at the Fort Lewis Pilot Plant for this service has
been with a Fisher angle valve using tungsten carbide trim., The maximum
life achieved to date, is in the order of two months. However, trim break-
age has been as big a problem as trim erosion. Some advantages are expected
to be gained from the scale up from port sizes in the pilot plant of around
1/8" dia. to 1-1/2" to 2" dia. in the Demonstration Plant.

Another problem is that there is so little published data that can
be used to accurately size valves for these conditions; and of course, an
incorrectly sized valve is not conducive to optimum trim life.

At the time of writing, we are not aware of ény facility, or any plans
for a facility, where full size valves can be tested in this service.
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Our plans are to leave the selection as late as possible, compatible
with the project schedule. We will be continually encouraging and monitor-
ing developments in this field; and at the predetermined point we will
make a selection based on our opinion of what holds the most promise at that
particular time. Certainly we will not restrict the selection to one type
and/or vendor. This is too critical a service to have all of our eggs in
one basket. Especially since we do not anticipate having a prior opportunity
to run full scale tests as mentioned previously.

Materials of construction will also be selected at this late date. How-
ever if we had to decide today, our selection for materials would be stain-
less steel for valve bodies and tungsten carbide facing for the trim.

Level Measurement

Dual level devices will be provided for redundancy. We are presently
considering purged differential pressure instruments and capacitance probes
as holding the most promisc. The purging of thce D.PM. cell is something
that we would rather avoid and we are actively searching for alternatives.
The thickness of the vessel wall precludes the use of nuclear devices.

Safety Relief Devices

Our approach to pressure relief protection is to provide a relief valve
sized to satisfy A.S.M.E. codes requirements. This valve may be provided
with a rupture disc, however, it is intended that this valve relieve only
gaseous vapours resulting from minor upsets. Under these circumstances
we can expect the valve to reseat. Alternate provisions must be allowed for
the catastrophic over pressure which would result in passage of slurry
fluids. It is expected that the passage of these slurry fluids at these
differential pressures would completely erode the internals of a convention-
al relief valve. By also providing a valve similar in design and construc-
tion to the Letdown Valve, and set slightly below the conventional relief
valve, we hope to minimize this effect.

© SUMMARY

The Letdown System description above is a good example of our typical
approach to the solution of instrumentation and measurement problems. In
those cases where the problem/solution is determined to be beyond the state
of the art, we are developing either practical alternatives for obtaining
the required information or sources of alternative information that will
still allow us to operate the plant.

Other examples of this would perhaps be slurry viscosity and % solids
measurements. Both of these have been found to be beyond the current
state of the art, due to fairly high process temperatures, solids particle
sizes of up to 1/8" dia. and changing specific gravity.
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It does appear, for some applications, that the readings from a true
horsepower transmitter on the pump motor or mixer could be used. The
torque required to drive the pump or mixer would be a function of the
density of the slurry at a particular temperature. This then will enable
us to operate the plant.

Many instrument readings are density dependent. Where this is a
problem we may have to monitor density and compensate for any change.
Depending on the rate of frequency of the change, the density readings
may be obtained automatically or by laboratory analysis. With the use of
the micro-processor based control system, the compensation can be easily
effected. ) .

CONCLUSION

To date we have not identified any problem area that would prevent us
from operating the plant. We have been able to either find a solution
or an acceptable alternate arrangement. Our future plans are to continue
our investigations into current technology and to work with establishments
that are developing new technology.

The Author wishes to acknowledge the valuable contribution made by
other members of the SRC-II Project Team in the preparation of this paper.
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INSTRUMENTATION AND CONTROLS EXPERIENCE AT THE IGT U—GAQD PILOT PLANT

By

Amir Rehmat, Manu K. Vora, and William A. Sandstrom
Institute of Gas Technology
Chicago, Illinois 60616

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—GA§D
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°F (816°-1066°C).

This paper reviéws.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 produét 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 usiﬁg
metallurgical coke breeze, bituminous coal chars, Montana subbituminous,
Illinois No. 6, and washed and ﬁnwashed 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 Demonstration Plant.
INTRODUCTION

The U-GAS process has been developed by the Institute of Gas
Technology (IGT) to produce low- and medium-Btu (150-300 Btu/SéF, 5588
to 11,175 kJ/m3) 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, process steam boilers, in electricity geueration in
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combined-cycle power plants, and in industrial parks as a local substitute
for natural gas. It can also be converted to a chemical feedstock for

production of hydrogen, ammonia, alcohol or methane (SNG).

The U-GAS process converts more than 90% of the carbon and hydrogen
in the feedstocks to a medium—B;u gas; In fact, the U-GAS process
accomplishes four important functions in a single stage; it haﬁdles
caking coal, devolatalizes and gasifies the coal and agglomerates the
ash from the fluid bed. Other characteristics of the process include"
the capability to gasify all ranks of coal, and to. process crushed coal
including the fines. The process has a simple design which provides a
reliable, controllable operation able to withstand upsets. Theﬂproduct
gas is significantly low in tar and is environmentally acceptable with a

minimum of treatment.

This paper brietly describes the principal features of the U-GAS
process and discusses the instrumentation techniques utilized for

measurement and control of this important synthetic fuel process.
U-GAS PROCESS DESCRIPTION

In the U-GAS process, coal, generally 1/4 inch X 0, is surface

- dried for handling purposes and pneumatically injected into the gasifier
through a lockhopper scale system. Within thc fluidized bed, coal
reacts with stéamAand oxygen (air can be substituted for oxygen) at
temperatures of 1750°% to 1900°F (954o to 10380C). The temperature of
the fluid bed depends on the type of coal feed and is controlled to
achieve ash'agglomeration (not slagging) conditions. The operating
pressure of the process depends on thé ultimate use of the product gas
and may vary between 50 to 350 psi (345 to 2412 kPa). The pressure must
be optimized for a pafticular system; for production of an industrial
fuel, a minimum pressure of 80 to 100 psi (551 to 689 kfa) is desirable.
At the specified conditions, coal is gasified rapidly, producing a
gaseous mixture of hydrogen, carbon monoxide, carbon dioxide; and a
smaller fraction of methane. Because reducing conditions are always
maintained in the bed, most of the sulfur present in the coal is converted

to hydrogen sulfide.
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Simultaneously with cdal gasification, the ash is agglomerated into
nearly spherical particles and separates from the bed. Part of the
fluidizing gas enters the gasifier through a grid. The remaining gas
flows upward through the ash agglomerating device and forms a flame zone
within the fluidized bed, where the temperature is greater than at other
locations in the bed. High ash content particles agglomerate under this
condition, grow larger and heavier until they are selectively separafed
and discharged from the bed. They are withdrawn at the ash hoppers. In
this manner, this fluidized-bed reactor achieves the same low level of .
carbon loss in the discharge ash as is generally associated with the

ash-slagging type gasifiers.

Coal char fines elutriated from the fluidized bed are collected in
two external cyclones. Fines from the first cyclone are returned to

the bed, and fines from the second cyclone are returned to the ash

".agglomerating flame zone, where they are gasified, agglomerated with bed
" ash, and discharged as ash agglomerates. The raw product gas is signifi-

" cantly free of tar and oils, and thus the ensuing heat recovery and-

purification steps dictated by the end use of the product gas are

simplified.

_ DESCRIPTION OF THE PILOT PLANT

The U~GAS pilot plant is located at IGT's test facility in south-
west Chicago along with the HYGAéD pilot plant. The U-GAS facility
consists of a gasifier and all required peripheral equipment, most of

which is contained in an enclosed structure about 100-feet high (30.5 m).

The U~GAS equipment -includes a feed drying and screening system
with storage silos, a lockhopper systém (weighed) for feeding a dry
crushed material at rates up to 3000 1b/hr (1364 kg/hr). The refractory-
lined fluidized-bed gasifier reactor has a special agglomerate with-
drawal systeﬁ in its base. Downstream is a product gas quench system, a
cyclone system for removal and recycle of elutriated fines, a product

gas scrubber and a product gas incinerator.

The pilot plant flow sheet is shown in Figure 1. The 3-foot (.91 m)
diameter by 25-foot (7.62 m) high reactor has a 4-foot (1.22 m) diameter
freeboard. The reactor is lined with high alumina and insulating

refractory to reduce the wall temperature to 230°F (110°C) and minimize
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heat losses.

Pilot plant process instrumentation records fluidized-bed density
and héight 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 conducfivity, 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 agglémerates 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 [4.5 Mg]
internal storage hoppers) and two ll-cubic foot (0.31 m3) 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 feéder.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 intq

the gasifier.

The product gas leaving the reactor enters the first stage quencher
where it is direct cooled to about 1000°F (5380C) by a stream of water
étomized by nitrogen;k Two cyrlones located downstream of this quencher,
return fineé to the reactor. These cyclones are dpstream of a second
quencher, where gas is cooled to 500°F (260°C) before it is sent to a

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

Proper operation of 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 minimize the carbon loss

when char is discharged with the ash.
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The following sections describe the instrumentation developed to
operate the U-GAS pilot plant and discusses specific instrumentation

techniques utilized to control improtant process parameters.

Instrumentation of The U-GAS Pilot Plant

The majority of U-GAS pilot plant instrumentation is standard
proéess industry equipment adapted to measure and control the operation
of the process. Basically, the pilot plant is equipped with a pneu-
matically operated, closed-loop feadBack, automatic control system.
Basic process varilables measured and controlled are fluid-bed level and
density, reactor pressure, temperature and flow réte of the gasification
media. The application of this instrumentation to the U-GAS process is

discussed below.
Density

The density of the U-GAS fluidized bed and the incipiently fluidized
fines in the cyclone diplegs is measured. This information is needed to
determine the reactor fluidized-bed height and assure efficient operation
of the cyclones. The technique of hydrostatic'head measurement has been

employed with good relijability.

The hydrostatic head principle interprets density by a differential
pressure measured over a specific height of fluid. The simple equation
of p = P/h (where p = density, P = pressure, and h = height) is used to

calculate the denocity.
Level

Because the U-GAS process utilizes a fluidized-bed for solid-gas
contacting and heat transfer, accurate bed height or volume measurement
is necessary to control product gas quality. The method used for in-
dicating fluidized-bed lcvels utilizes the differential pressure between
two pressure taps. A low pressure tap is located above the fluid-
bed level and a high pressure tap at the bottom of the bed, and this
latter tap is also connected to another fluidized density transmitter.
This other transmitter's low pressure tap is located in the bed and at
a specified distance above the combined tap. The pressure differential
of this latter transmitter establishes the bed density and is used to

determine the true bed height by'éorrelation with the pressure differential
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of the first transmitter.

Measurement 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
mﬁst indicate bulk solids level in the lockhoppers. An electronic
vibrating sensor (Dynatrol) has been found to he 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 caiculatedr
from pilot plant data. These flow measurements are obtained through
conventional "head'-type meter installations where the differential
pressure is measured across a primary element to indicate a flow rate.
Common concentric, sharp-edge orifice plates are used as primary elements
tn nhtain flow rates for these homogeneous fluids. Solids flows are
obtained by periodically weighing materials fed to or discharged from

the system.
Pressure

Pressure detection and control has presented no serious problem at

the U-GAS pilot plant. To measure reactor or product gas' pressure,
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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
thermalﬂelements in representative areas; and obtaining fast, accurate
sensor response. The pilot plant is temperature controlled hy mannal
adjustment of process reactant (oxygen and steam) input flow rates. A

larger plant would require automatic control of these inputs.

Temperature measurement in the U-GAS pilot plant 1y accomplished by
conventional thermometry techniques. Chromel-alumel, Type K, thermo-
couple junctions are used exclusively for measuring temperatures up to
2400°F (l3l6oC). A few Type J, thermocouple junctions measufe temperatures
below 1000°F (5389C). 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

preferred for longer service life.
Instrument Monitoring of Process Control Farameters
Fluidization Stability

The most critical area in the entire syetem io thc gasifier fluid
bed itself. By nature the U-GAS process yie]dé a segregated fluid bed.
It was necessary to develop and or apply instrumentatrion to monitor
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
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steady-state, is an indication of defluidization and clinker formation.
However, a bed temperature indicator is not 1007 reliable since clinker
formation may be localized and not take place near a thermai‘sensing
element and thereby furnish no alarm. A sudden change in pressure drop
across the bed at stabilized temperatures and flows, is a more certain
indication of defluidization and clinker formation. Whether the general
1ével 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 measufing the pressure
drop across a known vertical distance in the fluidized bed. This density
has been found t6<be directly related to the amount of ash present in
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 floﬁing 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 fo;
maintaining constant ash levels in the bed. Upon an increase in density
above that desired, a reduction in the flow of solids claséifying 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 that
does not yield an increase in bed density. If no bed density difference
exists throughout the height of the fluid bed then ash agglomeratés are
not forming as gasification proceeds. A preset differential pressure

alarm could be employed that would trip automatically 1f the differential
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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 cau be controlled automatiéally. A bed temperature controller
theréby should be used to adjust this flow of oxidant to maintain the
temperature set point. Naturally, this flow would be automatically cut

off in the event of a high temperature excutrsion.
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 or rise
in the throat pressure drop is a very definite indication of a plug in

this line.

The Lumpurature in the ash disclarge 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 td the carbon content nf the
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 of coal feed into the reactor and the fines return from
‘the cyclone are also monitored through the change in pressure drop in
their feed/return lines. These pressure drops are measured between the

bed and a point on the feed/return lines. Pressure differential alarms
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can provide an early warning of process feed and fines reéycle instability

which can then be corrected.

Thus differential pressure and specific temperature relationships
have been widely employed or noted as quite useful 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 IGT U-GAS process to produce 175 million
cubic feet (5 million cubic meters) of medium-Btu fuel gas per day (284
Btu/SCF-10579 kJ/m3) from Western Kentucky #9 coal (2800 tons/day—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,Demonétration
Plant. Phase 2 covers the engineering, design’and'demonétration 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 fluid-bed level (through feed rate control), the bed temperature
(through steam and/or oxygen flow contfol), and ;he 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
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U-GAS pilot plant. These techniques have been adapted to monitor as
well as control the critical aspeéts of the process, namely temperature,
pressure, bed density and height, ash discharge rate and the elimination

of sinter formation.

The same principles will be utilized in the development of the U-
GAS demonstration plant, however, the instruments to achieve the same
goal may be selected with more advanced concepts to offer a combination
of performance, operating features, flexibility, maintainability and

dependability.
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COMPUTERIZED DATA ACQUISITION METHODS FOR IN SITU
PETROLEUM RECOVERY EXPERIMENTS

Michael W, Thornton
U.S, Department of Energy, 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 acqﬁisition and process control instrumentation that
was used during recent in situ field experiments in tar sand combustion,
0il 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, hardware 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.

4 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, RS5-12, about
7 miles west of Rock Springs, Wyoming, and (%) an on going underground
coal gasification (UCG) experiment neaxr Hanna, Wyoming known as Hanna IVB.
The tar sands data acquisition system was developed independent of any
other field project. Next, the RS5~12 system was developed using the

* Now with Westinghouse Hanford Company, Box 1970, Richland, WA, 99352,
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hardware from the TS-2C project but drawing from techniques used bn

earlier UCG programs. Actually, the development of the RS-12 system and
the modification of UCG software for the Hanna IVB project was done con-
currently. So, the RS=12 system was an attempt to use the techniques of

a larger computer system on a less powerful ome.

, IN SITU PROCESSES

Tar sands combustion, oil shale retorting, and coal gasification, each as
in situ processes, require ﬂeat to reduce the petroleum product as it lies
in the originalrformation to move it to the surface, Part of the fuel is
spent in place to support the combustion necessary to each process. To
sustain combustion, éip must be forced into the reaction zoﬁe often under
high pressuré and at a high flow rate. All three processeé 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 tar sand combustion and oil shale retorting experiments use it:

largeiy for cooling and oxygen dilution.

Generally, the resource is ignited in "the formation at the bottom of an
injection or production well, A combustion front then moves horizontally .
towgrd the sources of oxygen in other wells., Intermediate wélls are stra-

tigically located to intercept and monitor the combustion.

The products of all three processes are liquid and gas phases., For coal
gasifioation, the product is 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 gasseé are more useful in determining the progress of the
experiment, Liquid products (oils and water) are generally analysed away

from the experiment site,

As we ocan see, all of these in situ processes require a common set of
measurements to evaluate the experiments progress and provide decisive '
data.,
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MEASURANDS
Temperatures, pressures, flow rates, and gas analyses are the four major
measurands recorded in these experiments., The temperatures of the process
zone provide clear evidence of combustion patterns and motion., Meanwhile,
temperatures in the surface equipment are useful to evaluate the experi-
ment's operation, monitor injection and production systém efficiencies,
and watch for critical situations (eg. the temperature of tar sand bitumen
in production lines must be kept above about 1309F to keep it mobile).
Pressure measurements are made which reflect the zone's pressurc pattcrn.
Data is derived from observation, air injection, and fluid production wells,
Surface pressures need to be monitored especially in the injection air
manifolds, steam generation systems, and production equipment. DPressures
are 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 produc% and intermediate gasses often provide the most

meaningful information on the combustion process.,

Other measurands useful to these projecis include liquid level monitoring
in wells and in tanks, continuous gas species'analyses (such as 0, and co),
water saturation of gasses, oil/water mixtures, viscosity, liquid and solid
analyses, measurements of water injected and total fluids produced, and at-
mospheric and environmental monitoring. kEnergy balance calculations also
make it desirable to measure total electrical and petroleum energy spent
in the éxperiment. Although 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 projécts.

UNDERGROUIT: TIERMOCOUFLES AND CBGERVATION WELL COMPLETICN
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 RS5-12°
end UCG experiments, I would like to describe the thermocouple arrange-

ments used for the Vernal TS-2C project. Although we did not use any
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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 TS5-2C well pattern,

twelve stainless steel sheathed thermocouples (TCs) were bundled with the
measuring junctions spaced at one foot intervals with the top junction
pbsitioned 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

3 . .
extension cable was then continuous to a junction box mounted on the obser-

v 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 single twelve pair cable was run to the computer's A/D backplane.

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 connectors 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 to the
upper boundary of the test zone. At the lower end a junction was made 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 prevent the slurring of femperature readings by heat conducted
along the pipe. The top end of the gas sample tube was connected to a
current loop typg gauge pressure transmitter and a valve arrangement to
permit sampling of the reaction zone gaéses. (See figure 2.) Once the
assembly 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
sampling'tﬁbe, but allowed a good interface to the tar sand. (As the
combustion front would pass by, the bitumen would mobilize into the sand
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 ﬁés 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, Lven with
this intrusion the TCs provided good data,
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AUTGMATIC GAS SAMPLING
The gas analyses for these experiments has'typically been done with micro-
processor controlled gas chrématographsb(GCs) with temperature programming
abilities. Early experimehts required an operator to manually inject a
gas sample, start the analysis, and then type the data into the computer,
Improvements were made in the sampling system as well as interfacing the
GCs to the host computers. Now, as with the RS5~12 and Banna 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 RS5~12 sampling system. Two Hewlett~Packard 5830 gas

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

‘ was used to continuall& monitor the production line gasses, Since up to
three production wells could be monitored at any time, the operator was

. &lven the option to designate ﬁhich 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 thep 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., (The 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
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adcepted by the operating system and compensated in the following runs.,
Since the GC cycling time was 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 erm now,

PRESSURES AND FLOWS _
Two of the experiments were instrumented for pressures>primari1y using cur=-=
rent loop type transmitters. Gauge pressures were measured at the observa-
tion wellheads, air injection and gas production wellheads, and at various
stages of the surface equipment. No signiticant ditticulties were encount-
ered in monitoring pressures except in observation wells where the tubing

frequently plugged with tar or frozen condensate,

Orifice metering was used to measure all injectidn 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 gauge) type transducers were used but with less
satisfactory results. Although this may have been due to lés§ stringent
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., Although 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 of control

has been successfully in use -on the Hamnna projects for two years,
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THE COMPUTER HARLWARE
The instrumentation for each of these field expériments 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 cére memory and a HP7900A disc drive with 4.9vaytes capacity

to hold the operating systeg 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 commected to all inputs at the A/D

backplane, An ASCII Party Line, 53A from Computer 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 ﬁrinter. Other information was

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

. (a HP2600A and a HP2640B), or on the HPT210A X-Y plotter. A Texas

'1 Instruments Silent 700 terminal was used to permanently record all system
flags and .errors. Communications to Laramie was made via a Bell 10% L

iwmodem 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 alarms.

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 DAS designed
and operated by Sandia Laboratories, Improvements to the HP system in-
cluded a HPZ648A graphics CRT console with a HP7245A printer/plotter for
hard copies of any CRT display, A HD2GO7 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 Modcomp system was interfaced to the LETC HP syslem as though it

-~
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another terminal., Thus, the HP computer was able to use an existing I/0
driver (DVAO5) and a 9600 baud asynchronous interface board (HP12966).
Optical isolation line drivers were used to electrically separdte the

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

The two éas chioméfographs were linked to fhe HP CPU using techniques.
proven on earlier Hanna experiments, Again, existing software (DVROO)

and hardware (HP12531D)'weré used, A Vadic modem was installed to

provide a 1200 baud comminications link t6 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 samé hardware configuration as the earlier
Hanna IIT and v éxperiments. (See figure 6.) The CPU was a HP21MX-E
mini-computer with 128K words of solid state memory., Three HP7900A disc
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 advantage’ in running fast
data acquisition and supporting graphics routines cqncurrenfly. Since a
data base of 300 days (versus 75 days for RS-12) could be managed on a
singlé disc drive, the disc files were never changed within the duration
of an aexperiment,

The analog inputs for Hanna were divided between the HP2313 A/D subsystenm
and a Fluke 2240A data logger. The HP2313 was capable of faster and random
channel accesses and the Fluke was used for a large number of ihputs to
it?s multipexers on the well pattern. "The Fiuke transwilted dato to the
CPU over an RSZBZC interface to the computer some 500 feet awayé Due to
the type of interface used by the HP2313, the A/D was restricted to be
within 15 feet of the CPU,

Gas analyses at Hanna were obtained by two HP5840A gas chromatographs, one
for the production gases and one for the monitor well gases, This time,
the computer was used to sense when a sample was manually injected into the

GC and schedule an interrogation program to run 25 minutes later., There
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were no sample tubes for automatic sampling from monitor wells., Produc-
tion gases, however, could be sampled automatically after the 'linking'
stage of the experiment and gasification was stérted. 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 RS~12 GCs,

~ THE COMPUTER SOFTWARE
All three projects utilized Hewlett-~Packard supplied operating systems,
However, the data acquisition programe for each system were rewritten and
largely unique for each project, Table 1 shows a comparison of the

operating environments for the three systems.

TS-2C : RS=-12 Hanna IVB
Operating System  RTE-II RTE-II ' RTE-III
Partitions 2 1 10
Common Aresa 256 400 2500
Measurands 186 500 . 600
Data Base Length 35-40 Days 75 Days - . . 300 Days
Summary Access Very Good Slow Very Good
Serial Access Poor v Very Good Very Good

Table 1., Operating environments for the three in situ experiment
data- acquisition systems,

The Rock Springs 12 software built upon many of the advantages of the Hanna
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. (The Hanna IVB software was iargely a modification
of the existing software developed for the Hanna III and IV experiments. )

On a single disc drive, the RS=12 system contained a modular set of programs
owmmanded by a single controlling program, a table driven set of data
acquisition routines, a very flexible set of operator's programs, and a

compact but accessable data base.
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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, sfop, and change the rate of any of the seven
major functions but the control program handled the timing and schedu=-
ling., These functions were: data acquisition, transfer of data to the
Modcomp computer, transfer data from the Modcomp, auto-analyses from
GCs 1 and 2, periodic printed summaries, and hourly storage of data.

As mentioned bhefore, the operator determined the gas sampling sequence
for automatioc analyses, He could also change the entire injection and
production flow pattern in the computer's logic to reflect any pluubing
changes that might be necessary,

The data base for RS-12 was very similar to the Hamna data bases but
consisted of only seven files (instead of about 60), vne for each major
data specie, All data species'were stored Chronologically and conti-
guously for rapid access in ploiting and time varient 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 temperatures; every measurand was uniquely identified in
this file and in every record of the data base by a two letter code,

The codes were mostly used for 'look up by thé plotting routines,

CONCLUSIONS
In the past four years at the laramie knergy Technolugy Center, thc
development of better data acquisition systems has taken a more prominent
role in all field experiments, The hardware develbpments have come from
both industry and from within the center, Software techniques have
improved ten fold and wlll continue to do so, We are taking more data
in less time, over longer periods, and producing‘better analyses, Present
efforts include the dewelopment of an asynchronous  interface to the GCs,
more generalized DAS-software,~improved graphics, and a cetralized DAS
with satellite field systems. ’ '
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INSTRUMENTATION NEEDS FOR A HIGH BTU
CORL GASTFTICATTON DEMONSTRATION PLANT

Herb C. March
Procon Incorporated

ABSTRACT

This paper discusses the instrument and control system requirements

for the proper operation of a high Btu Coal Gasification Demonstration
plant utilizing the HYGAS process. The needs and problems encountered
in the measurement of slurry flow, fluidized bed levels, reactor surface
temperature, and process component analysis is presented. Some proposed
solutions and considerations for adequately obtaining these measurements
ara also discussed, '

NOTICE

This paper was prepared as an account of work sponsored by an agency
of the United States Government. Neither the United States nor any
agency thereof, nor any of their employees, makes any warranty, ex-
pressed ur implied, or assumas any legal liability or responsibility
for any third party's use or the results of such use of any intor-
mation, apparatus, product, or process disclosed in this paper, or
represents that its use by such third party would not infringe pri-
vately owned rights.
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INSTRUMENTATION NEEDS FOR A HIGH BTU
COAL GASTFICATION DEMONSTRATION PLANT

Herb 'C. March
Procon Incorporated

1. INTRODUCTION

The HYGAS procéess, like any other coal conversion process, requires
adequate measurement of certain variables for proper control and
operation. Due to the hostile environment in the process, presently
available instruments are either incapable of withstanding this envi-
ronment for any length of time or don't exist since the measurement
wasn't needed before. This leaves the designer with two methods to use
in solving the problems of process measurement. The first, and
probably the most significant, is to design the processing equipment

so that these "problem measurements" will not be needed at all or their
number reduced to a bare minimum. The second method is to.modify and/or
supplement presently available instruments -to make those measurements
necessary for process operation and analysis.

This paper discusses some of those areas where the need for the process
~ measurement could not be "designed out" and is essential for acceptable
plant operation,

2. COAL/OIL SLURRY FLOW

In order for the HYGAS gasifier to operate properly, its char/oil slurry
flow rate has to be measured and controlled to maintain a steady feed
rate to the gasifier. Refer to Figure 1. This key process variable is
also used to set the controls for the coal pretreater, char/oil mix tank
and the gasifier slurry feed pumps. This equipment must operate together
to meet the char feed demand of the gasifier.

Slurry Flow

Due to the highly erosive nature of the slurry feed to the gasifier
reactor, a simple direct in situ flow rate measurement cannot presently
be made. However, this flow rate can be determined with reasonable
accuracy by measuring the slurry feed pump's speed and slurry density,
then calculating the mass flow rate using the following relationship:

Qs = Srvw
Mass flow rate of slurry in 1bs /min

Where: Qs

Speed of turbine pump driver in RPM

Reduction gear ratio of drive
3

S
r
v PD pump's volumetric displacement per revolution in ft
W

Specific weight of char/oil slurry in 1b /ft 3
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Both turbine speed and slurry density signals are sent to a multiplying
device that performs the flow calculation. The slurry feed pump tur-
bine's speed will be determined by a tachometer which sends a 4-20 mA
D.C. signal to the multiplying device.

The main factor affecting the results of using speed measurement to de-
termine the pumps volumetric displacement per unit time is that the pump
volume must stay constant. Unfortunately, the erosive nature of the
slurry can erode the slurry contact surfaces of the pump causing the
pumps volumetric displacement to vary. The internal parts of the pump
should be initially measured and recorded, then periodically inspected
and remeasured to determine this rate of wear and the effect it makes

on the displacement volume of the pump. This effect can then be com-
pensated fur by a factor added to the pump's volumetric displacement
during system recalibration,

Slurry density

The density of the slurry can be measured in the slurry mix tank by
measuring the differential pressure between fixed points with a known
vertical separation in the slurry volume. Refer to Figure 2. This
"pressure head", as measured by a differential pressure transmitter, is
directly proportional to the slurry density provided the slurry is mixed
to keep the solids suspended in the slurry. This relationship can be
expressed by:

Q (actual) = g—;l e ref.
Where:
E (actual) = the slurry density
(g ref. = the reference density
Hr = the distance between éensing points
Hy = the measured differential pressure

Each pressure sensing line of the transmitter should utilize a remote
diaphragm seal element to keep them free of solids and prevent plugging.
These diaphragms are installed directly into the tank wall. Preferably
the diaphragm sensing surface should protrude into the tank where it
will be kept free of solids by the agitation of the slurry in the tank.
The diaphragm seal's span should be selected so that it i$ as closc as
possible to the "pressure head" being measured to ensure high sensiti-
vity and accuracy in the pressure measurement. The seals should also
be removable so they can be cleaned periodically.

An alternative to diaphragm seals would be the use of a continuous oil
purge through the transmitter sensing lines. The purge flow and pressure
in the sensing lines must be kept constant relative to each other to
prevent errors in the actual pressure differential to which the transmitter
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diaphragm is exposed. The supply pressure to the purge rotameter
should be at least 20 psi above the operating pressure in the slurry mix
tank to prevent the back flow of solids into the sensing lines when
process pressure upsets occur.

Back-up Slurry Flow Measurement

A back-up, or alternative method of measuring the slurry flow would be
the use of an elbow flow meter. Refer to Figure 3. The elbow meter is
a head type meter like an orifice meter, however there is no obstruction .
in the line to erode, distort or plug up from the solids in the stream.
(Reference 1). Other advantages are: 1 ) The improved sensitivity the
device has to flow changes, i.e., the developed pressure differential is
2 to 4 times larger than a venturi or orifice plate with the same beta
ratio. Since the slurry stream pressure is about 1350 psig, the higher
developed pressure differential increases the signal gain of the D,P,
transmitter which should result in better performance. 2 ) Remote dia-
phragm seals can be used on the pressure sensing lines of the trans-
mitter to isolate it from the process.

The elbow meter generates a differential pressure between pipe wall taps
caused by the flow stream's change in direction as it passes through the
elbow section of the meter. This differential pressure is proportional
to both flow rate and fluid density of the slurry, consequently the den-
sity has to be measured to obtain the same accuracy as in the positive
displacement method. The differential pressure transmitter's sensing
lines would utilize remote diaphragm seal elements. to prevent them from
plugging as mentioned before. The diaphragm surface should be mounted
so that it is flush with the pipe wall and removable for inspection and
service,

An alternative to the .diaphragm seal would be an o0il purge. The same
consideration discussed for purging the density differential pressure
transmitter also apply here for best results. The purge supply pressure
should be .at least 50 psig above the maximum operating pressure in this
case,

To obtain an accuracy close to that of the pump volumetric displacement
method, the meter will require shop calibration for a specific set of
flow conditions with a constant slurry density, then will have to be
field calibrated for different densities. The positive displacement
method of flow measurement could be used as a reference for this field
calibration.

As with the pumps, the elbow meter would have to be periodically pulled
out of the line and inspected internally for wear, especially around the
pressure sensing areas.
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3. DILUTE PHASE SLURRY FLOW

The raw gas from the gasifier goes to a quench tower where it is cooled
and scrubbed of coal fines with water. Refer to Figure 4. The quench
water is recycled back to the quench section of the tower via a pump.
This recycle quench water flow needs to be measured to determine the
operating status of the quench tower. Since the solids concentration is
approximately 8% by volume in quench water, this flow can be measured by
a thermal flowmeter. Refer to Figure 5. The flowmeter consists of an
in-1ine flow tube with temperature sensing elements on the outside sur-
face of the tube. These elements are energized with a small amount of
electrical energy, generating heat which is conducted away from the ele-
-ment by the flow stream. This phenomenon is measured and calibrated to
be proportional to mass flow of the fluid. Additional sensing elements
arc located on the tube to compensate and carrect for the effects of
fluid and ambient temperature.

The major advantage of using this type of flowmeter is that it doesn't
require the remote diaphragm seal elements or the complex purging system
required for the head types. A disadvantage is the initial need for ex-
tensive field calibration at operating conditions to ensure reasonable
accuracy in the flow measurement,

4, FLUIDIZED BED LEVEL

The measurement of fluidized bed heights in the gasifier is essential
for maintaining the pressure balance between gasifier stages thereby
controlling the gas production rate. Presently, the only practical
method for determining these bed heights is by differential pressure
measurement between fixed points with a known vertical separation and
located within and above the bed. Refer to Figure 6. In this case,
the remote diaphragm seals cannot be used to prevent the sensing lines
from pluaging because they cannot withstand the high pressure (1250
psig ?, high temperature {1950°F ), corrosive elements and erosion from
solids for any length of time. The only technique that can be used with
any success is a continuous inert gas purge through the lines into the
gasifier. To minimize the problems encountered in using this method,
the following practices should be implemented to minimize plugging of
the Tines and measurement errors:

1. The purge gas should be inert, moisture free and heated. The purge
gas flow rate has to be closely controlled and high enough to main-
tain a gas velocity above 0,2 ft per second at operating conditions
in the sensing lines.

2. The purge gas supply pressure should be at least 100 psig above
maximum operating pressure to prevent solids backflow into the
lines when pressure upsets occur.

3. The sensing lines should be as short as possible with the minimum
number of elbows to ensure the gas velocity is maintained above
0.2 ft per second.
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4, The purge gas supply should be located as close to the sensing dia-
phragm as possible to maintain a sweeping type of purge a]ong the
complete Tength of the Tines.

5. The differentia] pressure transmitter must be located above the ele-
vation of the highest tap to insure all condensibles drain back in-
to the vessel,

6. A steam tap should be installed in each line near the vessel tap to
blow out solids that may accumulate in these areas during operation.

The level measurement has to be corrected for changes in bed density to
determine the true fluidized bed height in the vessel. The density
should also be measured by a differential pressure transmitter installed
in the same manner as the level transmitter except both pressure taps
are located at least three feet below the lowest operating level of the
bed to minimize channeling of the gas through the bed.

5. REACTOR'EXTERNAL TEMPERATURE

-Two refractory lined sections of the gasifier operate at internal tem-
peratures of 17000 to 19500F. If the refractory lining cracks or other-
wise fails, the reactor steel will be unprotected and overheat, causing

an unsafe condition. This refractory failure must be detected quickly,
the reaction stopped, and the reactor's internal pressure reduced as low
as possible. In order to detect these "hot spots" on the outside surface
of the vessel within a reasonably short period of time with good accuracy,
long length continuous thermistor sensors should be used.

The particular type of thermistor to be utilized possesses a negative
temperature coefficient. Its resistance decreases as the temperature

it is sensing increases. Refer to Figure 7. It can be manufactured in
100 foot lengths and cover an area approximately 8200 sq. ft. A ver-
tically oriented serpentine pattern with a spacing between elements
10-12 inches will require approximately 100 thermistor elements to moni-
tor the two reactor sections. Refer to Figure 8.

This thermistor system is recommended for detecting temperatures on
pipe and vessel walls and has been used at the Synthane Pilot Plant,
Bruceton, Pa., for-monitoring the reactor vessel's wall temperature.
(Reference 2).

The following principles affect the operation and accuracy of this system:

1. Proper attention should be given to the method of mounting to ensure
tight contact of the thermistor with the surface of the wall for all
operating temperature variations. The manufacturer recommends stud

- fasteners welded to the vessel. Refer to Figure 9.
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2. The resistance of the element gives a signal that is proportional
to the mean effective temperature of its total length. Thus, a
small, very hot spot on the element's length would be averaged
out and give the same signal as a large area that was at a lower
temperature, The sensitivity of the element can be improved by
reducing the area monitored, thereby reducing the element's length
and total resistance.

The following factors should also be taken into consideration prior to
installation:

1. Large temeperature differences across the vessel area being
monitored by each element.

2. Resistance vs. temperature characteristics of each element,

3. Area size monitored by each element and the proximity of elements
to each other, )

4, Selection of the e]ement Ho]d1ng apparatus.
5. Required accuracy of the system as installed.

The manufacturer claims an achievable accuracy of approximately *b%. ot
temperature or I250F | whichever is greater. The smaller the area
monitored by each element, the better the sensitivity and accuracy.

This system can be utilized in conjunction with a portable I.R. tempera-
ture sensing device so that when a particular element on the reactor
indicates a high temperature, the actual problem area can be pin-pointed
with the I.R. device.

6. PROCESS COMPOSITION ANALYSTS

Composition analysis of the required process liquid and yas streams can
be adequately done with an on-line gas chromatograph. Gas chromatography
has been utilized extensively in chemical and hydrocarbon processing for
many years. As a result of this, the analyzer portion of a process gas
chromatograph system is well developed and trouble free if maintained
proper]y However, due to the nature of the coal gasification environ-
ment (i.e., high temperature/pressures and particle contaminants), the
sample cond1t1on1ng system will require adequale desiyn Lo handle these
conditions.

Sampling System

The sole purpose of a sample system is to transport a representative
sample from the process stream to the analyzer without affecting the
components to be analyzed. It is important that the following factors
are considered in the design of the sample conditioning system:
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1. Sample taps should be located so that a representative sample
is taken. Process circulation Toops should be designed so as
to ensure that a fresh sample is available to the analyzer at
all times. This is especially important when the composition
analysis is to be utilized for closed loop control. A method
of minimizing the system response time would be to utilize
smaller diameter elution columns within the analyzer. Location
of the analyzer close to the sample tap to reduce the length of
sample line would also improve response time,

2. The sample filtration system should be carefully designed to in-
corporate proper macro as well as micro filtration without sig-
nificantly altering or reducing the velocity of the sample.

3. All sample, vent and return lines, valves and other hardware,
should be properly heat traced and insulated as -required, This,
combined with proper pressure regulation, will ensure that the
sample will be transported properly in reference to its physical
state (i.e., gas, liquid).

4., Safeguards to prevent cross stream sample contamination should be
incorporated by purging the sample lines with clean, inert gas be-
tween each sample. The analyzer should utilize a quality sample
and column switching valve with positive selection and shutoff
characteristics. The control system for the gas chromatograph
should also be equipped with power interrupt lockout modules.
During power dips, this would prevent the timing system from
allowing another sample to be injected into a column before the
previous one has eluted through it.

Once the chromatograph system is in operation, the accuracy of its
analysis should be checked against a grab sample analysis by an off-
line chromatograph. Material balance calculations can also be used
as a check of the analysis.

Component Analysis of Solids

At the present time, most ot the component analysis of coal, char and
ash can only be done off-line in the analysis laboratory. These tech-
niques are time consuming and in certain cases the analysis cannot

be used for process control since it is obtained much too late. There
is a great need to develop techniques and instruments capable of doing
this analysis on-line and much faster in order to make timely process
adjustments. It is felt that once this capability has been commercial-
jzed it will give the process designer a very powerful tool for optimum
plant design and directly impact on plant costs. (Reference 3).

Some of these more important analysis measurements are:

1. Moisture measurement in coal is needed to determine its rank and
calorific value. The independent measure of moisture and total
hydrogen content are combined to determine the relative amount
of hydrocarbons in coal,
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2. Hydrogen measurement in coal is needed to establish the relative
content of hydrogen in water and volatile matter to determine the
coal's rank and calorific value. In addition, the measure of total
hydrogen can also determine moisture variations during the drying
process.

3. Sulfur measurement in coal is needed to detect when the sulfur con-
tent deviates outside the limits of plant design. The "off-spec."
coal could be diverted to storage and/or blended with other "on-
spec." coal.

4, The various elements in the ash, such as carbon, silicon, aluminum,
iron, nitrogen, sodium, caicium, potassium, titanium and chlorine,
need Lu be measured to permit "off-spec.” cnal to be diverted to
storage sn a constant ash lTevel and composition in the gasifier
can be maintained.

5. The pretreater reactor is required to destroy the agglomerating
characteristics of the coal supply to the HYGAS gasifier. The
pretreater's operation is checked by detérmining the free swelling
index of the char in the laboratory. The on-line determination
of the char's free swelling index is needed 10 ensure continuous
pretreater operation and to avoid agglomeration of the char in
the gasifier.

6. A rapid analysis of either the carbon or ash content of the spent
char is needed to access the carbon conversion of the feedstock
to the gasifier. Spent char can then be removed from the bed
based upon this analysis to provide a more uniform operation of
the steam-oxygen bed and assure a more clinker-free operation.

/. CLOSURE

This discussion of various process measurement needs is meant to point
out those areas where problems still exist to varying degrees. Con-
siderable development is presently being done under the sponsorship uf
the Department of Energy to solve these problems and satisfy these
needs, especially in slurry flow measurement and solids component analy-
sis. It is recommended that the designer survey these areas to insure
he can take advantage of any new, recently commercialized instruments
before he commits to a particular control 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

By Douglas R Hajicek and Leland E. Paulson
Grand Forks Energy Technology Center

INTRODUCTION

The Grand Forks Energy Technology Center (GFETC) is operating the
only pilot plant sized slagging fixed bed gasifier (SFBG) in the U.S.A. It is
a modified version of the Lurgi dry ash bottom process. In units of similar
hearth area, the steam consumption of a slagging gasifier is about one-fourth
of that required for a dry-ash unit. At the same time, the qas production is
as much as three or tour times that of the dry-ash gasifier.

An element” of the test program is to characterize and determine
production rates of gaseous and liquid effluents. A sampling system
. described in this paper was developed to coilect tar, water and dust from the
raw product gas stream. This system has successfully sampled a hot gas
stream generated by gasification of high moisture low-rank ¢oals.

GASIFICATION PROCESS

A flowsheet of the pilot plant process is shown in Figure 1. Recent
publications (1,2,3,4) have discussed the test equipment and procedures in
detail. A brief summary will be provided here.

The test coal is introduced into the gasifier through a single lock
hopper. As the coal decends through the shaft, it is heated by counter
current flow of hot gases coming from the reaction zone, Drying,
devolatilization and gasification occur in distinct zones in the coal bed. The
coal reacts with the steam-oxygen mixture that is injected into the heartlh
section. Gasification occurs at temperatures of approximately 3100°F,
completely consuming the c¢o0al, leaving only molten ash. The molten ash
drops down into a water bath in the lower lock hopper and is removed as
slag. The product gas leaves the top of the gasifier and enters a recycle
liquor spray washer. where water vapors, tar, oil and dust are removed. The
accumulated liquor in the spray washer system is periodically drained into an
almuspheric holding tank. After passing through the spray washer,-the gas
is further cooled in a heat exchanger, depressurized, demisted, metered, and
flared. A typical gas composition is 58% CO, 29% Hy 5% CH,, and 7% CO,,
with small amounts of C2-C4 hydrocarbons. '

PROCESS VARIABLES AFFECTING SAMPLING

.Most of the work reported in this paper was performed on lignite.
During these tests, low ranked coals were gasified at pressures that ranged
from 100 to 400 psig. The -oxygen rate ranged from 4000 to 6000 scfh and
the oxygen-steam molar ratio ranged from 0.9 to 1.1. Lignite moisture
content ranged from 20 to 38 percent. Product gas has been sampled in 29 of
the 66 gasifier runs for a total of 115 hours of sampling.

'
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The effect of coal charging was taken into account when developing
sampling procedure. In past tests, the gasifier was operated with one coal
lock, which required refilling approximately every hour. Recharging the lock
hopper resuited in upsets in the steady state offtake temperature, and the
yield rate of water and tar produced. The steady state offtake temperature
was typically 300°F when gasifying a moderately high moisture lignite.
During the periodic coal charging, these temperatures varied widely from
160°F to 1000°F. Because of these periodic upsets, sampling is performed for
the length of time required to gasify one or more complete charges of coal.

SAMPLING POINTS

Product gas was sampled through probes at the head of the gasifier and
from the gas offtake. The sampling points are shown in Figure 2. The
sampling probe at the head of the gasifier consisted of a 0.423 inch ID pipe
which passed through the vessel wall and refractory into the void space
above the coal bed. The sample probe at the gas offtake consisted of a %"
OD by %" ID tube bent into a 90° angle to face the product gas stream; the
leading edge of this probe was tapered down at a 45° angle.

SAMPLER SYSTEM DEVELOPMENT

The reported sampling system evolved through several stages of
development. The first sampler (Sampler 1) consisted of a pressure let-down
valve, four heat exchangers in series, and a wet test meter. This system
was overdesigned and although difficult to operate was used successfully in a
number of tests.

Experience gained with Sampler | was used in designing Sampler |l which
is shown schematically in Figures 3 & 4. It was designed to meet the
following criteria: 1) compactness, 2) easy modification, 3) minimum internal
surface area to reduce "hang-up" of tar, and 4) automatic flow control. To
meet this criteria, Sampler || has the following features: -

A. A high pressure cyclone, designed to withstand pressures up to
400. psig, -was installed ahead of the pressure let-down control valve
to remove tar and water aerosols that were causmq plugging
problems in the control valve.

B. A low pressure cyclone located after the control valve was used to
remove residual tar, oil and water aerosols.

C. . Wwater and light oils were condensed in heat exchangers which
reduced the gas temperature to 34°F. '~ Each heat exchanger
contained 30 feet of coiled stainless steel tubing which provided
adequate heat exchanqe surface with a minimum amount of surface
area.

D. The ‘"cryogenic trap" was added after the heat exchangers to
freeze the remaining water vapor and light oils out of the gas
stream. The internal construction of the trap consists of a series
of baffles that increase gas residence time and increase the surface
contact area. The unit is cooled by partial immersion in a mixture
of acetone and dry ice.
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E. Externally mounted, removable sample - containers were used on each
stage to allow accessibility to samples and reduce .sample loss due to
"hang-up" of tars.

F. The control and monitoring system is shown in Figure 4. This
system consisted of an air actuated control valve, a pressure
recorder-controller, a flow recorder with totalizer, an orifice
assembly consisting of an orifice and differential pressure
transmitter, and a temperature recorder.

- SAMPLER OPERATION. AND RELATED SAMPLING CONDITIONS

Sampler 1 has the capability to operate in different configurations and
can sample from the gas offtake or the head of the gasifier. The method of
sampling reported in this paper used two cyclones, ‘two heat exchangers, and
a cryogenic trap. The location of sampling was the gas offtake.

The hot product gas was drawn from the gas offtake through insulated
tubing to the high pressure cyclone. The high pressure cyclone coliected
_aerosols "~ present at the operating pressure of the gasifier and at the
temperature of the gas offtake. The cyclone was designed for an entrance
velocity of 30 feet per second at 300°F and 200 psig. The pressure and
temperature drop through the sample line to the cyclone was negligible. The
pressure and temperature differential across the cyclone was approximately 20
psig and 5°F. A high pressure container is attached to the bottom of the
cyclone to collect the sample. :

.The gas exiting from the high pressure cyclone passed through a
pressure let-down flow-control valve and was reduced to the value set on the
automatic recorder-controller. A pressure reduction to 18 psig resulted in a
dry product gas flow of approximateiy 200 scfh through the sampler and is
accompanied by a temperature drop of approximately 100°F. Previous to the
installation of automatic flow-control hardware, the flow rate was .controlled by
manually throttling the pressure. Automatic controls have eliminated the
difficulties in maintaining a steady flow that were encountered with manual
controls.

From the flow-control valve the gas entered the low pressure cyclone
which removed the components that were condensed during pressure
reduction. Entrance velocity to the cyclone was approximately 40 feet per
second at 200°F and 18 psig. The temperature differential across the cyclone
was about 7°F. Sample containers at the bottom of the cyclone were attached
with clamps for easy removal.

~ After the cyclone, the gas entered the two heat exchangers in series
where additional water and light oil were condensed. The first heat
exchanger which was cooled by city water reduced the gas stream temperature
to approximately 60°F. The second heat exchanger is cooled by a refrig-
erated solution of ethylene glycol and water and reduced the gas temperature
to 35°F. Both heat exchangers have duick disconnect sample. containers.

The gas stream last passed through the cryogenic trap.wﬁich lowered
the temperature to 0°F, where the major portion of the remaining water and
organics in the gas are removed. The trap could be by-passed in case of

plugging.
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A positive displacement meter was used to measure the total volume of
gas through the system. I[mprovements are being made on the automatic flow
monitoring and volume measurement system. This system will provide a
recording of the flow rate and includes a flow totalizer with d:gltal read-out
of the volume of gas through the system.

ANALYSIS OF SAMPLES COLLECTED BY SAMPLER I

The sample from the first stage cyclone contained most of the solids and
tar along with a portion of the water. The water and wet tar were separated
by cooling the entire first stage sample in a dry ice-acetone .bath which
caused organics to sink, thus allowing the water to be decanted. - The wet
tar was vacuum distilled in an oil bath at 'a maximum temperature of 140°C to
remove the water and oil. The water obtained by distillation was measured
but not analyzed for trace contaminants. The material remaining after
distillation included the heavy organics and solids that are classified as dry
tar. The samples from stages 2, 3, and 4 contained water and light oils,
which are decanted using a separatory funnel. Tars and light oils are
analyzed for boiling point distributions, ultimate analysis, and organic
composition by mass spec. Water fractions are analyzed for ammonia, TOC,
sulfur, sulfide, pH and alkalinity. (5,6,7)

SAMPLING RESULTS

Results obtained from Test No. RA-40 will be presented as an illustration
of the type of data which can be collected using Sampler Il. In this test,
Indianhead lignite with a moisture content of 34% was gasified at an
operational pressure of 200 psig, an oxygen rate of 4,000 scfh and an
oxygen-to-steam molar ratio of 1.0. The gas production rate of the gasifier
was 22,000 scfh. :

Operating data for the sampler is shown in Table 1. During all three
test periods the low pressure cyclone (stage 1) and the two heat exchangers
(stages 2 & 3) were used. The cryogenic trap (stage 4) was used in test
periods 1 and 3. Samples were collected at 100, 200 and 300 scfh to
determine if collection rates affect results.

The distribution of organics and water for the individual stages is shown
in Table 2. Tars and oils are distributed between all four stages, with the
majority in the 1st stage in test periods 1&3. In test period 2, the second
stage had the majority of the organics consisting mainly of floating oil. In all
three test periods, over 2/3 of the water was collected in the second stage.
The cryogenic trap accounts for less than 1% of the total sample.

Table 3 shows an analysisv of the aqueous fraction coliected in each of
the four stages from the third sample period. Results were similar for the

first two sampling periods. The liquor analysis includes pH, dissolved
organics (phenol, o-cresol and m,p-cresol), ammonia, sulfide and sulfur, and
total organic carbon. Both individual analysis by stage and a weighted

average based on total liquor collected are shown. Data indicates that the
compounds are not distributed equally between stages.

Yieids for tar, oil and water measured by Sampler {|, are presented in |
Table 4. Results are given for two test periods (1 and 2). The differences
in sampling rates did not significantly effect these yields.
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REPRODUCIBILITY OF DATA

Comparisons between three methods of determining yields are shown in
Table 5. Data for tar, water and ammonia are presented for six different
runs. Yields were determined using Sampler | and Il and by analyzing the
total effluent generated in the spray washer during the entire run. The
results for the samplers are from the first sampling period in each run. All
runs were made with Baukol-Noonan lignite at an operating pressure of 200
pounds, an oxygen to steam ratio of 1.0 and an oxygen rate of 4,000 scfh.
Moisture content of the feed lignite ranged from 30.0 to 37.6%.

Data in Table 5 were analyzed statistically using a two way analysis of
variance without replication. Comparisons were made between sampling
methods and gasifier runs at the .05 significance level. Results show no
significant difference attributable to sampling method or gasification runs. for
ammonia,; total organic carbon or tar production. Water production differed
significantly between test methods but not between runs. Sampler |1
indicated a greater yield of water than was shown by either Sampler | or the
end of run collection method.

Table 6 illustrates the reproducibility of the yields determined for tar,
water, ammonia, and total organic carbon as determined by Sampler || during
Run No. RA-52. Each sample period was approximately two hours, the length
of time required to gasify three 1250 pound charges of Indian Head lignite.
Data was not included from the fifth and seventh sampling period due to
sampling and analysis problems.

The tar yield shown in Table 6 varied from 73 to 112 pounds per maf ton
of coal during the different sample periods. Water and ammonia production
did not vary significantly; water production ranged from 1410 to 1510 pounds
and ammonia from 10.6 to 12.3 pounds per maf ton of coal. Total organic
carbon increased as the run proceeded from initially 12.9 to finally 18.2
pounds per maf tan of coal.

" GASIFIER MODIFICATIONS

The gasifier and supporting equipment is presently being modified for
extended operation on caking. and non-caking coals. Modifications include a
dual coal lock hopper system to eliminate the periodic upsets caused by
charging and a stirrer to permit operation on caking coals. Side stream
sampling will be continued as an integral part of the program to moniter
changes that occur in production rates during the duration of the test. It is
expected that modifications of the sampling system will be necessary for
sampling of the high temperature gas stream produced by the gasification of
bituminous coal.

SUMMARY

A gas sampling system has been developed by the Grand Forks Energy
Technology Center to collect the condensible portion of the raw product gas
stream generated by the gasification of lignite at pressures up to 400 psig.
Results have shown that this system collects a chemically representative
sample, that measurements of mass production rates are reproducible, and
sampling at different rates has had little effect on measurements of effiuents
produced.
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Major components of the system are an automatic pressure control valve,
a high pressure and a low pressure cyclone, two heat exchangers, a
cryogenic trap, and a gas meter. Removable sample containers are used to
allow accurate measurement of the quantity of sample collected. An automatic
pressure control valve regulates the rate of gas sampled and reduces sample

pressure to approximately 18 psig. The high pressure cyclone, located
before the control valve, removes water and tar from the gas stream that
could plug the control wvalve. The low pressure cyclone removes the

additional effluents condensed out during pressure let-down.

The collection of tar and water by the cyclones indicates that these
effluents are leaving the gasifier at least partly as a fine aerosol. The two
heat exchangers condense out water and light oils. The cryogenic trap can
be used to remove water and some of the light oils from the gas stream at
temperatures below 32°F
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Table 1. - Sampler Operating
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Conditions - Gasifier Run No. RA-40

Length of sample period, hr.
Average sampling rate, SCF/hr

Average Temperature, °F

Before pressure letdown
After pressure letdown
After Stage | (low pressure cyclone) 163

After Stage Il (heat exchanger)

Sample Periods

[{e]
©w

280

1

After Stage Il (heat exchanger)

Table 2. - Major Sample Constituents by Stage, Gasifier Run No. RA-40

68

39
35

oo

2

284
187
183
38
34

2.
197.

0
0

283
205
200
38
34

O W

Test Period 1,

Water Collected, gms

Tar & 0il Collected, gms
Total Sample, gms .
lest Period 2, .

Water Collectéd, gms
Tar & 0il Collected, gms
Total Sample, gms

Test Period 3,

Water Collected, gms

Tar and Oil Collected, gms
Total Sample, gms

a/ 1low pressure cyclone

d/ cryogenic trap

Sampler Stage

1047
a0

1137

760
84
844

780
117
897

?/

1805

a0

1865

.3195
- 119
3314

2861
44
2905

b/ heat exchangers - cooled by city water
¢/ heat exchange - cooled by refrigerated solution

II1

97
11
108

100
50
150

c/

e/

21

25

23

27

Total

2970
165
3135

4007
208
4215

3764
215
3979
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Table 3. - Analysis of the Aqueous Phase by Stage,
Third Test Period, Gasifier Run No. RA-40

Sampler Stage

a/ ne/ e v average
pH 8.9 9.6 9.4 8.9 9.5
Pheno!, ppm 2837 4375 4319 4068 4114
o-Cresol, ppm 351 879 850 902 - 790
m,p-Cresol, ppm 1024 1749 1707 - 1775 1627
Ammonia, ppm 1809 9455 9631 4786 8150
Sulfide, ppm 20 1650 477 1334
Sulfur, ppm ' 5034 3717 3536 2678 3925
TOC, ppm 5500 11000 13250 12378 10152

a/ low pressure cyclone

b/ heat exchanger - cooled by city water

¢/ heat exchanger - cooled by refrigerated solution
d/ cryogenic trap :

Table 4. - Yields of Condensible Components for Gasifier
Run No. RA-40 as Determined by Sampler II

»

Test period ......... ... ... ..., la/ 2

Yield of Condensible Components, lb/ton MAF coal

Tar oot i e 73 71
Water ....viierinininaann 1320 1370
NH, it e i i 10.7 11.6
TOé ....................... 11.5 13.4
Sulfide ................. . 1.5 2.1

Sulfur .......c.ciiiiiiinann A : 3.7 5.1

a/ Results include cryogenic trap.



Table 5. - Comparison of Yields as Determined by
Sampler I and II and the End of Run Composite
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Run No .............. 25 26 27 29 30 31
Yield of Condensible Components, 1lb/ton MAF coal
Sampler I ......... 55 119 81 78. 97 59
Sampler II ........ 77 104 109 83 75 90
End of Run ........ 83 58 -- 90 52 80
Water 1b/ton MAF:
Sampler I ......... 1100 1230 1290 1250 1240 1280
Sampler IT ...,.... 1230 1440 1490 1330 1190 1410
End of Run ........ 1320 1160 -- 1200 1180 1140
Ammonia 1b/ton MAF: : N
Sampler I ......... 7.1 10.8 10.7 8.8 11.9 13.2
Sampler 11 ........ 12.4 12.6 12.4 11.3 11.6 13.6
End of Run ........ 12.5 11.4 -- -- 11.1 . -
. Total organic
carbon 1lb/ton MAF:
Sampler I ......... 8.8 9.2 8.9 10..0. 9.6, 1.6
Sampler IT ........ 11.5 10.7 11.1 12.1 9.3 13.3
End of Run ........ 13.5 12.3 - = 10.9 --
c&\
Table 6. - Yields hy Test Pcriod as Delermined
by Sampler II for Gasifier Run No. RA-52
A Yields of Candensible Componeuls, 1b/ton MAF coal
Tesl Tar Water Ammonia TOC
Period ]
1 73 1410 10.7 1209
2 84 1460 11.1 14.4
3 84 1460 12.3 15.4
4 95 1510 11.5 16.4
5 - -- - -
6 112 1460 11.0 17.0
i - - - --
8 90 1450 10.6 16.1
9 109 1500 11.8 18.2
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Figure 4.
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PARTICULATE SIZE MEASUREMENTS USING LIGHT SCATTERING TECHNIQUES

.James C. F. Wang and Daniel Tichenor
Sandia Laboratories, Livermore

1. ABSTRACT

Particle size distribution measurements using a small-angle near-
forward light scattering (SANFS) arrangement have been found to be a
promising technique for applications in combustor environments and advanced
power sysfems. In this paper, characteristics of the 1ight scattering
response for this optical arrangement are discussed in detail based on Mie
theory calculations. Preliminary data from a bench-scale éxperiment and a
means to improve measurement accyracy are reported. '

2+ INTRODUCTION

Particulate emission control is one of thé most challenging tasks in
recent developments of advanced fossil fuel combustion systems. Size distri-
bution, dust loading density, and other critical physical and chemical
bropert1és of particulates in the effluents of combustors and their associated
cleanup equipment comprise the key information needed for the development.
However, there has been a lack of accurate and real-time particulate diagnostic
techniques for the effluents from advanced power systems. This has prevented
efficient evaluations of the performance of combustors and cleanup equipment
and has made it difficult and compiicated to develop énd.modify components 1in
the advanced power systems to meet environmental regulations and gas turbine
product specifications. There is thus a need, manifest and urgent, for
appropriate particulate diagnostic instruments, especially those with capabili-
ties of nonintrusive, in situ, and real-time monitoring. The difficulties
which challenge the instrument desighers originate from the hostile environment
of most advanced fossil fuel combustion systems.
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Presently, particle diaghostic techniques can be grouped into two
categories: physical sampling techniques, and optical techniques. The
physical sampling technique has been used extensively by industry and
utility companies t6 characterize the effluents from their boilers or
furnaces: It is the only means of providing collected samples of particles
for the detailed analyses of their physical and chemical properties. These
measurements, however, may be biased or dubious because of the inherent
;hoktcomings associated with the sampling process.1 It is intrusive, for
é%@mple, and requires time consuming off-line data analyses. Due to
cdﬁﬁensation, agglomeration and‘chemicdl reaction in the probe the sample
collgcted may not represent what is in the measured flow. Thus, a real-
timéﬁinonintrusive, and in situ particulate diagnositc technique is requir-
ed toAcomp1ement the measurements by the physical sampling technique and
even to replace it in some applications.

In principle, both optical scattering and photographic (including
holographic) techniques can provide nonintrusive measurements of particle
size and/or number loading density. The photographic methods, neverthe-
less, also require off-line data analysis which is usually tedious and time
consuming.2 For real-time monitoring capability, the optical techniques
appear as the most promising candidates. There are, however, many assump-
tions and statistical interpretations involved in relating the measured
optical signal to the size and number density of the particles. The
accuracy of the measurements by optical methods depends on how much.is
known a priori about.the particulates and the flow environment and how good
are the assumptions related to a particular application. The high-tempera-
ture, high-pressure, and high-dust-loading conditions encountered in almost
every fossil fuel combustion system provide further challenges to the
designers of optical particle counters for real-time, in-situ measurements.

The objective of this paper is to demonstrate the capability of a
- small-angle near-forward scattering (SANFS)3 optical arrangement for
particle size measurémenté in combustor exhausts. Single particle scatter-
ing measurement is emphasized because it can provide accurate size distribu-
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tion information, rather than only the mean particle size, as with most
.mu]tiﬁ]e scattering techniques. One should keep in mind, however, that
there is no single instrument expected to satisfy the entire size or '
composition range of interest or application anticipated in cbmbustor
environments and advanced power systems.

3. LIGHT SCATTERED BY A SPHERE

When light strikes a particle, a portion of the light energy is
absorbed and the rest is scattered by the particle or its surface irregu-
" larities. The extent of the absorption and scattering depends on the
wavelength of the incident light, A, and the nature of the particle (e.g.,
its refractive index m, radius r, and shape). For a sphere of radius
comparable or large relative to the wavelength of the 1néident 1ight, the
light scattering pattern can be predicted by Mie theor‘y.4 The Mie
function is an exact solution to Maxwell's wave equation for the scattering
of electromagnetic radiation by a spherical particle. It consists of a
series of spherical harmonic terms with the coefficients containing the
refractive index and size parameter, o = 2yr/), of the particle.

For unit-intensity incident light polarized in the directions per-
pendicular or parallel to the scattering plane, the expreésions for the
scattered light intensity are, respectively:

2

- 2 . :
I =255 15 (0, m, )l “sin’y ()
4o r
2
2 2
I, =-—%§—§-l52 (6, My a)] “cos"y , (2)
4n-r

where S and S, are complex amplitude functions of the Mie scattering
functions and are sums ot spherical Bessel functions of the first and
second kind., A sketch of the Mie scattering geometry is shown in Figure 1.
The scattering plane is the plane containing the incident 1ight ray (direc-
tion of propagation) and the scattering vector; ¢ is the azimuthal angle



127

propagation) and the scattering vector; ¢ is the azimuthal angle measured
from the plane of polarization to the scattering plane and © is the scatter-
ing angle measured from the direction of propagation to the direction of
observation in the scattering plane. The Mie theory is quite'genera] in
that it is applicable on the one hand to pdrticles in the Rayleigh region
(r<<x) and on the other hand to large particles up to the size where
classical geometric optics can be applied. It is applicable to both
absorbers and dielectrics. Figure 2 shows typical Mie scattering polar
plots. The first lobe in the forward direction is called the Fraunhofer
diffraction lobe. The oscillatory pattern versus scattering angle is one
of the characteristics of Mie scattering phendmena. The pattern changes as
a function of pértic]e size, refractive index, shape, etc., and is used as
a means to measure particle size in some apb]ications.5
For very small partfc]es (r < 0.1 1), the Mie function simplifies to
yield the Rayleigh equation’(6 It is usually written in the following
form for unpolarized light: '
Lt ey (3)

R2 m2+2 x4

where 1 i$ the intensity of light scattered by a sphere of radius r at an
angle © to the incident light beam. R is the distance from the particle to
the point of observation; I is composed of two polarized components with
intensities Iy and Ip. Figure 3 shows a typical Rayleigh scattering ’
pattern from a particle of 0.1 um diameter. The intensity of the verti-
cally polarized light, Ip, is the first term in the last bracket and
represents a unifofm1y distributed pattern from 0° to 360°. The intensity
of the horizontal polarized light, I, peaks in the forward (0°) and the
back (180°) scattering directions and is zero at 90°. The Rayleigh scatter-
ing intensity shows a sixth power dependence on the radius of the particle.
As the size of the particle decreases, the scattered 1ight becomes undetect-
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able very quickly. Thus, scattering from a group of these small particles
has to be used instead of the scattering from a single -particle.

4, SMALL-ANGLE NEAR-FORWARD SCATTERING (SANFS) ARRANGEMENT

Light scattered by a sphere in the forward small angles, i.e., within
the forward Fraunhofer diffraction lobe, exhibits some uniqde characteris-
tics which are neceésary to the particle size measurement in combustion .
environments. First, the scattering intensity response versus particle sizc
is a monotonic function instead of the oscillatory ane at angles outsidc
the Fraunhofer lobe. Figure 4 shows a comparison of the Mie scattering
responées as functions of particle size at various scattering angles. The
monotonic behavior of the scattering response at the small-angle near-for-
ward direction provides accurate size identification over a Widé dynamic
range in particle sizes. The.Fraunhofer diffraction 1obe, however, becomes
-narrower as the particle size increases. For a fixed forward small-angle
scattering arrangement, the monotonic response breaks down for particles
whose Fraunhofer lobe becomes smaller than the angle of écattering (e.q.,
particles 15 um in diameter and larger for 2° scattering angle; see Figure
5). At scattering angle of 0.5° and the incident light ane1ength of
0.514 um, the upper usefyl limit on particle size is about 60 um diameter,
Ideally, the upper particle size limit can be scaled according to the size
paraimeter, a, and the collection angle. For large particles, however, it
becomes difficult to collect scattered 1ight at small angles in the forward:-
direction and avoid the incident 1ight beam simultanecously when there are
turbulence and temperature fluctuations in the flow.

The second characteristic of the SANFS arrangement is the insensitivity
of the scattering response to the refractive index of the particle. Figure
5 shows typical responses of a SANFS arrangement at 2° angle fTrom particles
of a wide range of refractive indices. For comparison, scattering responses
from similar particles at 45° scattering angle 1s shown one Figure 6. The
nearly collapsed response curves at the SANFS arrangement are essential to
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ensure accurate size measurement of particles anticipated in the combustor
environments where the chemical and physical broperties of the particulates
are not known a priori. This characterisfic of the scattered light

within the Fraunhofer diffraction lTobe ‘has been verified experiment-

a11y7 and is widely recognized.

The scattered light response in the forward Fraunhofer diffraction
lobe is also demonstrated as being least sensitive to the shape and orienta-
tion of the particles.8,9 Isometric particles (i.e., those with no great
inequalities among their different dimensions) of many shapes have scatter-
ing patterns similar to spheres of equal volume.10 Figure 7 shows
ca]cu]ated variations in scattering responses based on the same projected
area for a SANFS arrangement for particles whose shape in the direction of
the incident light beam is square, recténgular, or circular. Agreement
among these responses from different-shaped particles are excellent at
small sizes and deteriorates as the particle size increases. The deviation,
however, at 50 wm is estimated to be only about 15%, which is better than
the measurement error encountered in most cases. For scattéfing at angles
larger than the Fraunhofer diffraction lobe, theoretical predictions
similar to the Mie function have not been established for irregular-shaped
particles. However, limited calculations on spheroid particles were
reported recently and showed a strong dependence in the scattering pattern
on shape and orientation of the spheroid.lls12 In addition, the shape
and orientation of particulates encountered in most combustor environments
and advanced power systems, are irregular and are expected to change from
one instant tb the next.. The insensitive response to the particle shape
from a SANFS arrangément js essential to ensure any measurement accuracy on
particle sizes in the industrial combustion environments. ,

The useful measurement range on particle size using a SANFS arrange-
ment can be extended at a reasonable forward scattering angle by employing
a light source of multiple wavelengths. The oscillatory behavior from
particles whose Fraunhofer diffraction lobe becomes narrower than the
scattering angle of the collector can be smoothed with an incident light
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source containing a white spectrum or selected wavelengths.3 Figure 8
shows a typical calculated Mie scattering response at scattering angles of
0.57° to 5.7° using three wavelengths from a typical argon-krypton ion
laser, namely 0.647, 0.514, and 0.488 um. A nearly monotonic relation
between the scattered 1ight intensity and the particle diameter up to

100 um can be approximated.

There are, however, prob]ems'associated with the SANFS arrangément as
well. First, the Tow-angle collection in the forward direction causes the
depth of view along the incident 1light beam to be longer than that in other
off-axis collection arrangements. Without proper coincidence detection, a
typical length of the depth of view can be on the order of 5 mm, depending
on the collecting lens and size of the aperture in front of the photodetec-
tor. This makes it impractical in & high-dust-]uad1ng environment to make
single-particle measurements. However, a simple optical logic arrangmeent
can be implemented to check the position of the particle with respect to
the focal point of the collection lens.13 An improved logic detection
system is shown in Figure 9. The SANFS signal from the scattered 1light is
obtained at the photodetector PD1 through the annular aperture. The
measuring volume seen by PD1 is shown as Vi, which is long due to the
small angle collection geometry. The photodector's signal has to be
validated by the Togic outputs from photodetectors PD2 and PD3.

The signal from PD3 represents the 1ight scattered at a larger angle
(outside the annular aperture on the collecting lens of PD1). The effec-
tive measuring volume seen by PD3 is shown as V3 in the lower right
corner of Figure 9. If the particle passes through the measuring .volume
Vy but outside V3, the output from PD3 will be "off." Ry establishing
a logic coincidence check, the signal from PD1 is accepted only when PD3 is

also "on." The effective measuring volume of PDl is reduced to V3. The
depth-of-view of the SANFS arrangement can be reduced to 100 pm or less
along the incident beam.

Another problem results from the fact that the scattered 1ight inten-

sity from a particle depends on the intensity of the incident light at the
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location of the particle. The intensity of a well collimated white light
beam or a laser usually has a Gaussian distribution across the cross
section of the beam. If only the average incident light intensity is
monitored, the scattered light intensities measured from a small particle
at the center of the beam (high incident intensity region) and a large
particle at the edge of the beam (Tow incident intensity region) will be
similar. Thus, a serious ambiguity in particle size determination based on
the absolute scattered intensity is introduced. This is called the "edge
effect" or "nonuniform intensity" ambiguity. An illustration of the edge
effect is shown in Figure 10. For the same scattering intensity measured,
the size of the particle can be a range of values depending on where it is
located in the scattering volume. Without proper correction for this
effect, the measurement accuracy on particle sizes cannot be defined.
Various means for overcoming this ambiguity have been proposed and
exercised in some app]ications.14'16 The edge effect ambiguity can be
minimized optically by using PD2 in the same logic detection.arrangement
shown in Figure 9. The signal from PD2 represents the light scattered at
the same small angle geometry as PD1l, but through a smaller size aperture.
By reducing the size of the aperture A2 in front of the detector PD2, one
.can use the output from PD2 as a logic sensor to accept only those parti-
cles passing through the center of the scattering volume (Vo), i.e., PD2
is "on." An illustration of the effective measuring volume cross section
is shown in the lower right corner of Figure 9. By combining the logic
coincidence check of PD2 and PD3, the signal from PD1 is accepted only when
both PD2 and PD3 are "on." An effective scattering volume of 10-6cm3
with minimal edge effect ambiguity can be easily achieved.

5. Experimental Setup

A bench scale experiment has been assembled at Sandia Livermore to
test the concept of the small-angle near-forward scattering arrangement.
Figure 11 is a picture of the experiment; Figure 12 is a schematic. Since
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a monodispersed particle generator is used at present, the logic coinci-
dence check arrangement is not implemented in the experiment. The light
source is a 5-mw He-Ne laser, whose beam is focused to approximately 60 um
diameter at the measuring volume. The incident beam intensity Iy is
monitored by a photodiode from the 1light split before the focusing lens.
The collecting optics consists of a mask, a collecting lens, a 50-um-dia-
meter pin hole, a narrow-band interference filter, and a photomultiplier.
The mask provides a transparent ring of 4.5 mm ID and 5 mm 0D centered
along the incident light beam axis. The inner mask serves as the light
dump for the incident light. The transparent ring on the mask and the
distance of the mask from the measuring volume defines the angle of col-
lection, which is set to be 0.5° £ 0.03°. An aperture is located at the
focal point of the collection lens to minimize the size of scattering
volume and the background light.

Two monodispersed particle generators have been used for the cali-
brated particle source for the bench test. The TSI model 3050 Berglund-Liu
vibrating orifice aerosol generator provides monodispersed liquid droplets
of 10 to 40 um and solid particles of 1 to 10 um. The PMS-Model PG-100
particle generator can produce monodispersed latex polystyrene particles at
low number density in the range of 0.05 to 3 ym. Thc two generalurs
together can provide a wide range of particles of different size and index
of refraction to verify the Mie scattering responses of the SANFS optical
arrangement.

A block diagram of the data acquisition and ahé1ysis proccdure is
shown in Figure 13. The essential data management center is the PDP11/34
minicomputer. The measured intensities of the incident and the attenuated
light, I, and Ip respectively, are stored in the memory of the minicom-
puter via a constant A/D sampling process. The ratio IA/IO is computed
and stored continuously with the light scattering data. The signatures of
the scattered light from particles passing through the measuring volume are
detected by an RCA 33000A photomultiplier and digitized by a Nicolet Model
204 digital scope. The digitized signatures are then transferred to the
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minicomputer which constructs histograms of the ratio of signature pulse
height to incident 1ight and the particle transient time (pu]sé width of
the particle signature). The histogram of particle size is constructed from
the pulse height histogram by deconvoluting the measured laser beam inci-
dent intensity distribution at the measuring volume.l® Particle velocity -
is obtained from the histogram of the particle transient time.

Parallel to the Nicolet digital recording of the particle signature in
real time, a Traco Northern pulse-height analyzer is used to establish an
on-line pulse height histogram of particle signatures. This is used as a
real-time particle-size distribution monitor. The actual particle size
information can be obtained by storing the pulse-height histogram on the
POP11 minicomputer and processing the data through the same deconvolution
procedure for the Nicolet off-line scope recorded data. |

6. PRELIMINARY TEST‘RESULTS

Droplets of about 30 and 50 um diameter were generated from the
Berglund-Liu generator and sent separately through the SANFS scattering
volume. The liquid used in the test was isopropyl alcohol. The nearly
stationary diffraction pattern obtained for ‘each test indicated that the
dfop]ets were monodispersed. Figure 14(a) shows a piéture of the typical
50-ym-diameter diffraction pattern obtained with a 1ight dump placed in
front of the camera. The monodispersity of the droplets was also confirmed
by the SANFS measurements as shown in Figure 15. The oscilloscope trace in
Figure 15 shows the output signal from the photomultiplier directly. Each
negative pulse represents a signature of the-droplet traversing through the
focal point of the laser beam. The almost equal amplitude pulses indicates
the size of the droplets were nearly equal. The pulse frequency agrees
with the vibration frequency of the orifice which broke up the liquid jet
to form droplets. -

When smaller droplets were generated by adjusting the orifice vibrating
frequency, vertical fringes were observed and superimposed on the circular
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diffraction pattern. Figure 14(b) shows a typical fringe-diffraction
pattern of droplets at about 30 um in diameter. These vertical fringes are
evidence of having two droplets in the scattering volume simultaneously.
The laser beam diameter at the scattering volume was about 60 um and the
separation between droplets was approximate the diameter of the droplets.
For droplets of about 30 um in diameter, two consecutive droplets are
inevitably inside the laser beam. In addition, these vertical fringes are
in the direction perpendicular to the droplet velocity. The contrast of
the fringes became enhanced and the fringe spacing increased when the size
of the droplets decreased.

7. VARIABLE FREQUENCY GRID TECHNIQUE

Although the SANFS arrangement can be extended for particle size
measurements up to 100 ym in diamtar, the Mic scattering respunse becomes
less sensitive and oscillatory (Figure 8). An alternate method for sizing
particles in the range of 10 um and up is being investigated. This techni-
que is related to the particle sizing interferometerl4:17 in which the
particle diameter is determined by the fringe visibility observed in a
laser doppler velocimeter.. By adjusting the angle between the two crossed
beams of the vélocimeter the interferometer can operate over a wide range
of particle diameters. However, for a given beam angle Lhe dynamic range
is limited tov dbuut one decade due to ambiquities that arise at low fringe
visibility. '

The variable frequency grid techm’que,18 described here, seeks tn
extend the range of particle sizes that can be measured without realignment
by ihtroducing a range of fringe spacings. One of scveral optical arranyge-
ments that employs this principle is shown in Figure 16. The measurement
volume is illuminated by either a laser or white light source, and an image
of the particle is cast onto a variable frequency grid. As the image of
the particle scans across the grid, the transmitted 1ight signal (Figure
17) oscillates with varying visibility and goes through a null in visi-
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bility at a.well defined point approximately where the particle diameter
equals the Tocal grid spacing. Since the grid spacings are known, the
particle diameter can be determined by the position of the first null in
visibility. ,

The transmitted 1ight signatures were simulated by scanning the grid
of Figure 17 with a circular aperture having a diameter approximately equal
to the width of the first dark grid line (Figure 18a). A circular aperture
one third of this diameter was used to generate the signature of Figure
18b. The visibility in Figure 18b remains much higher at smaller grid
spacings. However, the visibility nulls are not clearly shown due to
obvious imperfections in the grid. A simple envelope detection and extra-
polation technique can be implemented to measure the first null, thus
providing an accurate identification of the grid Tocation and particle
size.

~ Several other optical arrangements can be used to implement the
variable frequency technique. A central stop can be used in front of the
1éns to cast a schlieren image of thé particle onto the grid. In the case
of diffuse particles the measurement region can be illuminated from the .
right in Figure 17, thereby removing the DC component due to direct light
from the source. I1lumination at right angles to the viewing. direction
o%fers the ability to eliminate out of focus hartic]es by illuminating the
measurement region only. An arrangement similar to the interferometer
technique is obtaincd if a real image of the grid is projected in the
measurement region. This can be done either by the use of an imaging lens
or by holography. Finally, an off-axis zone plate, the spatial equivalent
of a linear chirp, can be generated at the measurement region by interfer=-
ing a plane wave and a spherically focused beam. The best arrangement may
depend on the particular application. In any case signatures similar to
those of Figure 18 will be generated with eachgof these configurations.
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8. CONCLUSIONS

Particulate diagnostics using the optical 1ight scattering principle
can provide an on-line real-time monitoring of particle size distribution
in gaseous or liquid flows. For a medium with particles of a broad range
of sizes, shape, composition, and mass loading density such as those
generally encountered in a fossil fuel combustion system, the small-angle
near-forward scattering arrangement appears to be the most appropriate
candidate among various optical arrangements. The Mie scattering response
is found to be least sensitive to the refractive index and shape of the
particle within the forward Fraunhofer diffraction lobe. The response
curve is also found as a monotonic function of particle size up to 60 um
diameter at a reasonable SANFS arrangment. By introducing a muT tiwave-
length 1ight source, the useful dynamic range of particle size can be
extended to 100 um or larger.

Based on the limited data from the bench scale experiment, the mea-
sured scattering signature pattern from the SANFS arrangement agreed with
the droplet behavior from the generator. The absolute intensity calibra-
tion to the size of the droplet is currently underwéy and will be checked
against the Mie calculation. The aptical legic control will be implemented
to advance the SANFS apparatus further toward a prototype instrument for
industrial usc.

The variable frequency grid technique was demonstrated to be feasible
based on the simulation test results. Experiments using pulverized coal
particles in the size range of 20 to 200 um in mean diameter will be
performed on the laboratory bench in the near future.
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Figure 11. Picture Of The Bench Scale Experiment
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Banquet Speech for 1979 Symposium

Dr. George R. Hill

It is a pleasure for me to renew acquaintance with many of you of whom I
have had the privilege of working with in one of my previous careers. When
Nancy O'Fallon invited me to be your speaker, she indicated that it would be
in order to give some background on the instrumentation needs that I see as
requirements to solve the nation's energy problems. This brought back a flood
of memories from the OCR days and from EPRI experience; so I put together an
outline of some of things that I would like to talk about briefly before re-
ceiving the program. You don't ever want to do that, because about 2/3 of the
items that I recalled as being critical to solving the energy problem, in 1972
in Washington and then in Palo Alto with EPRi, most of you are working on. All
the solutions are not in, as'you know. We desperately need as intense an effort
in developing the instrumentation; the analytical capability, and the control
capability for the multitude of processes which.we are going to have to develop
on a commercial level, as we can develop. Please continue to work as hard as yéu
can; get all the support you can, so you can do the job the ﬁroper way. In the
presentation tonight, it occurred to me that a classification scheme might be
useful in order to bring us up to speed together.

Being back in the academic fold, as I was reviewing ny texfbooks I was
struck by the similarity between the quantum energy levels in atomic orbitals
and the development éequence in the energy field. This is a different way to
tie things together, but there are a lot of similarities that one can eléborate
on. I'll touch on some of them. The first slide is the chemist’s quantum energy
level picture, not the phyéicist's kind. Youfll have to forgive me for the
simplicity of the diagrém, but I think it is quite useful. As you recall the

energy levels in the elements as we move across the periodic table have in the
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first two elements an "s" state. In the next elemepts there are "s" and a "p
energy levels, and so forth. Let me say a word more about this basic diagram
itself, so you can see some of'the similes that can be drawn as you move from
one time period to another. In the initial time period, prehistoric, with two
"s" subenergy levels, all the work was done by man or animals. I figure if you
were affluent you had a +1/2 animal working for you; if you weren't you had your
wife or family do the work and you were a —-1/2, but it was still physical labor
by individuals, if you please. 1In the'next era, in the "p" level, méchanical
inventions developed which made possible improvements In transportation, and
allowed for mamufacture, and for energy production. These mﬁltiplied the cap-
ability for doing work and raised the standard of living. While the cost co-
ordinate increased life was made a great deal more pleasant.

As we move to the "d" energy‘level in the 3rd Era, you still had human and
animal power, but at a still higher cost. The."s" level in the third tiﬁe per-
Viod was more expensive than the "p" level in the preceding time period. There
are some subtleties here that are a lot of fun to play with; I shan't dwell on
them too long, however. But it occurred to me that. as mechaqical inventions were
put to use in the development of the 5 "d" levels of natural energy resources.
These include natural gas, liquefied petroleum gas, petroleum, coal, and then a
derived form, electricity. As we move to the present time we;increase the options
again. 1In the.7tﬁ level "f" state we move into an era where synthetic liquids are
not only a possibility, but a real neceséity. It turns out that there are seven
of these options that are available to us that are ditterent enough to list
separately: (1) methanol production from coal, (2) Fisher Tropsch gasoline,

(3) Solvent Refined Coal, (4) Exxon Donor Solvent, (5) H-Coal, (all somewhat dif-
ferent methods of generating fuel for our mobile‘system out of coal) and then the
(6) Consolidation Coal (CDF) process and, finally, (7) a multi-product process

where you produce char, gas and liquid, as exemplified by the Coal Con and thé.
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FMC COED processes. Now for some of the subleties. If we could go back to the
first slide, you'd recall that the energy level difference, or the cost level
difference, is very small. 1It's hard to say for sure which of those process
routes is going to be the most economic. Those of you in DOE are being asked
by the Congress to m#ke such decisions. I feel for you, because it's not pos-
sible. The differences in cost just aren't defined until we get commercial
plan;s on line and have some experiencé with them. And we won't get thoée
plants on line and have them successful unless the work that you're engaged in
is successful. I really feel this keenly. Another analogy: the "f" states in
the periodic table are represented by the rare earth metals. Those of you who
recall your freshman chemistry will remember that these elements were lumped
together in one box in the early periodic table. Early on there wasn't sophis-
ticated enough instrumentation and analytical techniques to separate them and
identify them. This separation required the development of the nuclear era with
the instrumentation that many.of yod have been involved in. The samé kinds of
instrumentation and equipment development are going to be required for taking
advantage of'thelpresent day options in the synthetic liquid and gas developments.
In the early ”"d” quantum level period when coal of one rank and grade from
one particular mine was burned in a boiler specifically designed around the coal's
specifications, coal analyses requiring 1 to 3 days to complete were acceptable.
With our present "f" quantum technélogy, the reliable operation of coal conversion
systems sensitive to small variations in sulfur, in mineral matter, in trace eie-
ments, even in moisture, make such long time delays intolerable. To shorten the
time for analysis we initiated one project 1in the Fossil Fuel Department of the
Electric Power Research Institute that has as its goal the development of a single,
multi-sensor instrument for continuous monitoring (with instantaneous readout) of

the sulfur, water, mineral matter, and heavy metal atom content of a continuous
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stream of coal on a conveyor belt feeding a liquefaction reactor. After writing
that beautiful long statement, you can realize how delighted I was to learn from
the program that 0. J. Tassicker is reporting.in this symposium about the now de-
veloped instrument. Many ofbyou had a part in it's success. The thing that the
EPRI project did was to bring together the techniques that have been developed
in the nuclear area really - neutron activation - with the type of people that
make materials transporting equipment. An education symposium was held where
these two groups were brought together - some of you probably were there giving
input - and a mutual education process occurred. I think we're going to end up
with an instrument that will make possible instantaneous'cuntfol of the coal feed,
not only in the power plants, but in synthetic fuels piants as well. The ihstru-
ment is very valuable, because you cannof any longer wait a day and a half or two
days for the results of an analysis while the coal is going into the reactor at a
rate of a thousand tons a day.

One of.the trips that I was able to make during the year and a half I served
. as Directbr of the Office of Coal Research was to the newly constructed combined-
cycle power plant at Leunen, West Germany. ‘l'hat powerlplant was designed Lu couuple
together a Lurgi gasifier with an expansion turbine and then finally a power tur-
bine. This coupling would increase the efficiency of the system and generate elec-
tricity environmentally more.suitably than when you burn the coal directly - an
admirable goal and one that looked like it would be easy to solve. The advantages
in air pollution control and the increased efficiency of'convetting coal to a
clean gaseous fuel were initially unsuccessful. It was 5 years, at least, before
they worked the bugs out. The first reason was that no control equipmeﬁt had been
developed to interface between the Lurgi gasifier and the gas turbine. That was
Problem #1. And, second - this is a revelation to me - they found that the combus-

‘tion'gasifier chemical engineers used a completely different set of terms and uni.s



153

to describe the components of their gasifier from the set familiar to the électri-
cal and mechanical engineers at the power plant. It was as if they spoke differ-
ent languages. It was a fantastic thing. Five.yéars of hard work was required
before the equipment was developed and that relatively simple plant operated satis-
factorily. Profiting from their experience the U. S. electric utility industry
decided to initiate a combined-cycle pilot plant effort. They chose the Con Ed
system. The Powerton plant was to be the site for a Lurgi gasifier to be coupled,
not to an expansion turbine, but to a combustion turbine, one step further than

the Germans had gone, coﬁpling it finally into a boiler. It turned out that the
cost increases over the initial estimate (due to the need for unanticipated fuel
gas purification equipment, and due to the development requirements for interact-
ing control equipment) caused the demise of that Powerton project after several
years of effort. ©Luckily for EPRI, the cancellation occurred Before the gasifier
turbines were purchased; the investment was not really all that heavy in hardware.

- Part of the problem here was that the success in the space program, .the lunar land-
ing program in particular, with all its beautiful, automated, computer-controlled
redundancy misled the developers of more prosaic processes for generating elec-
tricity from synthetic fue1 into the mistaken notion that the development of inter-
acting control and analysis equipment was easy and would keep pace with the devel-
opment of the major hardware components subject to high stress conditions. More
power plants have been shut down due to the failure of valves and pumps and fil-
ters than due to failure of the large scale componénts. For the want of a nail -

I think all of you remember that little statement — for the want of a nail, a shoe
was‘lost; for the want of a shoe, the horse was lost; for the want of the horse,
the rider was lost; for the want of the rider, the message was lost; for the want

of the message, the battle was lost; for the want of the battle, the war was lost.
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Well, that statement — for the want of a nail - might well be inscribed on the
walls of the industry decision-makers who allocate funds for energy research and
development.

Earl& in my work at the Office of Coal Research I felt that the effort in
instrumentation and control equipment was not great enough. We set about to try
to develop the equipment to eliminate potential bottlenecks. I read in a recent
DOE report, that 5 companies have finally been funded to do work on high tempera-
ture gas cleanup. We, I thought, had that started some years ago.

The effort of the Reliability and Performance program area for which I had
responsibility at EPRI was expanded fivefold during my last six months at EPRI in
order to be able to concentrate sufficiently on the development of equipment which
can improve the percentage time on line at new and existing power plants. An
economic analysis demonstrated that a 5% improvement in power plant reliablity
nationwide can save ratepayers billions of dollars in the construction of new
plants.

Let me touch briefly on a few of the other program areas that have interested
me over the years. L'm pleased - very happy — to see that many of them you are
working on, judging by the titles of the papers in this syﬁposium. For example,
there needs to be instrumentation developed in the coal oil slurry area. As we
try to reduce the quantity of o0il we're consuming, one way we can do it is to burn,
in power plants that have the capability of handling some coal, a slurry mixture
of coal and oil. This will require some new kinds of equipment for forming and
stabilizing coal o0il slurries and for injecting through burners (without phase
separation) that two phase system. There needs to be some work concentrated here.
Another major area tha£ I again have anxiety about, having recently visited a power
plant in the central part of Utah, is the disposition of the solid waste from the

802 absorber system. A political decision was made that power plants located
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In remote areas bu;ning coal with less than 0.6% sulfur must have a flue gas
desulfurization unit put on, even though that samé coal could be burned in New
Jersey without a control device and meet all the EPA requirements. I fail to
understand the logic behind that.

I think those of you who are working with models will appreciate another
related development. UP&L built the first 500 MW unit of the plant without a
flue gas desulfurization unit. Construction was underway Before the EPA regula-
tions were established: The sulfur dioxide dispersion model that EPA used pre-
dicted that the first plang was going to cause fumigations in the hiils surround-
ing and in the town:down the canyon from where the plant was located. This would
therefore require flue gas desulfurization. Due to the predicted SO2 préblem, EPA
required the company to agree to pﬁt on a flué gas desulfurization unit in the
second unit they built. The first 500 MW unit operated a year, during which time
SO2 was monitored continuously. Not once did they find a detectable quantity of SO2
at any of the locations that the model said would give 0.1 ppm fumigation. UP&L
approached the state EPA for permission not to put this expensive unit on the
second plant. They were given permission. ‘However, EPA Washington.sent a tele-
gram saying, "As you were. The model predicts fumigation, therefore ybu will
build the second unit with the SO2 ébsorber in it.” I had believed that you
build a model based on data; you test‘it; get additional data; then change the
model if it doesn't predict correctly. You don't say the model is right and the
data are wrong. This is the position that the EPA took in this particular in-
stance. One consequence of this decision is the producgion of a waste product
that comes out of the reactor as a slime which defies description. You can't
retain it even in a clay-lined pit. The aqueous phase leaks'into the ground

water in the vicinity. The maintenance and operation of that particular system

involves maore people than are required to run all the rest of the plant. There
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may be some logic here, but I fail to comprehend it. We do need better instru-
mentation and better knowledge of how to han&le these waste products if we're
going to be successful. There is technology that is being developed, which must
be improved, in the utilization of garbage in power generation. The separation
of the aluminum, the iron, the giass, and the handling of the plastic, so you
don't generate more noxious fumes than are allowed, requires a great deal of
\effort. I think some good work is going on here.

One of the developments in the flue gas scrubber technology 13 the need for
a better mist eliminator. Some of thé unit; produce a mist that goes out the
stack and settles around the plant. This is worse than the.original,SO2 was, and
has to be eliminated.

We found out in some-of our oil shale work at the University of,Utah that
during shale pyrolysis you generate an aerosol — little tiny droplets that defy
collection. Ihey'll go thréugh any condenser system we had available. We tried
using a filter of glass wool.” But this glass wool stuff comes smoking out the
filter just like nothing was in the way. I think an electrostatic device coupled
with some kind of filter méy solve the preoblem. Hopefully, somebody may be work-
iﬁg on it. I find I'm out of date on a lot of these things, so you can tell me
before 1.leave tonight, "Hey,.we have that one licked; we have déveloped this de-
vice which solves the problem.”

One of the interesting developments that 0. J. Taséicker, who is one of your
authors, was heavily involved in at EPRI was the development of the high intens-
ity ionizer to increase the efficiency of electrostatic precipitators. I hope I
don't offend any of,you who are close to phe utility industry or the electrostatic
;:ecipitator manufacturers when I report that all of the research that might have
been done to improve the efficiency of particulate removal had not been done.

The claims for 99.9% removal efficiency were rarely achieved. It has now been
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possible to impro§e the efficiency of an electrostatic precipitator by about 50%
by preionizing the particulates by.passing the stack gases through a little sand-
wich plate between the stack and the electrostatic precipitator.

By pﬁtting a high intensity field on you charge up the particles so that
’they migrate more efficiently to the charged electrodes in the electrostatic pre-
cipitator.

Another particulaté problem is that there needs to be imprerd fine particle
(0.1 to i micron) analyzers and removal systems. Many of you may have been in-’
volved in the development of some of the initial equipment. A piece of equipment
has now been developed which I think can be used routinely. Earlier devices re-
quired a Ph.D. to make succeéssful measurements. Industry will appreciate this,
believe me. One éf the problems in the electric utility industry was historic-—
ally that none of them had a staff chemical engineer. When a utility was asked
to put in suéh chemical,plants as flue gas desulfurization plants, they had prob-
lgms. Somebody'figured'thét if ybu hybridize an electrical and a mechanical
engineer, you can come up with a chemical engineef. This assumption proved to
be{wrong in a very expensive way. |

Fabric filters are part of the set that is going to be worked on in high
temperature gas cleanup éystems. Bag house filters remove the fine particles,
‘the vies you lnspirate, that get stuck in your lungs and can cause lung problems.
But much development work still needs to be done on their durability.

Anbther préblem is NO and NO2 analysis, réduction, and control: The EPA
regulations have outrun the technology fairly severely here. We need to deter-
mine the mechanism of NOX reduction in a fluidized bed. The level of emission
is below what you'& predict it would be. We don't know if it's a chemical reac-
tion with cafbon’monoxide, or whether it's a surface catalyzed reduction with

carbon. Even so, we still have to reduce it further. I just hope we don't get
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to the point whefe we require the Japanese solution, which is to inject ammonia
in the stack to react with the oxides. of nitrogen. I made a calculation when
that suggestion was made in a meeting at EPRI in Palo -Alto one day. The cal--
culation showed that we're not manufacturing enéugh ammonia -in the whole United
States to reduce the NOX in the power plants planned for construction in the next
10 years. And besides that, nobody had at that time succeésfully shown that you
can get complete reaction of the NH3 and NOX in a coal fired combustion sys-

tem. All the data aren't in here yet. |

In solvent refined coal production, we're still faced with serious problems
on solids/liquids separation. ﬁe also have problems in combustion burner devcl=
opment. B&W and Combustion Engineering both have developed burners for SRC com-
bustion that finally wofk satisfactorily, but there's still a lot ot room for
.improvement here. Staged combustion will reduce the NOX; there aré‘some iﬁnova—
tive ideas in equipment design that really need to b; developed to keep the NOX
low in a mo?e natural way, rather than requiring chemical process to reduce the
concehtration.

Another interesting area is in the subsfitutién of low Btu gas for natural
gas in power plants. Combustion Engineering and B&W and one of the national
laboratories calculated thé efficiency of combustion of gases of different heat-
ing values. We had a symposium at Carﬁel to discuss the results. Calculations
had shown that the flame temperature of a mixture of hydrogen and carbon monoxide
with a heating value of only 300 Btu per cubic foot was withiu about 50° of ghe
flame temperature of methane air mixture. The feason, of course, is that in the
methane air mixture ybu bring in so much nitrogén tha; the total volume of gas
heated is very great compared to the volume requirement for tﬁe CO/H mixture.
The contractor, B&W, plotted the calculated flame tempefature that could be

achieved as heating value as you went from pure methane clear across-in heating
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value to a low Btu gas. The calculations showed that a gas of heat content 300
Btu's gave 110% as much energy as you got burning methane. The efficiency
dropped off quite rapidly at lower heating value because then you were putti;g
in such a large volume of gas. It became very evident that we could substitute
300 Btu’gas for natural ga; and come out ahead with minimal piping changes.
The possibility of going the in£ermediate Btu gas route for industrial and power
production purposes, with a great savings, would save large quantities of natural
gés. Some of these concepts have practical and very economic ramifications.
Let me touch briefly on a few more and then I'll let you go. This is a delight-
ful place to be - Denver - and hearing talks this time of night is a terrible
- ordeal. You had a good dinner, I think, and can stand to be punished a bit; then
I'11 finish.

We haven't yet developed a good'dieéel engine smoke depressant. Since we're
going to have ﬁo have more automobile diesel engines, this problem will need a
solution. I don't know how the diesel engine manufacturers have gotten by so long
without EPA restrictions.

The next one -~ combined wet/dry cooling towers for power plants. In the
western part of the country we're short of water. Thét means that ultimately we
arc going to have to go to either dry cooling t§wers or a wet/dry cooling tower
to min%mize the quantity of water that is required. Just before I left EPRI, we
were talking about using.ammonia as a heat exchange fluid in such systems. Some-
body had made a calculation that.if you used ammonia as your coolant, pumped it
over, and then used water to absorb the heat as you compressed the ammonia again,
that you could reduce the power requirement for the blower sufficiently to éut
the cost by half. It should be evident by now that with the very sophisticated
equipment and instrumentation knowledge now available that technological improve-

ments in plant operations will be made that can make 'a real difference in the cost

processes and products. One major problem we've got to deal with is how to remove
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the very fine particles from a combustion smoke. If you plot a particle size
distribution curve in a smoke stream coming out of a power plant, you find a |
fairly normal distribution curve. However, it has a spike in it at about, as
I recall, 0.08 microns. There is a tremendous concentratien)of these little,
tiny, spherical beads. These particular particles evidently are condensation
particles enriched in heavy metals. Unfortunately, that size particle is in-
spirated and adsorbs in your lungs. I don't know how you build a device that
selectively filters out the large number of that size particle, but I'm sure
it will be done.

Finally, in the shale o0il and coal liquefaction products we're finding
that instead of getting a nice, petroleum-like liquid, you're awfully lucky if
50% are hydrocarbons. The others are heterocyclic oxygen, nitrogen, sulfur ¢on-
taining multi-ring components. As you heab these molecules they don't split
nicely to give you a lot of high octane, benzene type molecules. Rather, they
break single rings and then degrade - one ring at a time. And so if you start
with a big platelet with maybe 20 benzene ring aggregate, all you can get out
of that with present technology is one benzene or toluene and yoiu produce the
rest as gas. So, some of you who are good at enzyme chemistry might develop a —
dual functional catalyst that will allow these big platelets to sit down en their
surface to be cleaved. Scissqring the molecule right up the middle, instead of
peripherally degrading it will double ;he high ocrane llyuld pruductliovnu. Gaso-
line cheaper than we had it before the most recent price increase could be the
result.

I hope you'll realize I'm one step away from what you're really doing. I
have described some of the problems which have needed attention in my work. Some
of them you are solving I see from your reports. 1 commend you, I encourage you.
your success 1s imperative if we are to move forward successfully. We wish you

success in your work. Thank you very much.
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ONLINE CORRELATION FLOWMETERING IN 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 first -application of correlation to the measurement of flow speed
goes back some 30 years,1 during which the method has developed considerably
but still remains a technique suitable only for laboratory and special appli-
cations, requiring at best some occasional attention by a specially skilled
operator. To he acceptable in an industrial plant, a fiowmeter must read out
entirely autonomously over the specified range (from gtartup tu full flow) ol
the measnrement site. Sincc the fuuclLlou desired is usually the feedrate, a
measurement of the flow speed by correlation is only one ingredient of the
readout, and an additional online determination of density or composition 1s
also needed when the flowing medium is inhomogeneous. All this calls for
a dedicated computer, which is required to determine the mean flowspeed or
component transport rate by correlatiog (with or without help from special
circuitry) and to incorporate enocugh intelligeunce tu track and search for
the correlation as the flow changes; in addition, the computer must evaluate
the density/composition from another set of measurements, and finally, the
feedrate readout is to be computed at acceptable intervals from the density
and velocity data.

Until quite recently, a computer capable of accomplishing all these
tasks in the available time would have been prohibitively expensive. Since
the advent of 16~bit microcomputers, the practical implementation of the
necessary basic program hy means of relativcly cheap L3I chlps and boards
would appear to be no longer unrealistic, and thioc perhaps makes a review of
corrclation [luwumetering of somewhat more than academic interest in connec-
tion with cuual conversion, where such flowmeters can offer certain specific
advantages.

In flowmetering, as in nther measurcmenta, the awvuul of information
which is available for processing increases with the number of sensors; a
cvorollary uvf thils generalization is that parameters which a single sensing
head must grasp through direct exposure can be inferrcd from the peiceplilons
of several sensors viewing the process from a safe distance. Correlation
flowmeters, which operate with two sensors, are thus inherently non—-invasive.
If more sensors are deployed, then sometimes more information results; for
multi-phase flow, this principle can be made use of to determine separate
feedrates, as will be discussed, all without sampling the medium or obstruct-
ing the flow. Since measurement sites in coal processing plants often feature
high temperatures and pressures, while the flowing medium is abrasive and tends
to clog even when no obstructions are inserted, the instrumentation of pilet,
demo, and full-scale coal conversion plants evidently offers some scope to cor-
relation schemes.
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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~% Accuracies of 0.2% can be achieveds,
hence this general method can be useful for intercalibration purposes, as it
has been in studying flow.®=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 reading abso_lutega10 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.ll Yet another decaying tag
scheme, NMR flowmetering,12 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 1s sometimes
found that available pulsed neutron sources cannot produce a measurement with
adequate precision and also within an acceptable time span. In TOF neutron
spectroscopy, 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.l3 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. 1l: 1instead of the upstream tagging source, an
upstream detector is deployed to sense the passage of natural inhomogeneities
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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/N ratio, necessitating long acquisition times;!* (he availability
of radiation resistant thermocouples has led to the application of this scheme
in flow measurements within the core of nuclear reactors.l® Vorticity has been
exploited in a clamp-on flowmetetr which detects the plhase shift induced in a
sonic signal by the radial velocity components of local vortices.l® This is

an example of an active sensing scheme in which the medium is "interrogated”
by some some means, resulting in an enhanced 8/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 with
direct timing rather than correlation processing,17 which can dispense with
inhomogeneities and is therefore more dpplicable 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).
Electromaﬁnetic radiation transmission, long used for high-precision densi-
tometr has been shown to gield cotrelation velociiy measurewents for
light2 and gamma radiation, optical correlation velocity measure-

ment is best applied to gas—sollds streams with less than 10% solid while
gamma transmission offers the best scope in dense streams (liquid/solid,
gas/solid) and ducts of larger diameters. Another type of sensor detects

the response of the medium to an impressed EM field, which 1s convenleutly
possible by surrounding the duct with a capacitor. This widely practiced
correlation scheme?“ senses changes induced in the wmean dielectric con-
stant of thc medium within the capacitor, resulting 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.
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This list of sensing possibilities, not necessarily exhaustive, sugggests
that there is a reasonably good chance of finding something which works in a
large and various number of specific measurement sites. We now pass on to the
next topic: how is it done?

The correlation process starts with fluctuating signals from the two
sensors, which must be digitized to allow the digital computer to work. This
in turn involves sampling, at a rate which preserves the information content
of the analog signal. As correlation processing usually requires a large num-
ber of samples, another consideration is the readout delay NT where N = number
of samples and T = sampling interval = 1/sampling rate. Now let L = léngth of
the duct region scanned by each individual sensor and £ = length of a typical
inhomogeneity, e.g., a cluster .of particles, then we can define the dwell time
tq = v/((L+L) and it becomes evident that for a choice T™>>ty, information is
indeed lost, whereas the choice t>>tq samples too frequently: not much addi-
tional information is gained whereas more input noise is admitted through the
concomitant increase in bandwidth. Thus, an estimate of the mean flow speed
v allows a good choice of the sampling rate; in practice this estimate would
have to be made on the basis of the maximum flow speed. In typical coal pro-
cessing plant sites, a 1-kHz sampling rate covers the situation adequately;
this results in a readout delay (and thus approximate readout refresh inter-
val) of the order of 1 second for N = 1000,

Before, or after, digitization, it is expedient to subtract the average
‘of each fluctuating DC signal, given that fluctuations may amount to only a
small fraction (typically less than 1%) of the mean signal; this allows the
computer to work with small numbers. The resulting set of bipolar samples
might look somewhat like Fig. 2, which was obtained in a test on the HYGAS
" plant slurry feedline with capacitive sensing. A strong similarity in the two
"records is readily noticed and one can thus estimate the transit time between
sensors by eye, displacing one record with respect to the other until the best
congruence in obtained. 1In other situations, to be sure, matching by eye is
more difficult as noise masks the correlated component. This calls for a com-
puter program which can elicit the desired information from fairly noisy re-
cords, and moreover do this very rapidly, with some judgment. When faced with
this kind of requirement, it often helps to present the available information
graphically and then study the plot for clues; we shall do so here, plotting
upstream samples against downstream samples, as shown in Fig. 3. Each point
on this plot represents a pair of concurrent (simultaneous) samples and the
fairly isoazimuthal distribution indicates that there is no noticeable cor-
relation (which would order the points along a line with positive slope, pass—
ing through the origin). Repeating this plot, aptly known as a "scatter dia-
gram”, with an offset of 20 samples (such that each point pairs a D-sample with
a U-sample taken 20 seconds earlier), grouping begins to appear (Fig. 4). Now
increasing the offset or lag by 16, 17, and 30 more sampling intervals, one
obtains the three plots shown in Fig. 5. The first two of these show strong
grouping, the third weaker grouping, indicating that a delay of 50 sampling
intervals has overshot the trangit time, while there is no visual distinction
between 36- and 37-sample delay.
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To choose (in this illustrative example) which delay comes closer to the
transit time, we may invoke the well-known Principle of Least Squares, from
which we deduce that, given a known straight line

X = mY _ ' (1)

and several sets of points (xi4x,yi); 1=1,2,3,...N; k=0,1,2,...k~1; the set
for which the sum of squares

: N
S = )L [(xg4x = Xy4)? + (y1 -¥4)?] (2)
i=1 |

is the smallest is the most strongly correlated. As depicted in Fig. 6, the
simultaneous fitting of x and y yields another relation,

(xi+x = X4+k) = m(ys - ¥1) ‘ ' : (3)
from which X,Y can be eliminated; thus

S, = izl (m?x i"‘k + y% = 2mxi4yi M/ (1 + m2). 1)

The first two terms of this expression are essentially independent of k if ND>DK;
therefore, if Sy is to be a minimum with respect to the choice of k, then the

. third term must be a maximum. Indeed, a plot of this third term against k for
the set of data used in the foregoing, shown in Fig. 7, confirms this.

Without resorting to complex mathematics, we have thus discovered the
exact program for the online processor: compute the covariance :

covix,y) = (L/1) on x(t+r)y(t) de = X{+kY1 (5)

i

I~

1

for K offsets or points over the record length N, choosing K large enough to
capture the covariance peak (and allow tracking that peak if and when the flow
speed'changgg); thereupon find the location of the peak, k;.y, and compute
Zyd/kgax = v- This still requires two possible correctioms, (a) for velocity
dispersion, (b) for components, e.g., fine dust, which do not yield strong cor-
relations and may move at a different speed. A fuller discussion of these ef-
fects, which could amount to 5%, is beyond the scope of this survey; we note
only that detailed studies which would allow the error to be reduced below 1%
largely remain to be done. A useful property of the covariance is its immunity
" to noise: supposing that random noise samples x! K y are added to the signal
samples Xj4+k, yi in the above expression, then tﬁe computed covariance includes
four components

cov(x,y) + cov(x',y) + cov(x,y') + cov(x',y"')
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of which the last three tend to vanish as the number of samples increases.

1f, 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 numbéer 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 105/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 appropriate for enhancing images involving 10% points than for flow
sampling at 1 kHz, yielding 103 lags. The yuestion 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;zs
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 recoganition 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 suitable for an industrial plant, then he is led
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to an all-software (or software supported by special hardware) implementation
of correlation processing, which has been the basis of our work at ANL. An
online correlation, peak location and peak tracking program which can cover

a range of 20:1 in flow speed is now being tested with an INTEL 8086 system
supplemented by an onboard LSI Multiplier, at a hardware cost of about $3 K.
This prototype system, sampling at 1 kHz, can deliver an updated readout
every 2 seconds or so; the next version, making use of LSI circuitry already
announced but not yet available, would aim for a faster sampling rate and
shorter readout update.

- Indulging in speculation about future trends in correlation flowmeter-
ing, one may note that offline processing appears to be almost at the point
of competing with online processing,and could become more cost-effective
eventunally. The two strong points of offline processing in the frequency
regime are that the sampling process hence choice of sampling rate can be
managed without constraint, while additional information, uneglected by pro-
. cessing in the time regime, is available from the complex phase,”"> as
already demonstrated in a flowspeed measurement. 3 Just as the practical
implementation of our present scheme has had to wait several years for de~-
livery of the first 16 bit micro LSI chips, a complex FFT scheme might be-
gin to look practical when a complex FFT over, say, 1-2k mesh points can be
executed in less than 10 ms with relatively inexpensive and readily program—
mable circuitry, and then would still have to wait until that circuitty is
really available.

Before leaving the subject of online processing, a footnote may be
added concerning flow/no-flow indicators, for which there appears to be a
certain demand in industry. Such indicators can be implemented with almost
any sensing device and a few hundred dollars' worth of electronics; in par-
ticular, single-chip microcomputers such as INTEL's 8748 ($/0U) can apply a
simple statistical test to incoming data and determine if and when the flow
has stopped.33s3“ Earlier and more costly analog versions of this kind of
processor also exist. IL gues without saying that the tlowmeters descrihed
in the toregoing can deliver a uu-f{low warning as part of their repertoire;
if and when only flow/no-flow indication is required, then the saving in de-
tector hardware can be matched by a saving in processing elecrronics. By
way of illustration, Fig. 8 shows the result of thus processing the readout
of a clamp-on gamma transmission channel, for 5% solid/gas flow through a
3" duct.

As a final topic, we shall now briefly review the diffieult subject ul
online density or solid fraction measurement. In conjunction with flow velo-
city, it is evidently necessary here to eftect both measurements wilLhiu the
same duct, in close proximity. Camma transmlssioi has long been a standard
scheme for density reading, but close scrutiny reveals that this stratagem
is difficult to apply in certain cases. Thus, a small duct diameter with
dilute solid/gas flow, or the poor contrast offered by a coal/oil slurry,
tend to defeat gamma transmission unless specially shaped duct sections and
low-energy radiation, requiring transmission windows, are resorted to, at
considerable cost. Fortunately, dilute solid/gas flow is readily sensed
with optical equipment, allowing a direct measurement of solids flowrate at
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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 dielectric constant;
an alternative is a Xray transmission and/or sonic transmission measurement.
In practice, 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 attenuation.3® 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 Symposium;36 radial inhomogeneity in the medium must be corrected for on
the basis of test loop calibration measurements. Strong radial clustering

of solids in gas or liquid streams has been demonstrated.37,38 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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TABLE I. Non-invasive Interrogation—Sensing Schemes SuitaBle for
Correlation & Density/Composition Measurement and Online Computation
of Mass Flowrate or Component Feedrate

(A) TRANSMISSION SCHEMES (Source & Detector on Opposite Sides of Duct

Source Detector

Remarks

(a) Sound

| (b) EM Radiation
(1) IR/Visible/UV
(i1) Xray

' (iii) Gamma Ray

(c) Neutrons

Piezoelectric Xtal Piezoelectric Xtal

Laser, LEL; Lamp Photodiode/transistor, PM
Xray Tube; Isotopic Scint/PM, Ioniz. Ch.
Isotopic Scint/PM, Ioniz. Ch.

Isotopic Scint/PM, BF3 Ch.

needs coupling medium

needs windows both sides (optical)
needs Al (Be) windows, both sides
clamp-on, any duct; needs shielding

clamp-on, any duct; needs shielding;
high cost o

(a) Capacitive
(b) -Inductive

(c) Conductive

(B) EM FIELD SENSING SCHEMES (Electrode Structure Surrounds Duct)

RF-driven or DC Bridge;

senses K

RF-dpiven coil, senses u

AC 6r DC electrodes & .

. grounded duct wall

sensitive to moisture, temp. depend-
ence of k¥

insens. to moisture; only works with
paramagnetic medium

non-quantitative in general, may inter~-

_ fere with flow (produce_clustering)

€81
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SLURRY FLOW MEASUREMENTS USING AN ACOUSTIC
“ DOPPLER FLOWMETER

H. B. Karplus and A. C. Raptis

Components Technology Division
Argonne National Laboratory
Argonne, Illinois 60439

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 flowmeler is particular-
ly attractive for slurry flow measnrements. The advantages
of acoustic Doppler tlowmeters are; 1) Nonintrusive flow

. measurement on existing systems with nothing except sound waves
penetrating in the pipe wall. 2) A linear relationship between
the Doppler shift frequency and the tlow veleeiry. 3) A direct
output of frequency which is suitable for telemetry and strong-
ly resistant to deterioration by noise. &) Fast response if
extreme precision 1s not reéequired, but goud precision and
accuracy if response speed can be waived. 5) Basically simple
electronic circuits with minimal requiremeuls 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 Douppler egquation. The cquation
states that the frequency difference, AF, between incident and
scattered sound is proportional to the flow velocity, V:

AF = VF cos fA/¢

The teceived signal is neisy and cxhibits a finite hand-
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 precisivu. Typically 10X prceioion can be achieved in 10
milliseconds, but a 0.1% precision requires 100 seconds
of lulegration.

In industrial environments in which hot slurries (over
250°F) are to be monitored, specially developed transducers or
stand-off thermally insulating wave guides are useful. Both
alternate systems are described.

INTRODUCTION

The ultimate objective of this development program is the deéign
of flow measuring systems for monitoring, mesuring, and contro}l}ng
the flow of coal slurries in large pipes in coal conversion plants. *“?
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' An in tgument of interest for this purpose is the acoustic Doppler
flowmeter. °’ In this system a sonic wave is transmitted in 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 ratio of the instantaneous particle velocity
component, V cos 8, relative to the sound velocity c¢c. If @ ‘is the

angle between the flow and the incident sound beam and 92 is the angle
between the flow and the scattered sound, then

"0F = F (v/c) (cos 6, + cos 92) o (1)

1
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 small fraction of the
transmitted signal. Most of the time sufficient leakdge of the trams-
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 extraneoue noise.

The output of the demodulator is then further processed by 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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bed by the variability of the amplitude and the superimposed high
frequency noise. A counter set for the detection of the zero crossing
will occassicnally 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 flowmetér 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 rdom temperature, relatively simple cleaning of the
pipe wall makes thld coupling between transducer wedge and pipe 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 immersed transducers.
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Experiments4 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
in 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 1/2 inch schedule 160 pipé 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 slurrigs. 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 temperature transducers were developed for a different
type of sonic flowmeter useable in pure fluids where the absence
of scatterers makes the doppler flonumeter useless. Thcoc tranaducers
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°C (570°F) 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 springs.

(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
465°C, gold foil was used as a couplant between optically flat surfaces.
A contact force of about 3000 N (600 1bf) was applied via a long Inconel
leaf spring to produce the necessary contact pressure without distorting
the thin wall pipe. )
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Operation of the transducers at high temperature to 600°C (1100°F)
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°F) polyimide
(Vespel) can be used to separate a cooled transducer from a hot pipe.

At higher temperatures, métal 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 WAVE

TRANSDUCER it SHEAR WAVE

/?\MODE CONVERSION INTERFAC

"~~METAL WAVEGUIDE —

WEDGE —

‘IlIIIIIIIIIIIIll

V W SSK

INSUL TION

FLUID / /
-/

Fig. 3 Three Forms 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 will he more cost ef-
fective than the high temperature transducers for the Doppler flowmeter.
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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 ac¢éumiulates in the tank, the
weight suopcended from the tank is removed. When the quantity 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 thus integrated over precisely
the same time interval over which the weigh tank measurement was integ-
rated. Systematic errors-are therefore limited to the nun 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 calibrarion obtained in this way is shown in Fig. &.. The massa
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 AND PRECISION

The received signal, as already stated, is not a pure tone but
a band of noisi 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
the period is averaged for a number of cycles, the standard de-
viation of this average will be equal to the product (g x N) of
the standard deviation of the period and the square root of the number
of cycles averaged. This leads to the integration time, T, required
for any desired precision, E, given the mean Doppler frequency, F,
.and the relative standard deviation of the frequency, S - g/F.

T = s2/E%F (2)
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Fig. 4 Doppler Flowmeter Calibration

= . The integr&tion times required for specified precision are listed
" in Fig. 5 for §° = 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}=0.l
E % " COUNT RATE, F
I000Hz 200Hz 100Hz

10 .o | .os[ ol
l ! 5 10
J _|100 [500 }1000

Fig. 5 1Integration Time, Seconds

The relative standard deviation of the period i.e., the ratio
of the standard deviation to the mean value of the period was_deter=~
mined for the two pipes over a range of flow from 0.2 to 2 ms = and - )
for operating frequencies from 250 to 2500 kHz. In Fig. 6 the relative
standard deviation is plotted as a function of flow rate and showe
minimal variation with this parameter. Similarly the plot in Fig. 7,



192

L] Al L] T 1 T T T T T T T T 1 I T T 1 T # T 1 L]
o . . ]
e ]
F ' -
\ ] oo ° =3
' 1 -
L\LL L_' _ g- o . _Mean Q.27 8 L gﬁ B o]
[ o ° o]
I ]
< | 1
24 3
o | 20% SLURRY | =525 kHz ﬂ
S L o o ]
s I 23.7°WEDGE | 33.9° WEDGE :
2 [ 39mmWALL, | 95mmWALL, -
© ot (SCH 40) (SCH 160) E
W -

> ]
: L -
il ]
x [ ]
. -1
[ L ! i | Lo T T SR A N SR S G G A n

o} - ! . 2

VELOCITY, m/s

Fig. 6 Relative Standard Deviation of Doppler Frequency

of relative standard deviation as a function of operating frequency

shows only small effects of «the operating frequency on the relative
standard deviation. There may be small dips of the coincidence frequency
of 460 Hz for tlhe 23.7° wedge on the 3.5 mm wall (Sch 40) pipe. Further
detailed investigation of this question will be needed especially 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 rhe 33.9° wedge than for the 23.7° wedge. Tentatively

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 conclusion that the coincidence angle must he chosen to be greater
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.

(¢) 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 summary 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 schematlcally 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°F). The residue, or slag, is molten at this temperaturc 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 w1thstand such a hostlle
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 char 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 operation aTd can quickly lead
to a hazardous temperature excursion in the gasifier.

The safety aspects of this problem made the need for a flow monitor
quite urgent,_but no commercially available unit was known that could do
the job. The design operating conditions in the char line are temperature
of 430°C (800°F) 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 for 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

Based on preliminary pilot plant measurements with no char flowing3,
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 ghar 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 gigh-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°C (1200°F) 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
sggiitiyity of the microphone (calibrated in water) is approximately 1.2 x

1 pC/Pa.

Microphones have been installed in the horizontal sections of the
three identical char feed lines. The char line is nominal 1 1/4 inch schedule
160 stginless 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
Grayloc 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



B 55

Photograph of Microptone and Support Assembly

007



AMPLITUDE, dBV

AMPLITUDE, dBV

LR s T (R TR = g e, 137U (R Ghrie A SR
b () =l @)
- STEAM ONLY o e STEAM ONLY .
=20 k= ® g = 4
e . — -
—40 e p— - —
- - e
OW CHAR FLOW [ GH CHAR FLOW
-60 L - HIGH :
2 o s y
-80
i 1 1 1 1 i 1 1 1 | | | s | 1 | 1 1 1 1
T T T T T T T T 1 1 ! ] 1 | 1 I T T T
ok T @) WS
a STEAM ONLY 1 F STEAM ONLY N
~20 = — =
— —
~40 4 F
= - r— aa]
— NO STEAM, MO CHAR -
~60 I MODERATE CHAR FLOW g
= . :
~-80 | -~
1 1 1 1 1 1 1 1 1 | | 1 1 | 1 1 1 qu
0 10 20 30 40 50 : L R 50

FREQUENCY, kHz

Fig. 4 Spectral Analysis of Microphone Signal

FREQUENCY, kHz

102



202

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-flow of the char. Moreover, it should be possible to develop
a measure that is directly related to the actual char cuucentration. This
measure would be based on the relative attenuation 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.

5.0 FLOW MONITOR DESIGN

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 flow 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
lowest freyuency component and is least attenuated by the char, so this
signal is taken as the amplitude reference. The other two signals are
then normalized to this reference with the resull being ted to a voltmeter
tor 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 FLOW light turns on.

The intermediate frequency hand (signal B) is less sensitive to the
presence of char but gives a useable signal over a wider raunge of char
densily. This band 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



|
|
|
|
|
|
|
|
|
|
|
|

A >REF1 SIGNAL
IMICROPHONE E_COMPARATOR ‘HIGH
REF 1=30V
REMOTE W
CHARGE e REF 2=0.3V
AMPLIFIER AR | e COMPARATOR |—4-A<REF 2 2oy
VARIABLE 02-1.0kHz
GAIN
AMPLIFIER +1.0V A > REF 3 STEAM
3 COMPARATOR FLOW
T 4 SREF 3
+30V
= COMPARATOR AND ?233
f_?EF‘* L06 &> ReF 4
SIGNAL IN BANDPASS L6 | |Loweass i
Al i RATIO| | FILTER A
-5 kHz LOG 5 CHAR
L L0 O SETPOINT RECORDER
OUT 0-30V
STEAM F i
MONITOR —0 "o SETPOINT ;
' A CONTROL
-~ B -l o S Loc | |towenss| | “%c FLow V-L>60T 4-20m
A RATIO[ |FILTER » = L
l_ DIGITAL SNOALARM OUT
PANEL 4
METER Ty

Eig.5

CHAR DENSITY

Block Diagram of Flow Monitor

%RELAY

€07?



204

process control system with the char density signal. These outputs 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 of the flow monitor at BI-GAS have been quite
satisfactory. The instrument has given rapid and clear indications whenever
char tlow 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.

An example of the output of the flow monitor is shown in Fig. 7. This is
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 ot 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 is somcwhat less
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 ngcessary in the char lines. This device would use
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.
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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 flow/no-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 over 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 1is 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 FLOWS

W. E. Baucum
The Energy Conversion Division
The University of Tennessee Space Institute

1. INTRODUCTION

1.1 Statement of Problem

In large scale rnal conveorsion aud combustion systems, process control
requires a continuous monitoring of the mass flow of the coal in its carrier
gas or liquid substance. This mass flow measurement represenls a key param-
eter of coal systems including coal fired Magnctohydrodyuamic (MHD) energy
converslon research. A number of techniques have been considered for imple-
menting the measurement of multi-phase flows. 1In 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.!

Recently a new type of mass flow meter became commercially available
which showed promise for applicahbhility to the cuval flow measurements. This
mass flow meter uses the corinlis foree generuled by Lhe flow ot a substance
to measure the mass which generates the force. 2°3 This device has succesc-
fully measured the flow of higli viscosity tluids 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 have prcviously been measured at The University of
Tennessee Space Institute (UTSI) R&D Facility through the use of load cells
which measure the change in wecight ul Lhe coal hopper. This method is gen-
erally unsatisfactory. The change in weight of the 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 extraneous 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
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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
1b/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 3/4"
OD stainless steel tubing (0.65" I.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. 1In later tests its position relative to the transport
gas entrance was changed. In order to evaluate the effect of flow "slugging"
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 1lb/sec. 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 %" I. D. The
density of the flowing medium can also be determined by measuring the vibra-
tion frequency through its relationship to the clastic constante of the tube
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and the density of the flowing medium. 2’3 This measurement is somewhat ap-
proximate, however, due to the dependence of the natural frequency on temp-
erature. A square wave output voltage separate from the flow rate output
signal is supplied to facilitate the density measurement.

2.3 Instrumentation and Data System

All experimental data was collected using a digital data acquisition
system which consists of signal conditioning amplifiers, signal multiplexer,
analog to digital converter and a Data General Eclipse S/230 computer. Scan
rates of one hertz and ten hertz were utilized during the experiments. Data
taken during the experiments were stored on magnetic tape for later analysis.

During the facility cual [luw experiments, the following data parameters
were recorded using the digital data acquisition system: Mass flow and
density from the coriolis mass flow meter, coal line pressure, coal hopper
pressure, differential pressure, absolute pressure and temperature of trans-
port gas at an orifice for calculation of the flow rate of transport gas,
coal hopper weight, and position of valves in the coal delivery system.

In addition, the signals from the flow meter and the coal line pressure
transducers were recorded on magnetic tape by a Honeywell Model 5600 tape
recorder over a frequency range of 0 to 5000 Hz.

3. “TEST/ RESULTS

3.1 Initial Experiments

Betore attempting to measure any coal flow rates, the mass flow mcter
was tirst calibrated using water as a flowing medimm for flow rates ranging
Lrom 0.17 to 1.25 pounds per second. A linear response was confirmed. A
lease-square curve fit tn the data points resulted iu Lhe following calibra-
tion equation:

B= 0,01 #10.:30"V

where F is mass flow rate in pounds per second and V is the flow meter output
voltage.

It was then decided to perform an experiment to determinc the meter's
response to coal flow. For this experiment, it was desirable to set up
several stable coal flow rates through the meter. This was found to be some-
what difficult since this experiment was to be separate from the normal MHD
tests in which the coal is exhausted in a combustor at a pressure of 4 atmo-
pheres. 1In this case, the coal was exhausted into a large barrel al atmo-
spheric pressure and thus, the normal plant operating parameters couldmot be
used. Instead, considerable experimentation with the operating parameters
was required.
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During this experiment the meter was mounted on a vertical stand beneath
the coal hopper and was connected in the .coal line just downstream of the
point where the transport gas and coal were mixed.

Table I shows the various parameter values that were tried and the re-
sulting meter behavior. It should be noted that considerable vibration in
the coal line was. evident through this experiment, indicating that there were
probable instabilities or "slugging" in the coal flow. No coal line plugging
was observed during any part of the experiment. Table I shows that the flow
meter appeared to follow the flow only during the early phase of the experi-
ment. The results are somewhat inconclusive, however, since it is doubtful
any stable flows were obtained.

Table I. Parameter Values Used in Initial Coal Flow Experiment

Hopper Hopper Valve Transport
Pressure Setting Gas Pressure Behavior of mass
(PSIG) (% open) (PSIG) flow meter
110 50 125 indicated flow be-
' ginning at 0.7 1b/sec
and increasing to
3 1b/sec at flow
termination
65 100 75 erratic (0-1.51b/sec).
30 28 40 full scale reading

The flow meter was left in position and used during an MHD power gener-
ation experiment, but its readings varied randomly from O to 1.5 pounds per
second while the average flow as calculated from the hopper weight was about
1 pound per second. Again, considerable vibration of the coal line was no~
ticed, indicating the coal was slugging through the line.

Another experiment was performed which was similar to the first one in
which that the coal flow was initiated from the hopper through the flow
meter into a drum; however, in this case during the latter part of this
second experiment, the flow meter was connected upstream of the transport
nitrogen. The purpose of this experiment was to compare the-behavior of the
flow meter for the more stable coal flow which existed upstream of the trans-
port gas to the less stable flow downstream. During the first part of the
experiment when the flow meter was downstream of the transport nitrogen it
behaved erratically. During the latter part of the experiment when it was
upstream of the transport nitrogen, it behaved properly and agreed well with
the load celi calculated flow when averaged over a period of about 7 seconds.

Following these tests, the manufacturer was consulted as to why the flow
meter would operate properly upstream of the transport nitrogen but not
downstream. The following possibility was offered.
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The tubing inside the flow meter through which the coal flows is caused
to oscillate by a drive coil and it is possible that if the coal were not
uniformly distributed in a transport gas but was ''slugging'" through the
tube, it could rob energy from the oscillation and cause the flow meter
to cease functioning. This could only happen when the flow meter was
downstream of the transport gas where the coal might become non-uniformly
distributed in the mixture. The manufacturer mentioned that others had ex-
perienced the same problem with fluid flows if the bubble content became
too large. He further suggested a means by which we could monitor the
oscillation of the tube during operation to see if this was the source of
the problem. This oscillation was monitored during several subsequent tests
and it was found that the oscillation was indeed damped out at those times
when the flow meter ceased to function properly, apparently caused by Lhe
coal particles being non-uniformly distributed in the transport gas. Thus,
for those tests previously discussed where the meter did not function pro-
perly, the probable cause was the slugging coal flow obtained.

3.2 1Initial Calibration Experiments

In order to obtain an initial calibration the flow meter wuas used durluyg
two MHD power generation experiments connected upstream of the transport
nitrogen and performed very well during both tests. A comparison of the coal
flow rate calculated from the load cell .data averaged over 7 seconds and the
voltage output of the mass flow meter showed a proportionality constant
of 0.285 with a standard deviation of 0.005 for one experiment and a value of
0.283 with standard deviation of 0.003 for the other experiment. This also
agreed well with the proportionality constant of 0.3 obtained during the
water flow calibration. '

Following these experiments, some problems were experienced with the
flow meter, These problems appeared to arise from several different sources;
first, a drift in the zero value occurred which was caused by a sensitivity
to vibration and a lack of sufficient rigidity in the mount. Second,
moistured collected inside the case causing corrosion of the circuit board.
After cleaning the circuit board as well as possible, we decided to mount it
on a very stable platform in the test bay area to prevent the zero drift and
to protect it from the weather. Upon adjustment according to factory re-
commendations, the flow meter functioned well when water was the flowing
medium but did'not function at all when coal was the medium. Finally, after
making some adjustments which were contrary to factory recommendations, the
flow meter was made to function (upstream of the transport gas) with the
coal medium but it then would not function with water as the medium.

In this condition thc flow meter was used in four MHD power gencration
tests to further determine its behavior under test conditions. It appeared
to function properly during all these tests and some visual correlations
could be made among the coal line pressure, plasma luminosity, exhaust gas
temperature and the flow meter data. For the first three power generation
experiments a comparison was made between the load cell data and the flow
meter data for the total indicated mass flow during the entire tests. To
_obtain the total mass flow from the load cell data the average load cell
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reading after the test was subtracted from the average reading before the
test since there were no. vibrational errors in the load cell readings before
and after the test as there was during the test. To obtain the same quan-
tity from the flow meter data, the output voltage was integrated using
Simpson's rule from beginning to end of the test, and this value was substi-
tuted for V in the calibration equation. In this manner, good agreement was
obtained between the load cell data and the flow meter data.

Since the mass flow meter would not operate properly for both water and
coal and required adjustment contrary to factory specifications to operate
with coal it was decided to return the unit to the manufacturer, who had
agreed to install new circuit boards to replace the corroded ones, before
beginning the next phase of the coal flow calibration experiment. When the
unit was returned to us by the manufacturer it was recalibrated using water
as the flowing medium and found to operate properly.

3.3 Final Coal Flow Calibration Experiment

Up to this point the mass flow meter had been calibrated using only
water as the flowing medium and measurements made with coal flow could be
calibrated only using the load cell data which contained some error. Thus
it was decided to attempt a more accurate calibration experiment with coal
as the flowing medium.

The experimental system used for this calibration experiment is shown
in Figure 4. In this system the coal flows from the coal hopper into the
3/4" OD tubing where the transport gas is mixed with coal. The mixture flows
through the mass flow meter and coal line pressure transducers, through a
variable ball valve which is used in conjunction with the coal hopper
pressure to control the flow rate, and to a tee joint which is controlled by
two valves that allows the coal to flow into the large drum or into a smaller
barrel which is sitting on a scale to measure the change in weight. In order
to determine the true mixture ratio for the coal and transport nitrogen gas,
the flow of nitrogen to the hopper and to the transport line was measured.
A flow meter connected in the coal hopper pressurization line measured the
flow of the nitrogen into the coal hopper and a calibrated orifice was placed
in the transport gas line for the measurement of flow from this point. The
experimental plan called for the establishment of a steady coal flow at some
predetermined flow rate into the large drum. When this flow was established,
the valves at the tee were operated to divert the flow of coal into the
barrel for a period of two minutes. The average coal flow during the two
minute period was calculated from the change in weight of the barrel. Com-
parison with the signal from the mass flow meter provides the calibration.

To ensure that the flow was in the dense phase regime where optimum per-
formance of the mass flow meter had previously been observed, no transport
gas was used during this part of the experiment. During the second part

of the experiment, a range of flow rates for the transport gas was estab-
lished for the purpose of. varying the coal to nitrogen mixture ratio. Sev~-
eral ratios were included from 250:1 to a value of about 50:1 by mass to
test the performance of the:meter in the lighter phase flow regimes.
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Thus, in the first part of the experiment, coal mass flows of 1.34,
0.78 and 0.45 pounds per second were each set up and valved into the barrel
for two minute periods. The average mass flow meter output voltages calcu-
lated for these periods of time are shown in Figure 5. The plot obtained
was very linear and a least-square curve fit to these point gave the equa-
tion:
F =0.346 V- 0.1

where F is the flow rate in pounds per second and V is the output voltage of
the mass flow meter.

The correlation factor of the curve fit was 0.99 and the estimated variance
in calculated value was 0.135 volts2?. Also it was found that a linear
relationship existed with the differential pressure between the coal hopper
and the pressure transducer (located in the coal line just downstream of
the mass flow meter) and the average mass flow rate as shown in Figure 6.
This indicated that the density of the flowing medium was quite constant
during the experiment and suggested that for this particular case where the
density of the flow is constant a pressure differential measurement could
be used to measure the mass flow rate. Figure 7 shows time plots of the
mass flow meter output voltage for the three flow rates. The variation in
oscillation frequency of the vibrating tube for the three flow rates also
indicated that the density of the flowing medium during these three flows
was very constant. Measurements of the flow of pressurizing nitrogen into
the coal hopper indicated that the flow was just sufficient to displace the
coal flowing out of the hopper and therefore the amount of pressurizing
nitrogen which flowed out of the hopper with the coal must be negligible so
that the three coal flows obtained were in the very highly dense phase
regime. All of the information shown here indicated that the mass flow
meter operated very well in this regime and the calibration curve obtained
was very linear.

In the second part of the experiment the same experimental system was
used except, in this case, transport nitrogen gas was used to vary the coal
to nitrogen mixture ratio. Figure 8 shows some results of this part of the
experiment. This is a time plot of the mass flow meter output voltage over
a time period where four different mixture ratios were obtained as indicated
on the figure. In addition, figure 9 shows the time plot of the mass flow
meter output voltage for a fifth mixture ratio of 49:1. It is evident from
these two figures that the output voltage from the meter, which was quite
stable for flows without transport gas shows greater fluctuations as the
coal to nitrogen ratio decreases. In fact the output voltage fluctuations
becomes excessive at mixture ratios less that 128:1. At one point during
this experiment the mass flow meter output voltage showed a very uniform
fluctuation frequency as indicated in the top part of Figure 10; the pressure
fluctuations in the coal line at the same period of time are shown in the
middle part of this figure and can be seen to correlate very well with the
fluctuations of the output voltage of the mass flow meter.

This same correlation can be seen at other time periods also, where
there were fluctuations in the flow meter output voltage. A time plot of
the density signal from the mass flow meter shown in the lower part of
figure 10 indicates fluctuations in the density of a flowing medium which
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correlate with the large fluctuations in flow meter output voltage and coal
line pressure. These last three figures taken together indicate that during
this time period the coal was flowing in a very unstable fashion in such a
way that alternate slugs of coal and transport gas were flowing through the
flow meter and pressure transducer to give rise to the large fluctuations in
flow meter output voltage and pressure transducer response. Thus, the good
correlation between flow meter output voltage and coal line pressure shows
that the mass flow meter is indeed responding to actual variations in coal
flow when it shows these wide fluctuations, so long as the fluctuation
frequency is in the range to which the flow meter can respond. It should
be noted here that these fluctuations are minimal during the MHD experiment
since transport nitrogen is used only to initiate the flow and is shut off
once this is achieved.

Luuvkling again at figures 8 and 9 one can cunclude that in this system
the coal flow becomes increasingly unstable as more and more transport gas is
added and that stable flows cannot be obtained for a mixture ratio lower
about 128:1. It was expected that flows would become unstable in the in-
termediate phase regime, but the instabilities were obtained at higher
mixture ratios than were expected. This is probably due to the way in
which the coal and transport N3 are mixed. It had originally been planned
to proceed to lower mixture ratios down to about 1:1 but these lower ratios
could not be easily achieved with the present system so it was decided to
continue these experiments at a later time using a system which mixes the
coal and transport gas in a more uniform fashion that is more characteristic
of the coal delivery system in the Coal Fired Flow Facility, a DOE MHD test
facility presently being completed at UTSI.

4., CONCLUSION

The purpose of this study was to evaluate the performance of the cori-
olis effect mass fluow metér as - it was applied to the measurement of coal flow
at the R&D facility of the Energy Conversion Division at UTSI. Thlis eval-
uatlon has successfully demonstrated that the mass flow meter operates very
well in the dense phase region in our coal feed system.

A calibration curve was obtained for the meter under these conditions.
A summary of the experimental results is given in Table IT. Alss IL was
fuund that even in the lighter phase regions the flow meter appeared to
follow the instabilities in coal flow in that is showed good correlation with
coal line pressure fluctuations. Also, this study shows the great value of
such a mass fluw metcy in the evaluation of a particular coal delivery system.
It showed that for the particular coal delivery system tested, very stable
flows could be obtained in the very dense phase region which is used in MHD
experiments. It was also shown that the flow became more unstable as the
‘coal: transport gas ratio decreased and became extremely unstable at ratios
below 128:1. The.performance of this mass flow meter has not been tested at
mixture ratios below 50:1 but it is planned that this will be done in the
future with an improved coal delivery system.
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Table II. SUMMARY OF EXPERIMENTAL RESULTS

Coal Nitrogen :
Mass Mass Hopper Coal Line
Flow Flow Ratio : Pressure - Pressure
' (1b/sec) (1b/sec) (Coal/N2) (PSIG) - (PSIG) Flow Stability
0.45 0. - 60 36 .very stable
0.78 . 0 _ - 80 46 very stable
1.34 0 - : 80 27 very stable
1.2 o 0.0048 250/1 78 17 ) stable
0.94 0.0073 - 128/1 78 23 somewhat unstable
0.76 0.0087 87/1 718 25 unstable
0.6 - 0.01 : 60/1 78 25 unstable
0.6 0.012 49/1 78 54 unstable

ACKNOWLEDGEMENT

This work was supported by the Department of Energy under Contract
Numher DE-ACO1-79ETIN81S.

REFERENCES

1. O'Fallon, N. M. and Le Sage, L. G. "Coal Conversion Instrumentation
Industrial Research/Development, June 1978

2. Smith, J. E., "Gyroscopic/Coriolis Mass Flow Meter,' Measurements
& Control," July-August, 1977

3. Plache, K. 0. "Coriolis/Gyroscopic Flow Meter,' Mechanical Engineering,
March, 1979.




226

Capacitive Transducers for Mass Flow Measurement, An Overview

by W. W. Managan and R. W. Doering

Argonne National Laboratory

Introduction

The design of a capacitive transducer and associated electronics have
been reported, including the results of testing at the HYGAS plant in Chicago,
Illinois.! This paper presents further analysis of the HYGAS data, including
some of the difficulties of the capacitive method followed by results of test-
ing the HYGAS capacitor on a low density solids/gas flow and finally a discus-
sion of two unusual capacitor de81gns.

The schematic of the HYGAS experiment data acquisition equipment is shown
in Fig. 1. Note the separation by approximately 90 meters of the point of meas-
urement from the recording equipment in the instrumentation trailer and the HP
5420A Signal Analyzer. The electrode layout of the capacitor is shown in Fig-
ure 2. The inside diameter of the ceramic tube is chosen to maintain a smooth
continuity of flow without diameter change from the adjoining pipe sections.

The capacitive electrodes are located immediately outside the ceramic tube.

The arrangement shown is a parallel plate capacitor, the driven plate at the

top and the sensing plate at the bottom. Between these are potential electrodes
held at an appropriate fractional voltage by means of a resistance voltage divider.
The signal electrode is surrounded by a grounded guard plate and is held very
nearly at ground potential. The signal electrode is segmented along the flow
direction to provide for a density electrode signal as well as a number of
velocity electrode signals with varying separations. Separations in this

case range from 15 mm up to 142 mm. A second set of electrodes not shown

here increased the maximum separation to 293 mm.

Calibration and Density Effects

The calibration procedure is based on the use of grab samples,admittedly
an imprecise method. ¥or an idealized two-phase char/toluene slurry an ideal-
ized situation is considered first and secondly some sources of error. The
output voltage obtained for different percent by weight solids (PWS) is shown
in Fig. 3. The output voltage has the approx1mate1y linear form

V. ~®7.,3+ 0.1 (PWS) volts.
out
It is desired to separate this total mass flow output voltage into two separ-
ate mass flow measures of the solids and liquids. This is possible for the ideal-
ized two-phase system where one has knowledge of the densities of each component.
However, if other phases are present, additional information is required.



2217

Starting from the definition of percent by weight solids (PWS) and with a
knowledge of the respective densities of the two phases, a table of mass per unit
length of pipe versus output voltage can be constructed using the percent by weight
solids for the associated grab samples as a transfer function between output volt-
age and mass per unit length of pipe. Also, when the percent by weight solids is
zero, the output voltage will be entirely due to the liquid. These relationships
are shown in Fig. 4 in which the total mass per unit length is displayed as a
function of the measured output voltage. Given the known densities of the liquid
and solid phases, their respective mass flows per unit length can be obtained by
multiplying the mass per unit length by the velocity through the pipe.

This is a linear approximation. It should be noted however that the
curves are definitely nonlinear. The output voltage as a function of percent
by weight solids was approximately linear, leading one to expect the bulk
density of the grab samples to have an approximately linear relationship with
the percent solids by weight. However, Fig. 5 shows a large scatter in the
data. In fact, the scatter is so large compared to the precision of the meas-—
urements as to raise the question whether a third phase may not be present.
This hypothesis was strengthened by noting that in some of the grab samples a
portion of the solids actually floated on the solvent. This was attributed to
non-wetting of those solids by the solvent, resulting in the porosities of the
solids being filled with voids rather than with solvent, thereby reducing the
apparent bulk density. ’

Assuming the volume and density measurements on the grab samples were
relatively precise, it was possible to estimate the void fraction for each
grab sample and to calculate a revised bulk density. When this correction is
applied the scatter is almost completely eliminated as shown in Fig. 5.

Thus the conclusion is reached that in a number of the samples a third phase
was indeed present as voids or gas.

Velocity Signals

The velocity signals are processed by a Hewlett Packard Model 5420A signal analyzer.
The cross correlation output is a correlogram as shown in Fig. 6. The peak of the
correlogram corresponds to the average delay time or transit time between the two
velocity electrodes.? Dividing the electrode separation, L, by transit time T, an
estimate of the stream velocity V = L/1, is obtained. In this particular instance
the stream velocity was approximately 4 meters per second. '

During a period‘of steady operation in the HYGAS experiment, a series of
correlograms were taken for all of the combinations of electrode separation.
The transit times for these are shown in Fig. 7. A least squares fitted
straight line is shown. The reciprocal of the slope gives the velocity at 4.1
meters per second. The correlation coefficient approaches unity indicating a
high level of internal consistency in the data; that is, all of the electrode
pairs indicate the same velocity.
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It was found that the different electrode pairs did not provide the same
time resolution. The correlogram as shown in Fig. 8 may be characterized by
the full width at half maximum (FWHM), the average delay time, T, and the time
resolution defined as the ratio of the full width at half maximum (FWHM) and
average time delay T, Resolution = (FWHM/t). Small values of resolution are
desired. Several values of time resolution are shown in Fig. 9 as a function
of the electrode spacing. The correlogram in Fig. 6 has an estimated FWHM of
80 milliseconds and an average delay T of about 4.4 milliseconds, giving a
time resolution of 18 for an electrode separation of 15 mm. Larger electrode
separations showed significant reductions in time resolution, the FWHM being
reduced while the mean delay or transit time was increasing. The solids-liquid
curve denoted by the squares is for the HYGAS solids/liquid feed slurry. The
pipe inside diameter is approximately 54 mm. In this experiment a significant
improvement in time rasolution is obtained by lucreasing the electrode spacing
to at least 1, and preferably 2 or 3, pipe diameters. For low velocity flow at
HYGAS, the time resolutions became large (poor), especially for large electrode
separations.

When the same capacitor was installed and tested on the solids/gas flow
test facility (S/GFTF) at the Argonne National Laboratory, it was found that
the higher velocity (16-24 meters per second) led to velocity signals with
much higher frequency components as shown in Fig. 10 and correspondingly
better time delay resolution. Typical FWHM ranged from 0.5 to 1.6, as shown
in Fig. 9. The effect is most pronounced for small electrode separations.
Having dealt with the information in the time domain, let us proceed to
examine similar information in the frequency domain.

A counvenient means is to use the transfer function of the HP 5420A signal
analyzer. This views the velocity signals at capacitor A as the input being
transferred through the pipe to the capacitive electrode at B some distance,

L, downstream. Before leaving the time domain, typical solid/gus time domain
signals are shown in Fig. 10. The expanded scale 0-100 mscc permits the transit
delay T to be seen. The autospectra are shown in Fig. 11. The transfer function
over a range of 0-3 kHz is shown in Fig. 12 along with a coherence function.

The transfer function is seen to be fairly constant over the low frequency por-—
tion, falling off at higher frequencies. The coherence function is also rela-
tively constant at very low frequencies but falls off at higher frecquencies with
“asmuch lower cutoff frequency than the transfer characteristic. The coherence
function is a measure from O to 1 of the causality of B from A; that is, a measure
that the output at B is caused by the input at A. Where the coherence function
goes to very small value, one can say that there is a very small probability that
the output at B as seen in the trancfcr function is caused by A. Conversely,
where the coherence is greater than a half, or preferably greater input at A.

Let us adopt the concept that a limiting ‘frequency can be defined in terms of a
coherence 1limit at constant velocity for different electrode separations or for
different velocities between the same electrode pair.
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Another physical interpretation of the transfer concept with a constant time
delay between A and B is that the phase angle between the signals at A and B will
increase linearly with the frequency of the correlated signal components. We
shall return to this later. )

Adopting the concept of an upper frequency limit for coherence values equal
or greater than 0.5 and 0.8, we are able to replot the data as upper frequency
limit versus electrode spacing as shown in Fig. 13. Here we see an exponential
decay of the upper frequency limit with increasing spatial separation of the
electrodes.

Another interpretation of Fig. 13 is in terms of the nature of turbulent
flow. A characteristic of turbulerit flow is the formation of vortices
of varying sizes along the pipe.3 To a crude approximation each vortex has
its maximum amplitude and highest frequency content at the time of formation.
It loses energy and frequency content exponentially with distance as it is
swept downstream from the point of formation. Thus, the exponential decay
observed in Fig. 13 is in keeping with this theoretical model. This leads into
the next topic, spatial filtering.

Spaéial Filtering

Passage of a discrete fluctuation (such as a bubble) creates a signal in the
time domain which can be analyzed or transformed into its Fourier components in
. the frequency domain. The output signal from an electrode is the integral of all
the frequency components which it subtends. The dimension of the electrode.along
the flow direction may be thought of as the integration limits over the portion of
a wavelength subtended at each frequency. The signal goes to zero when the elec-
trode subtends one or an integral number of wavelengths. As an example, at fre-
quencies of 10, 100, and 1000 Hz and a velocity of 4 meters per second, the longest
wavelengths for zero signal are 400, 40, and 4 mm, respectively. Consider a 15 mm
long electrode. It will subtend one wavelength of 15mm and have zero output at
approximately 266 Hz.

Considering the density elecLrude which has a length of 121 mm, the frequency
at which one wavelength will be subtended is 33 Hz.

The expected minimmum near 38 Hz for solids/liquid flow past a 121 mm long
electrode is shown in the transfer, coherence and phase functions in Figs. 14 and
15. Indication of a second harmonic minimum near 76 Hz is seen in Fig. 14, For a
15 mm -long electrode in the same solids/liquid flow, a minimum near 266 Hz is shown
in Fig. 16.

Moving to a similar consideration of solids/gas flow the velocity is signifi-
cantly higher, being in the range of 16-24 meters per second. Here a 15 mm long
electrode and wavelength will have zero output at frequencies of approximately 1 kHz
to 1.5 kHz. Similarly, the density electrode of length 121 mm will have zero out-
put at a frequency of 132 Hz to 200 Hz. The expected minima near 160 Hz and 1.5
(Hz for the 121 and 15 mm long electrodes in solids/gas flow are shown in Figs. 12,
L7, and 18.
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The idea that electrodes act as filters is confirmed. They have unresolved
nulls at wavelengths proportional to their length independent of the stream velo-
city ——— or at frequencies inversely proportional to their length but directly pro-
portional to velocity. This is an important design consideration. Another impor-
tant design consideration is spatial averaging.

Spatial Averaging

The concept of spatial frequency or wavelength filtering has been mentioned
in connection with electrode length and the velocity of the flowing medium. A dif-
ferent problem occurs where there are inhomogeneities, slugflow, or stratification
of thc two phases between the electrodes of the capacitor. Here the problem is
to obtain an average nver a three dimeuslongl e¢ylindrical volume (pipe section)
which is iuwdependent ot the geometrical distribution of the two phases within
that volume.

The electrode design of the HYGAS parallel plate capacitor was intended to pro-—
vide a uniform electric field and thereby relatively uniform sensitivity throughout
the volume subtended by the density electrode. In addition, the density electrode
was made several dlameters long so as to provide some smoothing (averaging) of
inhomogeneities. A typical cross sectional electric field map is shown in Fig. 19
for the HYGAS capacitor. Consider the effect of a bubble appearing at different
positions in this field map. The effect in terms of the number of field lines
terminating on the sensing electrode is not the same for all positions of the
bubble nor is it proportional to the size of the bubble. Stratified liquid
partially filling a horizontal section is another severe case. This is a volume
sampling problem which has long been recognized. Within the last few years, two
interesting and quite different capacitive sensors for attacking this problem
have been devised: one is the use of a rotating electtic tield over a defined
length; the other is the use of a helical set u[ electrodes having exactly an
integral number of terms.

Rotating Electric Field Capacitive Transducer

The Auburn International Company offers its Model 1090 volume fraction moni-
tor for fractions of two non-conductive Bhases having different dielectric con-—
stants in a circular pipe cross section. The sensing technique employs six capa-
citor plates located around the circumference of a non-conductive pipe section.

As shown in Fig. 20, a field is developed across the cross section by driving one

plate and receiving on the apposite three plates. The field is "rotated™ through

the cross section at 938 revolutions per second, by essentially shifting the clec—
trical 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 as well as a 0-10 volt
output signal. A "zero” control is provided for nulling the capacitance of the
phase with the lower dielectric conmstant. A "span” control is provided for scale
ad justment due to the capacitance of the phase with the higher dielectric constse
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During the past year tests of this instrument have been conducted at a
number of facilities including the Pittsburgh Energy Technology Center by Dr.
Hendro Matur with favorable results where only two phases were present.

A conductivity variation of this concept is also offered by the Auburn
International Company.

The Helical Capacitot

The helical capacitor concept was described by Gregory in 1973 and more
recently by his associates at the University of Calgary.s:6 Gregory intro-—
duced the helical sensor to measure the in-situ volume fractions in petroleum
pipeline situations. The helical sensor provides a nearly linear measure of
the percentage by volume of o0il or water in a two—phase flow independently of
the geometrical distribution of the two phases within the_pipe.6

The use of an integral number of turns in the helix is a key factor in
providing this freedom from sensitivity to the location of the phases within
the pipe.

The mechanical layout of the electrodes is shown in Fig. 21. The two
:electrodes are wound helically around a thin, dielectric tube section such
that they are always-opposite each other, and are cemented in place. A
thicker insulating tube section covered with the metal foil shield is fitted
over the initial section, and this shielded electrode assembly is enclosed
between appropriate mounting flanges.

Electrical connections are made to the helical electrodes by means of
spring loaded coaxial cable connectors, the outer portion of each being in
contact with the outer metallic shield.

Conclusions

1. Parallel plate capacitance transducers have been shown to provide useful
measures of density and velocity for two—phase non-conductive flows over a
density range from 0.005 g/cm3 for solids/gas flows to about 1.2 g/cm3 for
solids/liquid flows. The velocity measurement improves with increasing
velocity. ' ' :

2. Presence of a third phase renders the density output indeterminate but
does not necessarily degrade the velocity signals. :

3. Uniformity of capacitive sampling of two—-phase non—conductive flows over a
length of pipe may be significantly improved over parallel plate electrodes
by using a rotating electric field design or a helical capacitor design where
the helix has an integral number of turns.

4: Spatial filtering by the electrodes is an important design consideration.
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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 is ‘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 O — 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 is provided for scale adjustment, due to the capacitance of the
phase with the higher dielectric constant.
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Dimensions {Electronics): 17 wide x 5%’ high x 12" deep
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Sensor: Pressure and Temperature + Dimensions
on request.
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RADIOISOTOPE TECHNIQUES FOR COAL CLEANING PROCESSES

S. K. Kawatra and D. M. Larsen
Department of Metallurgical Engineering
Michigan Technological University
Houghton, Michigan 49931

1. ABSTRACT ,

A method for on-line analysis of coal ash is being developed at the
Department of Metallurgical Engineering of Michigan Technological University.
A test unit is being constructed which incorporates two radioisotope sources
and radiation detectors. The test unit is easily portable and designed for
use in a rugged environment. This paper describes the theory and development
of the system in detail.

2. INTRODUCTION ,

Recent increased interest in coal production has brought ahout incentive
to automate éoa] processing plants. Such work is generally motivated by
economic gains resulting from increased fecovery and quality of coal.

Maintaining optimum conditions in a coal procéssing plant to achieve
the maximum recovery and quality desired is often extremely difficu]t, as
variations in feed and operation of the plant dictate minute to minute
manipulation of many operating variab]es. It is imperative'that the response
of the product stream to such manipulations be known. The most effective

means of obtaining important operating information‘is through on-line analysis.
| Measurement of ash content in coal is an important factor in quality
control. The development of an instrument for on-line measurement of ash
content would aid tremendousTy in improving p]aht perfo#mance; such as,
utilizing the signé] from the coal ash sensor to control reagent additions
in the flotation circuit.

Development of such an instrument for analysis of coal slurries cannot
be considered apart from the operating conditions or process to which it will
be subjected. Keeping this point in mind, the experimental work required
for development can be

(i) Evaluation of the process
(11) Development of radiometric techniques, and
(iii) Testing of the equipment under plant conditions.
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3. PROCESS EVALUATION
Initially a feasibility study.to evaluate the.process would entail the
collection of data from a coal concentrating plant. Critical information
derived from operating data would include:
(1) the range of percentage of solids,
(2) the chemical composition of the solids, indicating what
matrix is associated with the solids, and to what extent
the matrix can vary under different operating conditions, and
(3) the particle size distribution in various streams which would.
suggest whether or not an additional grinding loop would be
required with the radiometric instrument.
A basic flowsheet representing a typical coal preparation plant is
shown in Figure 1.

4. DEVELOPMENT OF RADIOMETRIC TECHNIQUES ‘
Determination of ash content of coal in slurries involves making two
measurements (1-4):
(a) Percentage of solids in the slurry
(b) Ash content of. the coal slurry.
Thus, two gauges must be employed; the output of one being proportional
to the percentage of solids in thefs]urry and that of the other to the ash
" content of the slurry. The percentages of solids can be determined by a
gamma tranémission gauge which is designed on principles which are now well
established (1-4). |

5. METHODS OF DETERMINING ASH CONTENT IN SOLIDS
Ash content in the slurry can be measured by one of the techniques
described below:
(a) Beta particle backscatter (5,6):
The intensity of beta particles backscattered from a material
increases with increasing mean atomic number of the material. In the case
of coal, the mean atomic number increases with increasing ash cohtent.

~ The intensity, I_, of beta particles scattered back from saturation

S
thickness of a material of atomic number, Z, is approximately proportional
=0.5 .
to Z

given by

, where Z is the effective atomic number of the material and is

Z/‘: Z'Yizi
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Figure 1. The basic flow sheet of a coal preparation plant.
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where v; is the weight fraction of the element with atomic number Zi'
Normally, Z(coal) = 6 and Z(ash) = 12.
Thus,
IS(ash)
= 1.4

Therefore, the change in IS froh zero to one hundred percent ash is
approximately 40%. At 10% ash, the relative sensitivity to ash (that is,
the percentage change in backscattered intensity for a 1% relative change
in ash content) is approximately 0.04. This can be measured accurately.

The main advantage of this technique 1ies in its simplicity. The
technique does not incorporate the use of any sophisticated electronic
equipment. However, if there are large variations in the iron content of
the ash, this method is not high]yaaccurate as there is no known simple
way of correcting for iron variations resulting from backscattering of
. beta particles. ‘

A schematic diagram of the system is shown in Figure 2.

(b) Transmission of electromagnetic radiation
) The intensity of electromagnetic radiation transmitted through
a material of fixed surface density (mass/area) decreases with increasing
mass attenuation coefficient of the bulk material. ' .

At energies less than 100 KeV, the mass attenuation coefficient changes
rapidly with atomic number, and hence, the transmitted intensity is sensitive
to the ash content of coal. By similar calculation, (as.for backscattering
of beta particles) it can be shown that a very high sensitivity can be
obtained with a transmission system. This method is expected tq be more
sensitive than the beta scattering method. The transmission system also
allows correction for iron variations in the ash. For instance, sdppose
an Fe-55 source is selected. This source emits 6.0 KeV MnK radiation. At
this energy, the mass absorption coefficient of iron is équa] to that of
the rest of the ash. Hence, variations in the iron content can be corrected.

However, a transmission technique is more sensitive to air content of
a slurry than a backscattering technique. It also does not correct for
variation of sulphur, gh]oriné and calcium in the ash, although much of the
time the errors introduced by variation of these elements are within
acceptable precision.
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A schematic diagram is shown in Figure 3.

(c) Backscatter of electromagnetic radiation .

The intensity of electromagnetic radiation backscattered from a
sample is proportional to the scattering mass attenuation coefficient of
the sample divided by the total 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 of 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.

Sturry streams in most modern coal processing plant contain considerable
amounts of entrained air bubbles. The coal itself may contain large
variations in iron content. Hence for the analysis of coal slurry streams,
the‘technique of.using backscattered electromagnetic radiation is most
suitable. Backscatter techniques have the advantage over transmission
techniques of not being affected by air bubble content. Also, thé 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 technidue this additional
sensor is not required. FekK fluo?escent‘x-rays will be pho¢uced and detected
directly 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 propor-
tional counter. The signal from the proportional counter is sent to a MCA.
The result is printed out on a T1-700 silent terminal.

The test rig (Figure 4) incorporates a centrifugal pump feeding the
slurry to a constant pressure head tank. The coal slurry gravity feeds the
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ash sensor flow cell. A1l products are collected in a common sump for
recirculation by the pump. The system is designed to use a recirculating
coal sample or accept plant feed and operate on an in-line basis. The
entire test apparatus is mounted on a wood base and frame with casters for
easy transportation and setup.

The combined information from the ash sensor and the density gauge
can be fed into an appropriate equation to yield the percent ash by weight
in the coal. An additional correction for variable iron content can also
be incorporated into the equation. This correction will be based on the
intensity of FeK fluorescent x-rays obtained directly from the ash sensor-
MCA system. '

7. CONCLUSION

A method for on-line analysis of coal ash is being developed which uses
two radiometric sensors; a density gauge'and an ash sensor. The density
gauge operates on principles already well established. The operation of
the ash sensor is based on the electromagnetic radiation from a radioisotope
backscattered by a coal slurry sample. These units are incorporated into
a test rig designed to tolerate the abusive environment of a mineral
processing plant. The test rig can be easily transported to various
plant sites for on-line operational testwork.
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ABSTRACT

Methods for on (and off) line nondestructive composition analysis of coal
are described. Nuclear methods based on prompt neutron activation analysis '
have been extensively developed for rapid on-1ine process control in an in-
dustrial environment. Several instruments were developed to perform on-line
elemental analysis of coal in fossil burning power plant or coal mines. Re-
sults are generally in good agreement with the more elaborate standard ASTHM
analytical methods when the sampling errors in the latter are minimized. Non-
invasive methods based on capacitive and microwave interrogation have been
successfully demonstrated for moisture determination in coal. Application of
high energy neutron activation analysis method is recommended for rapid deter-
mination of the oxygen content and other difficult to determine elements such
as magnesium in coal.

INTRODUCTION

The need to accelerate and expand the utilization of coal has been broadly
| recognized in the last few years. In parallel, an extensive effort has been
made to develop rapid and nan-invasive techniques for measuring coal compdsi-
tion and quality. Of particular significance is the development of advanced
methods for on-line compositional analysis of the entire process stream. These
techniques are highly suitable for process control since they eliminate the

need for elaborate sampling and sample preparation procedures required in all
standard methods for coal analysis.
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Since 1976 the coal instrumentation group of the Advanced Nucleonics Di-
vision, under sponsorship of the Electric Power Research Institute (EPRI)
Science Applications, Inc. (SAI) and Kennedy Van Saun Corporation (of the MchNally
Pittsburg group) is evaluating, developing. and manufacturing vafious instru-
ments for rapid nondestructive assay of coal. Applications include continuous
coal measurements for monitoring mining, power plants operation, coal prepara;

tion and specific boiler operations for slagging and fouling control. The
following areas are covered.

. Complete elemental analysis
Moiéture measurement

Sulfur determination

Ash analysis ‘

Btu content determination

-» ® a O T

Oxygen measurement

This paper presents some of the recent instrumentation developments for
coal analysis. The basic principles and systems design criteria are briefly
discussed.

CONTINUOUS ON-LINE NUCLEAR ASSAY OF COAL (CONAC)

Application of nuclear techniques based‘on prompt neutron activation
analysis (PNAA) for coal elemental analysis offer the possibility of non-
invasive, continuous, on-line monitoring of process streams. The principle
of PNAA of coal have been discussed extensively in the literature Ref. (1-10).
Briefly a source of fast neutrons is‘placed near or inside a mass of coal.

A large fraction of the fast neutrons are slowed down to thermal energies and

are captured by the nuclei of the various constituents of coal. The proba-
bility of neutron capture by a'sbecific constituent depends on its capture
cross-section and weight percent. In coal measurement between 80 to 95% of all ab-

sorption occur in the nuclei of hydrogen. The-absorption in squur constitutes be-
tween 0.1% for Tow sulfur coal and up to 3% of the total absorption for high

sulfur coal. The nuclei that.captured the neutron emit, within every short

time (<10'9 sec), characteristic gamma rays which provide quantitative "signatures"
of the various constituents. Most of these characteristic gamma rays have high
energy and can readily penetrate the mass of coal. A'gamma ray detector is
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placed outside the coal and detects the gamma rays. The relative amount of the .
coal constituent is determined from the detected specific gamma rays. The
ability of the detector to distinguish between the multitude of lines is called
resolution. Examples of high resolution detectors are Ge(Li) and hyper-pure Ge,
a medium resolution detector is NaI(TL) and low resolution detector is the
plastic scintillator. Typically a high resolution detector is used in the

CONAC system for multi-element analysis. If only the sulfur and a few, other
major elements in coal are desired, NaI(T%) can be used.

During the past three years, SAI, in close contact with a number of
large utilities, has done an extensive investigation using both Ge and Nal
detectors to determine optimum configuration for PNAA of coal for use with
the CONAC system. Optimization of accuracy and reproducability involves con-
sideration of neutron and gamma ray intéractions in the coal, coal rheological
properties and also methods of coal conveyance.

A conceptual design of a CONAC installation is shown in Figure 1. Various

types of coal with widely varying compositions have been analyzed with a
laboratory CONAC system. These include coal from high to low rank with low,

medium and high sulfur and ash contents and with tope size between less than

-1/4 in.(0.6 cm) to less than -3 in.(7.5 cm). Figure 2 illustrates a typical
neutron-induced gamma ray spectrum measured for a sample of Pittsburg #8 coal
using a high resolution Ge(Li) detector. As seen, the spectrum contains a
profusjon of closely spaced speétra] lines. OQObviously high resolution detector
and an advanced software are required for analyzing such a spectrum to determine -
the elemental composition of the sample. Gamma spectra from various-coal types
and blends have been analyzed to assess the accuracy of the CONAC system. The
results were compared with standard ASTM chemical analysis carried out by

several laboratories. Generally the CONAC results were more accurate than that
obtained from ASTM analytical and sampling methods. Table 1 shows the error
spread for four elements (H, S, C, and C%) ubtained in seven different coal
samples by the CONAC system and by ASTM methods. The Pittsburgh coal sample

was selected as a standard in this analysis, since the spread between the various
ASTM results for this coal was small enough and deemed acceptable.

A 1aboratory version of the CONAC system has been built and tested at SAI.
It enables rapid elemental analysis of a large sample (75-100 Kg) of coal.
Figure 3 shows the major components of the system. A Ge(Li) detector is used
for the comp]ete elemental analysis of the sample. A computerized analyzer and
state-of-the-art electronics (Figure 4) are used to process the gamma signa-



TABLE 1

Concentration Of Some Elements In Various Types Of Coal As Determined By CONAC And

Conventional ASTM Techniques

ANALYSTIS ("As Received" Basis)

COAL TYPE HYDROGEN ] SULFUR CARBON CHLORINE

PNAAt ASTM* | * PNAAt ASTM* PNAAT ASTM* PNAAt ASTM*
E.Ohio(1%) (5.11 + .02 5.02 = 0.11{ 2.91 # .02 2.91 + .13 168.65 + .9 | 68.7 + 1.3 ]0.128 * .002 0.086
DEK 6.44 + 021 5.23 + 0.99} 0.38 + .01]0.39 = .07 |56.36 + .7 | 60.5 = 5.2 ]0.0038% .0006 0.018
E.KEN 5.62 + .02| 4.93 + 0.19} 0.90 + .01 0.82 + .04 [69.11 + .9 | 67.8 + .1 |0.039 * .001 0.037
3lend 1 5.74 + .02} 5.52 + 0.64) 1.25 + .01 1.28 = .17 68.77 + .8 | 67.8 + 4.4 {0.051 £ .001 | 0.042 £ .018
3lend Z 6.03 ¢ :02 5.63 + 0.98} 1.34 = .01} 1.21 £+ .09 [65.16 + .8 | 64.9 + 4.4 [0.050 + .001 | 0.086 * 0.034
NM (%) 4.78 = .02 4.70 + 0.53] 0.93 =+ .01} 0.94 tb.03 51.50 + .7 | 55.8 + 4.0 [0.066 * .001 0.082
PITTS, ** 5.13 + 021 5.13 £+ 0.07] 2.91. + .02} 2.91 + .03 |71.40 *+ .9 | 71.4 £ .7 |0.144 £ .001 | 0.144 £ 0.023

TPNAA uncertainties in analysis  PNAA = Prompt Neutron Activation Analysis

*ASTM uncertainties based on deviatians between 2 or 3 laboratory results. With
are quoted, only cne laboratory submitted results.

Chlorine where no uncertainties

**PNAA results are normalized to ASTM results for:PITTS #8 coal.  This establishes the absolute calibration of

the PNAA results for these measurements.

697
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tures for determining the elemental composition of the sample. The system

is calibrated routinely using known reference samples of coal. Careful pre-
paration of the reference samples involves determining the bulk density and
mapping of their density distribution by gamma transmission techniques. This
information is then used for a small density correction.

The CONAC system can be easily integrated in the overall coal conveying

system of a plant. It can be designed to handle 1%, 10% or even 100% of the
coal flow in a typical process stream. However, if it is necessary to measure

a large fraction of -the coal throughput, multiple neutron sources and detectors
may be required across the belt since one source/detector comhination only
interrogates a strip of coal approximately 2 ft. (61 cm) wide. The speed of

the belt for the prototype system is designed to vary so as to present between

1 and 50 tons of coal per hour for analysis. Figure 5 shows one possible concep-
tual arrangement for integrating the CONAC into a coal-fired power plant. Diversion

of the coal is accomplished by cutting a primary stream of coal to the plant
"and sending a stream of ¢oal to the analysis section located in a sample house.
Following the analysis, the coal can be routed back 1nto.the main stream.
A11 CONAC components lend themselves to field hse. In an actual installation
the operator is provided with basic data such as weight percent of the signifi-
cant constituents in the coal. In addition information on the status of the
equipment and its radiation and mechanical safety interlocks arc available. This
data could be further processed to give the operator more information on the
toal that will be used to geherate power within hours. Such information could

be in the furm uof fouling and slagging indices, Btu value, hourly.and daily
averages of sulfur and moisture content, etc. The specific farm of the proccssed
information can be mndified to suit the specific utilily needs as experience

is gained. Quality and process control in coal mines can alsu be achieved by
proper. location of the CONAC in the flow materials stream and proper utilization
of the data it generates. ‘

HYDROGEN AND MOISTURE MEASUREMENT

Hydrogen appears in coal in two different forms: moisture and volatile
matter. Both afe normally determined using standard ASTM analytical-chemical
techniques. These techniques, however, are time consuming and reguire a major
effort in obtaining and processing a small (gram size) representative sample
from a flow of tens to hundreds tons of coal per hour. A rapid method to
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measure the total hydrogen of coal when used in conjunction with a continuous
moisture meter could provide a detailed information on the volatile matter
content and on the Btu value of the coal.

During the past several years, we have been investigating various nuclear
and non-nuclear techniques for hydrogen and moisture determination in coal.
‘Critical review of the available methods and recomendations for a continuous
on-line measurement are summarized in Ref. (11) to (13). It has been shown
that among the possible nuclear techniques for total hydrogen determination
a system based on measuring the leakage of epithermal neutrons provides the
best indication of hydrogen density, with the Teast depehdence on coal compo-
sition. Using that method, the total hydrogen density in coal is measured with
an average absolute error of 1.8 x 10-3 g/cm®. The system response is shown
in Figure 6 as a function of the hydrogen density (wt. % hydrogen x bulk density).
Results are shown for various types of coal repreéenting a wide range of com- -
positions and bulk densities expected in practice.

Two electromagnetic techniques: capatitance and microwave absorption,
have been investigated for on-1line moisture monitoring of coal. The response
of instruments based on these techniques was measured using a representative
‘range of U.S. coal types and moisture levels. Figure 7 illustrates three
basic capacitor geometries investigated for“on-]ine'app1ications: the cylindri-
cal chute, the parallel plate pass-through and the parallel plate ski. The
parallel plate pass-through configuration has been found most attractive for on-
line application since the plate could be placed on either side of a conveyor
belt. The system consists basically of two flat rectangular plates with area
of 750 cm?® (0.81 ft.2). The plates are spaced 22 cm (0.72 ft.) apart and
can interrogate as much as 30 Tbs. (13.3 Kg) of coal. Other configurations are
also being investigated.

Figure 8 shows the basic setup for the microwave attenuation measurement
for coal. A differential frequency measurement and analysis technique Ref. (14),
was used to reduce the measurement sensitivity to coal type and instrumental
effects. Figure 9 shows a laboratory version of the microwave moisture meter.
Typical response of the microwave method is shown in Figure 10 for various
frequencies and moisture levels. A single response curve for various coal types
are illustrated in Figure 11. Uncertainties in moisture determination of less
than 5 percent relative (typically 0.6 wt.% absolute) were obtained employing
our measurement systems. In on-line applications, this level of accuracy in
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moisture determination, combined with the accuracy in measuring other elemental
content with a CONAC system, will allow the coal Btu value to be deduced with
accuracies of 2 percent or better.

SULFUR DETERMINATION

The coal sulfur content restricts its use and thus its value as an energy
source. Too much sulfur prevents direct combustion and necessitates special
expensive pre-combustion (e.g. cleaning or blending) and for post-combustion
(e.g. scrubbers) treatment. Sulfur can be measured very accurately by prompt
neutron activation analysis using a high resolution Ge(Li) detector. Results
of such measurement were obtained by our laboratory version of the CONAC system
and are summarized in Table 1. Because of the low efficiency of Ge(Li) detectors,
a relatively long measurement (about 1000 sec.) is typically necessary to obtain
sufficient]y precise results. Sodium iodide NaI(T%) detectons are much more
efficient (by a factor of 10 to 100) than the Ge detector allowing much rapid
measurement. They are. however, less stable and their energy resolution is
poorer than the Ge(Li) detectors as shown in Figure 12. This figure shows the
spectrum measured by NaI(T2) deétector of the same coal whose spectrum is shown
in Figure 2. Except for hydrogen, each peak shown in the Nal spectrum contains
. contributions from several -constituents making direct determination of individual
elements more difficult. However. in the case of sulfur, the contribution of
the sulfur Tine to the peak labeled "S" is dominant allowing direct determination
of sulfur weight percent if proper account of the other contributing elements,
e.g., iron, nitrogen, chlorine, and others, is taken. A special Spectral Corre-
lation Method (SCM) has been developed by SAI which yields reliable sulfur
reading over a wide range of coal types. The method accounts for the contribu-
tions to the sulfur peak from most of the interfering elements. This is accom-
plished by establishing a correlation between the contribution of the interfering
element's gamma lines to the sulfur peak by measuring its contribution to a
peak in some other region of the spectra. |

The SCM method was used to analyze the sulfur line obtained with NaI(T)
detector for a wide range of coal compositions as shown in Figure 13. The
relative RMS deviation calculated from the points in Figure 13 is 2% (0.02%
absolute for 1% S-coal). It should be emphasized that the coals analyzed here
span the range of U.S. coal types and encompass a much wider range of composi-
tional variations than would be normally expected for a specific coal-burning power
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‘plant. With the flexibility designed into the SAI sulfurmeter, further tailor-
ing of the software analysis program for the range of coal used by a specific
user may allow a further increase in achievable accuracy. Other elemental
constituents that can be reliably extracted from the Nal spectrum using the
same SCM'technique are hydrogen, nitrogen, chlorine, and iron as shown in
Figures 14 .through 17.

A schematic of an industrial sulfur meter based on prompt neutron activa-
tion analysis is illustrated in Figure 18. The system shown in this figuré
is basically designed to analyze coal contained temporarily or slowly moving in
a chute. This geometry was selected by a utility because of space limitations.
Other geometries such as the belt configuration described before (e.g. Fig. 1)
are obvious1y possible and generally recommended. The system consists of the

following subassemblies:

e Shielded NaI(TR) detector subsystem for detecting the gamma rays

emitted from elements in the coal.

" ® 2520f peytron source and containment system with its associated
biological shielding. The initial source intensity allows 5 years
of operation without replacing the source. Various engineered
safety features are incorporated in the source subassembly to assure

safe operation in an industrial environment.

e Moderator/Reflector source assembly to enable optimum neutron flux

within the coal.

® Analog and digital electronics systems to be located near the sulfur-:

meter and/or in the control room.

ProVisions are incorporated to expand the system capability for measuring
other coal constituents besides sulfur and other important quantities such

as coal calorific value, and mineral matter ("ash").

OXYGEN DETERMINATION

Oxygen accounts for about 5 to 20 weight percent of various raw coals.
Obviously accurate determination of oxygen in coal process streams is important
for mass balance considerations in ultimate analysis and process control. Deter-
mination of oxygen in coal provides basically a complete elemental composition of coal
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without recourse to indirect determination by "by-difference" as is currently
done. Oxygen has a very low thermal neutron capture cross sect1on, making

it impossible to determine its weight percent by interrogating the coal w1th
thermalized neutrons from a 2%2Cf source. However, oxygen has a relatively
high cross section for inelastic scattering of high energy neutrons leading

to gamma produétion of v~ 6 MeV. Further, neutrons above 10 MeV produce 6.1
MeV gammas via the '®0(n,p)*®N reaction (40 mb cross section). The ®N decays
with a half-life of 7.1 sec and can be detected by conventional delayed activa-
tion techniques. Fast neutron interrogation provides, therefore, a feasible
way of oxygen determination in coal. The épectrum of Pittsburg #8 coal
irradiated repeatedly with short bursts of 14 MeV neutrons as measured with
Nal detector is shown in Figure 19. ‘

Fast neutrons activation can also be used for determining other difficu1t
to measure elements in coal besides oxygen. For instance, Mg has a relatively
high cross section for 2“Mg(n,p)2“Na reaction at high neutiron energies (200 mb
at 14 MeV). The radioactive reaction's product, 2*Na has 15 hr. half life which
enable a convenient’measurement of its activity after irradiation far from
the neutron source. The same isotope, 2“Na is also a product of 27Al1(n,a)2“Na
~reaction which may take place at high neutron energies (120 mb at 14 MeV).
Therefore, a correction procedure using a combination of thermal and fast neutron
activation techniques has to be used to deduce separateiy the weight percent
of ?7A1 and 2*Mg. Fast neutron activation techniques may also be ysed for
measuring Na, K, and P content in coal which are otherwise difficu]t to
determine.

High energy neutron (14 MeV) are conveniently prodbcéd by a small neutron
genera%or using T(d,n)*He reaction. A 14 MeV neutron generator is currently
applied in the fast neutron activation analysis laboratory at SAI. Associated
with this facility is a 66 in (1.68 m) activation tank which 1ncorporates a
“dry well" to enable sample handling for fast neutron activation, see e.g.,
Figure 20. Samples of various sizes can be analyzed at the laboratory.

SUMMARY
An extensive instrumentation development program has been outlined for

coal analysis. Systems are described for various applications in the coal
industry such as complete elemental analysis of coal, sulfur monitoring, ash
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analysis, Btu content determination,'moisture determination and oxygen analysis.
Nuclear methods based on PNAA (prompt neutron activation analysis) have been
extensively developed for rapid on-line measurements for coal process control

as well as for rapid laboratory type analysis of large samples. Both high-
resolution Tow-efficiency Ge(Li) detectors and medium-resolution high efficiency
NaI(Te) detectors are applied. Ge(Li) detector is typically utilized in the
CONAC (Continuous On-Line Nuclear Analyzer of Coal) system to provide a complete
analysis of coal.and ash composition. Systems based on NaI(T2) detectors are
currently used for rapid analysis of coal. Two main system configurations are
typically applied; belt and chute (or bin). These geometries have been found

suitable for a wide range of applications in the coal industry.

The composition and quality of a wide variety of US coal types ‘have
been measured using the SAI PNAA systems. It has been demonstrated that all
important coal constituents can be measured in a continuous manner. Re-
liable results have been obtained for sulfur, hydrogen, carbon, nitrogen,
chlorine and typical metals which are slag formers. Results have been
checked against a variety of other analysis techniques including standard
ASTM chemical analysis. .

Non-invasive techniques based on capacitance measurement and miero-
wave interrogation have been successfully demonstrated for determining
moisture in a variety of coal types. These methods when applied with a
continuous analyzer nf cpal composition enable a rapid and accurate on-
line determination of coal calorific value.

Fast neutron activation techniques are discussed for direct measurement
of oxygen and other elements such as mégnesium in coal. Small neutrons
generator is typically used as a fast neutron source. The system is currently
applied in an off-1ine manner for laboratory analysis of large coal samples.
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Figure 1. Schematic View of CONAC
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DEVELOPMENT OF AN ELEMENTAL ANALYZER FOR

COAL, OIL AND SIMILAR BULK STREAMS - A STATUS REPORT
by

A. Cekorich, H. Deich, T. Harrington, and
J. H. Marshall 111, MDH Industries, Inc.

The elemental analyzer to be described here has been under development at
MDH Industries, Inc., for about five years. This effort has resulted in a new
capability for coal-utilizing industries, the ability to analyze a coal process
stream on-line, and to obtain information about it in time to utilize that data
to affect the coal stream itself and/or its optimum utilization in later pro-
cesses.

First, who is MDH? We are a small, relatively young company whose capa-
bility in developing innovative, high-technology instrumentation rests on the
extensive experience of its incorporators with the aerospace instrumentation
- industry. MDH exists because we felt we could make a meaningful contribution
to the country's more normal industrial efforts. We have successfully developed
- a medical instrumentation line, and are using the return from that line to sup-
port the effort to develop our analyzer. This work is totally company funded.
There has been no government R & D support behind this work. Based on the
results to date, we believe we chose wisely.

The problem we attacked was that of performing elemental analysis of
bulk process-stream materials in an on-line configuration. We are interested
- primarily in the sulfur content of coal (and 0il) and secondarily in obtaining
data on other elements to permit an ash measurement and, eventually, possibly
a BTU measurement.

To perform these measurements, we detect and analyze the gamma rays pro-
duced by neutron capture in the material being evaluated. Almost all elements
when bombarded by slow neutrons capture these neutrons at least momentarily
and form a compound nucleus in an excited state. Usually the rapid emission
of one Or more gamma rays with energies and intensities which are uniquely
charécterlstlc of the capturing nucleus dissipates most of this excitation
energy. These gamma rags are called '"prompt gamma rays' because they are gener-
ally emitted within 107" s of the time of neutron capture.

The general principles of bulk-composition measurements using neutron cap-
ture are available in the literature (including an earlier MDH paper referenced
below(l)), and I won't repeat them here, nor cover again why we chose the
particular approach we did. I will limit myself here to a description of the
actual instrument being built and its capabilities.

(1 A. Cekorich, H. Deich, J. H. Marshall II1: '"An Elemental Analyzer for Coa
0il and Similar Bulk Streams'; Internal Report No. 3; MDH Industries, Inc.;
25 September 1978. Presented at the 2°2Cf Utilization Meeting in Atlanta,
Georgia, 4 October 1978. :
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Instrument Description

Figure 1 presents schematic views of the main parts of a coal analyzer
employing prompt-gamma analysis. We are currently calibrating this unit and
expect to deliver it shortly. The coal being analyzed is confined on four sides
within the measurement volume, which is the region throughout which theé composi-
tion measurement takes place. Coal passing through the coal chute continuously
fills the measurement volume with a current coal sample, thus providing the
continuous, on-line bulk measurement.

The instrument includes a source of neutrons which is placed outside
of the measurement volume. The neutron source consists of two capsules
containing the isotope californium-252. (The use of dual sources improves
measurement uniformity.) Moderators surround the source capsules in order
to reduce neutron energies before the neutrons enter the measurement volume.
This energy reduction decreases the number of gamma rays produced by inelastic
neutron scattering and resonance absorption and also permits a reduction
in the size of the measurement volume.

Californium-252 produces over five gamma rays for each neutron, and
gamma rays from neutron capture by hydrogen and carbon in the moderators
or in the safety shield could be confused with the same type of gamma rays
from the coal being analyzed. The instrument, therefore, includes a gamma-
ray shield which is, located between the two source capsules with their modera-
tors and the measurement volume. The gamma-ray shield prevents most gamma
rays arising from the source capsules, the moderators and the safety shield
from reaching the gamma-ray detector or escaping to provide a radiation
hazard near the instrument.

The gamma-ray shield also provides a region through which neutrons
can readily diffuse from the neutron source into the coal. This diffusion
must occur without many neutrons being captured by the materials comprising
the gamma-ray shield, because otherwise the gamma-ray shield itself would
be an unacceptable source of interfering gamma rays. Thus the gamma-ray
shield is composed of materials which have low neutron-capture cross sections
as well as high attenuations for gamma rays. Furthermore, its presence
along the sides of the measurement volume prevents the surrounding safety
shields from depressing the neutron flux at the edges of the measurement
volume, thus improving measurement uniformity and instrument sensitivity.

Those neutrons which diffuse through the gamma-ray shield and enter
the measurement volume will be moderated by the hydrogen present in the
coal, and then many will be captured by the various elements therein.
These neutron-capture reactions generally produce gamma rays, which travel
outward in all directions. Some of these gamma rays will travel through
the measurement volume and the neutron-absorbing gamma-ray window and enter
the NaI(T2) gamma-ray detector. '

Wheu Lhe gamma rays interact in the detector, they produce electrical
signals indicative of their energy. The sensor electronics, which actually
consist of two boxes one of which is outside of the radiation shield, convert
these electrical signals into digital information, which is transmitted
over an interconnecting cable to the display console. The display console
processes this information using the fact that neutron capture produces an
energy spectrum which depends on the amounts of the various elements
éapturing the neutrons. The result of this processing is information
concerning the relative concentrations of the various elements of interest
in the measurement volume and any other properties, such as density, which
may be usefully obtained from the measured spectrum.
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Although the neutrons which the coal in the measurement volume captures
provide the useful information, many neutrons are not captured there and
could potentially escape from the instrument or could interact in the gamma-
ray detector. Because -the neutron sources are outside of the enclosed
measurement volume, most neutrons will not enter the measurement volume.
In order to control these unused escaping neutrons to avoid a radiation
hazard and background in the measured energy spectrum, the instrument
includes a gamma-ray window and safety shields.

The safety shield must attenuate source gamma rays, epithermal neutrons,
thermal neutrons and capture gamma rays. Because the gamma-ray shield can
reduce the dose from source gamma rays by ovet a factor of 10, neutron
attenuation becomes a principal task for the safety shield. Since many
of the neutrons leaving the moderators are still energetic, the safety
shield must contain a hydrogenous material to reduce the neutron energies
to the region where capture is probable. When hydrogen captures thermal
neutrons, a penetrating 2.23-MeV gamma ray results, and these capture
gamma rays represent a radiation hazard, a potential cource of hackground
counts in the detector and a slgual which can be ronfused with that from
hydrogen in the coal. Thus, an isotope which does not produce energetic
capture gamma rays has been added to the hydrogenous material in the safety
shield.

In order to avoid a radiation hazard from escaping neutrons when the
measurement volume is empty, the shield on the detector side of the measure-
ment volume has been placed behind the seusor eclectronics, and the detector
and the sensor electronics are thus located within a chamber in the safety
shield. Even in this configuration some scattered radiation can leave the
top and the bottom of the coal chute passing through the measurement volume
when it is empty, because this region is constrained by equipment used to
move coal into and out of the instrument. Shielding here should not be
necessary, because the scattered radiation is low, and these regions are
unoccupied. A radiation alarm and a movable plug for the cnal chute when
no coal is present reduce radiation hazards for an empty coal chute. In
addition, the neutron sources can be withdrawn remotely intn a "safe position”
to permitL euntry into the coal chnte for short time periods and maintenance
vt the senour slaectranien,

Figure 2 shows a block dlagiam of data-analysis equipment which is used
in this type of instrument. The gamma-ray detector is a doped alkali-halide
crystal which scintillates in response to energy deposited by gamma rays
entering it. The photumultiplier tube ronverts these light flashes into
current pulses, which the amplifiers increase in magnitude sufficiently
to be proéessed accurately by the analug-to-digital converrer. This
converter defines forty amplitude windows and categorizes each detected
event producing a pulse amplitude within the range of interest as belonging
to one and only one such window. In additjon, it contains circuits which
detect pulse pileup and reject events with pulse amplitudes contaminated
by such.pileup.

For each such analyzed event, a pulse is added to the appropriate
storage register in the acéumulators. At the end af a 10-s data-accumulation
interval, the relative number of events counted by each of the forty storage
registers in the accumulators associated with each of the forty amplitude
windows becomes a digital representation of the amplitude of the output
pulses from the gamma-ray detector.

As shown in Figure 2, the digital information from the accumulators is
presented to the digital data link. The sensor data-link logic converts
the data into an appropriate form for transmission over the interconnecting
cable to the remotely-located display console. Here the console data-link
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logic receives the transmitted data and presents them in proper form for
the computer.

The console contains a microprocessor with sufficient memory and peripheral
equipment to form a small digital computer. After making corrections for
pulse pileup, this computer constructs weighted, linear sums of the count
rates in each of the forty amplitude windows to increase selectively the
sensitivity to one element while decreasing the sensitivity to other interfer-
ing elements. Several such sums with different weighting coefficients yield
outputs which are indicative of the relative concentrations of different
elements. The computer generates elemental sums corresponding to carbon,
hydrogen, sulfur, nitrogen, silicon, iron, aluminum, titanium, calcium,
potassium, sodium and chlorine in order to encompass most of the elements
present in coal. The optimization process leading to the weighting factors
considers pulse pileup, gamma rays from the 2520f peutron sources, signals
induced by neutron reactions in the detector, gamma rays from structural
materials, and drifts in the pulse height analysis. This type of computation
eliminates most of the interferences between elements capturing significant
fractions of thermal neutrons and also corrects automatically for the slowly-
varying continuum. Normalization to one element or group of elements removes
the problems inherent in using absolute counting rates.

The resulting quotients, which for a coal-analysis instrument will
represent the fraction by weight of each of the measured elements compared
principally to carbon, are presented to the data-outputting sub-system
for further uses. The data-outputting sub-system can contain strip-chart
recorders for generating graphs of relative elemental concentrations versus
time, digital displays for showing these concentrations in numerical form,
and a data interface for providing digital communication to external data-
processing devices such as digital printers or plant-controlling computers.

Because drifts in the electronics for gamma-ray analysis are a significant
source of error, the instrument contains a stabilizing system. This system
has a temperature regulator, which maintains the sensor electronics and the
gamma-ray detector at a constant temperature for ambient temperatures between
-30°C and +45°C. The stabilizing system can also vary the gain of the pulse-
height-analysis circuits using a digital-to-analog converter and a controllable
power supply to change the Lias wvoltage applied to the photomultiplier tube.

A second digital-to-analog converter permits the stabilizing system to change
the offset of the pulse-height-analysis circuits by way of the amplifiers,
resplting in a two-point control of the pulse-height analysis., The computer
then can cause two peaks in the gamma-ray spectrum to be centered in appro-
priate amplitude windows, reducing the effects of drifts in the electronics
for gamma-ray analysis.

Accuracy and Response Time

During the production of this instrument for the measurement of the
sulfur and ash contents of a cleaned, low-ash coal, MDH developed a computer
model of the operation of this type of elemental analyzer. This model is
based on both theory and experimental data and simulates in detail much of
the operation of the meter. This simulation permits us to predict measure-
ment accuracies for a given respnnse time and coal composition within at
least a factor of two. This factor of two allows conservatively for uncer-
tainties in the computer model itself and for presently-unknown sources
of error. Further work on present projects will permit this factor to be
reduced  as the computer model continues to be refined.
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Table 1 shows the predicted errors and readouts for a particular coal,
the "cleaned" coal for which the current unit was built. For example, the
fraction of the dry coal by weight which is sulfur is nominally 0.92%. The
instrument will read out this value with an anticipated error of 2.2% of the
value or, to state it another way, it will read out the % sulfur as 0.92%
$0.02%. This readout will be up-dated every 10 seconds based on the output
of an exponential filter operating on all past data with a response time as
shown. Such a filter weights the latest data heaviest, with continuously
decreasing weights on older data.

The total errors listed are comprised of a combination of two types of
error, those we call systematic errors and those we call statistical errors.
The statistical errors are improved by extending the response time of the
filter (essentially smoothing over more data). We have chosen the response
time to be such that the statistical errors and the systematic errors, those
errors independent of response time, are approximately equal. The systematic
errors represent an irreducible winimum error which only instruments with vaery
long response times can achieve.

The ash percent readout listed below the table shows a total error of
£0.1247. The analyzer does not actually measure "ash". It can only establish

“the elemental composition of the material being evaluated, and does not recog-
nize chemical states. Therefore, the "ash" readout is obtained by assigning
previously agreed upon forms to the various ash elements, such as Fe,0,

§i0,, Na,0. The fractions by wecight for the elements are increased by appro—
priate faclors to allow for the associated, but unmeasured, oxygen. Other
minor elements are not measured, usually because there is too little of each,
and, for this cleaned coal, a correction factor of 1.02 is used to account
for these unmeasured elements. The resultant output, an anticipated 2.73%
for this coal, will be measured with an error of 0.124% as previously noted.

The moisture measurement will be obtained by mostly external means. A
nicrowave absorption measurement, with the assistance of density corrections
obtained from the analyzer, is expected to provide an accurate value for this
parameter.

Using all the above data in a previously agreed upon formula from Mott
and Spooner, the heat content of the cual stream is estimated. Finally, the
estimated heat content is divided into twice the measured amount of sulfur to
provide a measurement of the amount of SO, per unit heat output. This output
does not allow for any of the sulfur remaining in the discarded "ash", but it
shoyld track the stack monitors well.

The LCT roetticients used to produce this data assume that the material
being analyzed will vary over known bounds. All the elements (except carbun,
of course) are assumed to vary by *100% in an uucorrelated manner. ' That is,-
while any element 1s varying randomly, it is not expected that all ash elements
would go the same way causing the ash content to double.

To show how the instrument would perform for an uncleaned coal, we
prepared Table 2. Note the lower carboun, and the significantly higher sulfur,
ash and moisture. Because there is much more to work with, the errors as a
percentage of the quantity being measured (other than carbon) are generally
improved; but, for the same reason, the errors as a percentage of the coal are
increased. Thus, the sulfur would be read out as 3.57 +0.066%,the ash as
11.2 *0.25%, and the 1bs. 802/106 BTU as 5.58 +0.096. These accuracies are
achieved using different LCT coefficients, again allowing #100% variation
around the new norm. Changing LCT coefficients, and thereby optimizing the
analysis for widely different coals, would call for a change of one board in
the data processing electronics. '
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Equipment Status

I would like to close this presentation by showing some photographs
of the actual equipment to be delivered soon. Figure 3 shows the Sensor
Assembly from two aspects. The man at the edge of the picture is for scale
reference. He is six feet tall. Because this picture was taken during
radiation safety checks, we omitted the thermally insulated connection
between the Sensor Assembly and the Logic and Power Assembly, which you
would normally see coming out of the white face in the left view. The
Sensor Assembly is about eight feet high and weighs about eight tonms.
Figure 4, with one of the shield tanks removed, gives a clearer presenta-
tion of coal chute, source and moderator relationships. The void to the rear
in this figure is the cavity containing the detector and initial signal
processing electronics as well as thermal insulation and some additional
radiation shielding materials.

- Figure 5 shows the Logic and Power Assembly. The distance between
this unit and the sensor (along the thermally insulated connection) is
fixed at six and one half feet to handle some very high speed signals be-
tween the two units, where transmission time can affect performance. This
figure shows the only item requiring maintenance by operational personnel
in the analyzer. The analyzer will announce when the air filters for the
thermal control system have accumulated so much dust and dirt that they
must be cleaned to maintain proper control system performance. The filters
are standard automobile-type units, so that maintenance should be straight-
forward. The scale resting on the top of the unit is a one-foot rule to
give the viewer a concept of overall size.

Both of these units, the Sensor Assembly and the Logic and Power
Assembly, are designed to meet National Electrical Code Class 2, Division
1, Group F conditions. They do not need special facilities for proper
operation. The thermal control system is expected to perform properly over
an ambient temperature range from -30°C to +45°C.

The control room equipment (Figure 6) is almost completely contained
in a standard 19" rack. If space is at a premium, we need only 29 1/2
inches of vertical rack space to hold all these units. The four items
shown here are the power supply, the computer=processor, the control panel
and a chart recorder. Digital readouts occupy the majority of the face of
. the control panel, providing large digits readable from a distance. The
cludter of indicators and switches on the right contain the following
(reading left to right, row by row):

e Control Fail: Tells the operator when it is not lit that
' the computer is running thru its paces in

a normal mode and re-triggering an inhibit
circuit every ten seconds. Since the com-
plete control and data processing cycle
is performed in a 10-second interval, if
the computer should ever get hung up some-
where, this indicator would go on. Another
possibility for the indicator to come on
would be paower loss to the computer.

o Data Valid: This is the normally 1lit green light saying
everything is okay so far as any of the
circuitry can determine.
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o Sensor Off: Indicates there is no power at the sensor
installation, even though everything seems
alright in the control room.

e Check Filter: The previously described flag for air filter
maintenance.

e« MicroWater/

Elan Water: A selection by the operator telling the
computer to use the microwave moisture
measurement input or the elemental analyzer
a priori input of 6% moisture.

» Power Fail: A nuimally energized circuit which trips on
any short power failure. Eveun 1if power returns
quickly and the system continues to perform,
the operator must reset this switch to tell

the computer that the intermittent failure

was duly noted. '

¢ Chart Zero: A signal to set the range of the pen recorder
at zero. '

¢ Chart Tull

Scale: A similar signal to set full scale.
* Lamp Test: A switch to allow the operator to test the

lamps by holding down the switch. Upon
release, the computer cycles its logic and
relights the lamps for 10 seconds to indicate
that the circuits ave alse functioning
properly, ’ :

The last switch is protected by an access cover. 'Restart' causes the
system to re-initialize and run thru its entire start-up sequence. We there-
fore want the operator to use this switch only when he really intends for this
sequence to be followed.

The chart recorder provides running graphs of the outputs shown on the
digital display. Other detailed data which can be recorded and used at a later
date is put on the printer (Figure 7). Any of the numbers which occur in the
analytical cycle could be called up and recorded, if desired, on command.
Current plans call for the operator to call for a print-cul vnce per shild,
at which time 24 hours worth of history will be printed. With this much
redundancy, all the data could be recorded despite operator omissions.



305

Dry Coal LCT . Total Error

Fraction 1/e Response In Dry Coal

By Weight Time : Weight Fraction

Element Ki (%) 7 (min) % of Coal - % of Ki
Carbon 85.9 8 0.21 0.24
Hydrogen 5.36 8 0.09 1.6
Nitrogen | 1.57 8 0.024 1.5
Sulfur 0.92 8 0.02 2.2
' Chlorine 0.16 8 0.0023 1.5
Calcium 0.133 - 64 0.037 $27.9
Iron 0.357 64 0.0056 1.6
Silicon 0.526 64 0.0044 8.4
'Aluminum 0.427 64 0.034 A 7.9
Titanium 0.034 64 0.002 5.7
Sodium 0.061 64 0.016 26.1
Potassium 0.055 64 0.021 - 38.1
Nickel 0.003 -« 64 0.00025 | 8.2
Chromium 0.007 64 0.0023 9.5
Ash - Z: ' 2.73 £0.124
Moisture (Fraction By Weight) - 7%: 6.0
 Theoretical Heat Content - MJ/Kg: 33.24 10.087
Lbs. $0,/10° BTU: 1.2 +0.025

TABLE 1

""CLEANED" COAL

Predicted Errors and Readouts

All errors are expressed as one standard deviation of value.
An expressed error includes the theoretical contribution of
statistical, systematic and discriminator drift effects, but
does not include the effects of density variation correction
or moisture measurement error or any inherent inaccuracies of
the formulas. :
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Dry Coal LCT Total Error
Fraction 1/e Response In Dry Coal
By Weight Time Weight Fraction
Element Ki (%) (min) % of Coal % of Ki
Carbon 69.7 8 0.38 0.55
Hydrogen 4.82 8 0.11 2.2
Nitrogen 1.41 8 0.028 2.0
Sulfur 3.57 8 0.066 1.8
Chlorine 0.0333 8 0.00085 2.6
Calcium 0.416 64 0.037 11.8
Iron - 1.60 64 0.028 1.8
Silicon 2.61 64 0.070 2.7
Aluminum 1.25 64 0.055 b4
- Titaninm 0.0625 64 - 0.0030 4.8
Sodium 0.0412 64 0.017 40.3
Potassium 0.221 64 0.035 16.0
Ash - %: ' : 11.2 %0.25
Moisture (Fraction By Weight) - % 9.99
Theoretical Heat Content - MJ/Kg: 26.68 *0.068
Lbs. sU,/10® BTU: 5.58 £0.046

TADLE 2

"MEDIUM-HTGH S" GOAL

Predicted Errors and Readouts

All errors are expressed as,one standard deviation of value.
An expressed error includes the theoretical contribution of
statistical, systematic and discriminator drift effects, but
does not include the effects of density variation correction
or moisture measurement error or any inherent inaccuracies of
the formulas.
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FIGURE 1

COAL ANALYZER SCHEMATIC VIEWS




—

CAMMA-KRY ANALYSIS SEGMENT

| | Exmeemae
Ll 0474+
INTERFICE I zxvvr/é%m

’
| P S L R SO i R (IR A N C PR e e
‘ |r—pazs&//£/sﬂmwzm/5 seamenr | % lg$§27/~a| —: |
l GAM- I{ puoro- | ANALIG - ! Accum-¢ !ké‘FA/JM ‘m‘ng ! v € | | ||

PAY |\ MUTIPLER S AMPLIFTERS || 0. CIcITAL | S — A e R
‘L.o:mmp 1| e CNUETER | | sk || : e |, |
e r | N |

6! TAL 0474~ LINK

o e o s s o | |
Bl e o e
| : s7ep- |||

74¢ - oy
‘ S T
l converen) | ] e il
| e I 1
Il carmmoiae|  pierma | | Ll o67aL “

| TaL -
l PONER m}wzoul'—— | || [osear |
‘ SUPPLY (aw&eqpil | | ”
[ ' [ i
| | Ls{ 2472
1 L b N e
[

Pibpishe Rl DATA- |
Rr—— | l | | Sureiurrive!
| SEGMENT | \ousmay L _ _i]

CONSCLE
ROAPRE A T 5 L ey ]

i

SENSOR ELECTRONICS

FI

FIGURE 2

DATA-ANALYSIS EQUIPMENT

Block

Diagram

80¢



FIGURE 3

MDH MODEL 1049 ELEMENTAL ANALYZER

TWO VIEWS OF SENSOR ASSEMBLY

60¢



310

S

e

FIGURE 4

"SENSOR CUTAWAY"



311

FIGURE 5

"LOGIC AND POWER ASSEMBLY"
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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 Morgantown 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 Insertable Pyrometer. The former component
15 designed to collect gas samples near the wall of a 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, which controls the heaters at the gas sample stream inlet temper-
ature, have already been tested at 1500°F. 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°F. 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. 1In addition, an Inser-
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 other locations within plant process streams
operating at high temperatures and pressures; therefore, it 1is 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 Ret. (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 wuse 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
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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
sections.

NON-INSERTABLE, ISOTHERMAL GAS SAMPLER

This component, with nominal design conditions of 300 psig and 1500°F,
is designed to collect an up-to-100-std-%/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 operating
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 junctionm,
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 3/8 in. OD x 1/4 in. ID x 38 in.
long high purity alumina 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 a6 n S ODs
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
incrtness and high-temperature strength.
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The Alumina Heater serves to carry the gas sample stream isothermally
through the gasifier water jacket. The Heater thermal insulation fits
snugly inside a 1-1/4 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 1-1/4 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 and 5. The Tapered
Connection provides a lonses vconnecLion between the Alumina Heater and
downslLream metal sample lines. The Tapered Connection is centered about a
3/4 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 Shutofl[ subassembly,
composed primarily of Autoclave fittings, that leads to the sample analyzer.
Two reducers connect the 3/4 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 3/4 in. pipe to the cool Spool
Piece. Conservative calculations indicate that the Tapered Connection can
withstand at least 500 thermal cycles between 70°F and 1500°F 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 Comnection reducers
and Spool Piece.

The Throttle and Shutoff subassembly, between Tapered Connection
and analyzer, 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 to help reduce the
sample gas pressure, from the up-tu-300 psi gasifier level to the atmos-—
pheric analyzer level, by use of pipe friction (rather than by orificing
which, with local velocity increascs, would reduce local temperature). The
Letdown consists of a 7/16 in. OD x 1/16 in. wall x 8 ft long stainless
steel tube lLolding a second 1/4 in. OD plugged tube that is centered
by dimples formed in the outer tube. Both tubes are wound into a 7-1/2 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 conditions. The Throttle and Shutoff
subassembly components are provided with three separate heaters of 1/8 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°F.
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The Alumina Heater and the Heater Console, Fig. 6, have already
been tested together, with the Heater at 1500°F 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°F, 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
Tncoloy 800 pipe which contains internals the most important of which is a
stainless—steel-encased, 1/4 in. dia. quartz rod that extends aloug 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 rorrelation between signal analyzer output and temperature is dependent
on the gasifier bed's emissivity at the inboard end of the quartz rod.
(The 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 € = 1, would be less than five percent.
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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" 1500°F, 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°F 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 (Fig. 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 Subassembly and provides
the force necessary to insert the Probe against the gasifier pressure.
''he 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 steel nozzle welded to the gasiflier water—jacket 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 outhoard end of this pipe is welded to the
outboard flange of the Expansion Joint. As with the Non-insertable,
Isothermal Gas Sampler, the Expansion Joint 1is 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 discharge line is provided wilh a relief
valve to prevent excessive load from being exerted on the water-jacket
nozzle.

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 Prnhe is inserted into the gasifier.

Testing of the Insertable Pyrometer to date has consisted of con-
necting the hydraulic cylinder, Fig. 7, to its hydraulic pump, Fig. 9, and
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
Vanzetti. Again, the system tested operated satisfactorily.

INSERTABLE, COMBINED, HIGH-VELOCITY THERMOCOUPLE
AND ISOTHERMAL GAS SAMPLER

This "ICHVT & IG Sampler" combines the isothermal gas sampling and
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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 high-velocity thermocouple is 1/4 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 1/4 in. OD thermocouple runs the entire
length of the alumina sample-gas tube, which is accordingly 5/8 in. OD x
L/2 an. ID.

2. To accommodate the alumina tube, heater wires, control and limit
thermocouples, and thermal insulation, the Probe is 2 in. dia. instead of
1-1/4 in., requiring that a new 3-1/2 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 O-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, tesls on the Alumina Heater for
the Non-insertable Isothermal Gas Sampler had shown that a compact heated
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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 1b) required for that design, especially when
considering shock loads that might result from hydraulic line failure.
(The insertion force for the "high-temp. seal" design is only 1800 1b.)
Accordingly, 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

This component is designed to take core samples from the 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 or 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 laborataory.* The outboard ball valve is piped to a stuff-
ing box which seals the outhnard end of thc sawmple Lube. The sample
tube is equipped with extension pieces which must be added during sample-
tube inogertion, aud 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 heen
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 time 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.
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"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
POLYNUCLEAR AROMATIC HYDROCARBON
CONTAMINATION OF WORK AREA SURFACES

Daniel D. Schuresko
Chemical Technology Division
Oak Ridge National Laboratory

Oak Ridge, Tennessee 37830

ABSTRACT

A hand-held fluorometric monitor for detection of surface contamination
by polynuclear aromatic (PNA) compounds is described. The instrument will
indicate the presence of microgram quantities of PNA in the workplace at
distances <1 m. Laboratory test data using coal liquefaction products and
wastes are presented. It is anticipated that this type of "spotter” will be
used extensively to monitor PNA contamination of the "clean" areas of coal
conversion facilities such as lunch rooms, shops, changing facilities, and
control rooms. Actual field evaluation of two spotter units at several coal
conversion pilot plants is scheduled to begin during FY 1980.

INTRODUCTION

Uptake of polynuclear aromatic (PNA) compounds via contact with contami-
nated surfaces in the workplace has been identified as a major mode of worker
exposure.] Thus, the need for instrumentation to monitor PNA buildup on
workplace surfaces (e.g., the result of aerosol condensation) has been
recogm‘zed.]’2 Such instrumentation must be capable of: (1) functioning
during actual plant operation in varied working environments; (2) detecting
material spilled on various work surfaces such as machinery, plumbing,
construction materials, and on personnel and clothing; and (3) being easily

and reliably operated by all plant personnel.

The fluorescence spotter described in this paper* has these capabilities.
This instrument, which consists of a hand-held optics unit connected via an
umbilical cable to an electronics module (Fig. 1), enables remote monitoring
of work area surfaces at distances <1 m. The electronics module, which

*U.S. Patent applied for.
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normally operates with ac power, can also be operated on rechargeable batteries;
thus the entire'instrument, including the battery pack, is portable.

It is anticipated that portable fluorescence spotters will be used
ektenSiVely to detect surface contamination in changing areas, lunch rooms ,
shops, control rooms, and other "clean" areas in coal conversion facilities,
and to monitor skin contamination of coal plant workers. The currently used
method of detecting contamination is to turn off ambient lighting and scan
the suspected area with a black light. In contrast, the newly developed
spotter (1) can be operated outdoors in direct sunlight or indoors in the
presence of strong background-i]]uminétion;'(2) provides a quantitative
measure of the amount of fluorescent material; (3) discriminates between
the fluorescence of organic materials and some inorganic compounds based on
their fluorescence lifetimes; and (4) does not present a vision hazard to

pgrsonne].

A EXPERIMENTAL

The spotter induces and detects the fluorescence of PNAs that charac-
ter1st1ca11y absorb 11ght in the 350- to 440-nm.region of the spectrum and
fluoresce with high eff1c1ency in the blue- green region of the spectrum.
Mu]t1r1ng heteroatom aromatic compounds, including arcidines, are also
detected, although they generally absorb light and fluoresce at longer
wavelengths than do their pure hydrocarbon counterparts.

The optics unit, shown schematically in Fig. 2 serves two functions.
It is (1) an illuminator, which produces a beam of amplitude-modulated

~ fluorescence-exciting light; and (2) a fluorescence detector which responds

* . to filter-selected wavelengths bands in the 380- to 600-nm range. The

fluorescence-exciting light is one of the emission bands produced by a high-
pressure mercury arc lamp, typically the 365-nm band for PNAs. The lamp
output is focused onto vanes of a fixed frequency electromagnetic chopper

" and subsequently is collimated and filtered. This beam is reflected from an
aluminized mirror (reflectance = 96%) and is then focused onto'a dichromatic
beam splitter appropriate to the selected excitation and emission wavelength
bands.” The reflected excitation beam is output via a telephoto objective Tens
that can be adjusted to give the desired excitation beam divergence.  When
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the telephoto lens is adjusted to produce a collimated excitation beam, the
beam diameter is ~1.55 cm. The 96% reflector passes a small percentage of

the excitation beam which is measured by an integrated photodiode/operational
amplifier. This signal is used to offset the photomultiplier signal component
due to beam splitter and telephoto fluorescence, and to normalize the resultant
fluorescence signal by the excitation beam intensity. Sample fluorescénce is
collected by the telephoto objective, transmitted through the dichromatic
splitter, filtered, and subsequently transmitted to the photomultiplier tube,
which converts the fluorescence emission into a photocurrent.

The operation of the spotter is depicted in Fig. 3, as are the signal
traces corresponding to the radiated uv intensity (trace A) and to the
fluorescence (trace B) that is produced when a spill has been "sighted." The
radiated uv beam is amplitude modulated at 1 kHz by tHe electromagnetic
chopper; thus the induced fluorescence is also modulated at 1 kHz. This 1 kHz
fluorescence signal is superimposed on a much stronger signal from reflected
background i1]uminatioﬁ cf the viewed surface. The electronic frequency |
spectrum of ac-powered fluorescent or incandescent room lighting consists of
a 120-Hz frequency component and its harmonics superimposed on white noise
(dc-powered lamps and sunlight produce only white-noise background); hence, it
is possible to separaté the fluorescence signal from the background signal by
electronic filtering (trace C). Demodulating and low-pass filtering of this
signal (trace D) effectively averages each 1/2-msec pulse and allows detection
of fluorescence dn]y 3%vas intense as the background illumination in the optical
wavelength band of interest.

The signal processing circuitry is schematized in Fig. 4. The photo-
currents bf both photodetectors are converted to voltages by current pream-
plifiers, and the two signals are subsequently fed to a differential amplifier.
During spotter operation, the null potentiometer is adjusted to produce the
minimum digital meter output with the spotter head pointed at an infinitely
distant surface. This difference signal is fed to a phase-sensitive demodulator
that is gated by a reference signal from the beam chopper oscillator. The
output voltages from the demodulator card, which are the sine and cosine phase
components of the difference signal, are either routed directly to a three-
position output selector switch or are processed by analog circuitry which
computes the difference signal amplitude as the square root of the sum of the
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squares of the two phase-components. The selected output is then inverted
and fed into the numerator input of an analog divider. The dc-voltage output
of the peak detector circuit, which measures the height of the excitation
intensity pulses, feeds the denominator input of the divider, whose output is
now independent of the mercury lamp output power. This voltage, which has
now been compensated for background fluorescence and excitation intensity
variation, is read out via a voltage-tb—frequency converter coupled to a small
speaker and a digital voltmeter. In actual operation, the user scans the
suspect surface with the optics head and, upon locating an area that produces
a significant increase in the frequency of the audio output tone, reads the:
voltage level on the meter. Precalibration of the instrument with é,knowh
standard enables conversion of the meter voltages to contamination levels in
equivalent units of the standard compound.

RESULTS AND DISCUSSION

The spotter has been laboratory tested with pure compounds and with
several coal and oil shale products and wastes. When operated in a laboratory
area illuminated by fluorescent lighting, the spotter can typically detect
0.1 ug of perylene (as a dilute solution in cyclohexane) at a distance of -

50 cm. Considering that 10-ug doses of several PNAs will induce changes in
3% it is evident that the high
sensitivity of the spotter is appropriate to its intended task.

the metabolism of cultured mammalian cells,

The dynamic- range of the spotter's response is 0.1 to >10 nug of perylene
(at a distance of 50 cm), as shown in Fig. 5. The distance dependence of the
signal from a 10-ug sample is shown in Fig. 6 for the condition where the
telephoto output lens is adjusted to produce a collimated uv beam. The signal
decrease below the (distance)'z—power law at distances beyond 60 cm is due to
some residual divergence of the uv beam, a result ot the tinite size ot the
beam focus on the dichromatic splitter.

Tables 1 and 2 1ist the spotter-measured specific fluorescence of several
synthetic fuel products and wastes. The oil samples were prepared by placing
1- to 10-mg droplets of each 0il onto microscope slides and covering each
droplet with a cover slip. This technique yielded 1- to 20-um-thick films of
known area and thickness whose optical absorbance at 365 nm, the principal
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Table 1. Specific fluorescence of coal 1iquefaction
and oil shale products

Specific fluorescence?
(units/mg)

Sample

COED Syncrude ‘
Hydrotreated coal distillate . .
Product distillate : 1
Centrifuged shale oil .
ORNL hydrocarbonization oil (HC-12)
SRC-II fuel oil blend

SRC-I recycle solvent (raw)

SRC-1 wash solvent

SRC-I 1ight organic liquid (raw)
SRC-I process solvent

- SRC-T light oil

WOOPRARLNOP~P—~2wWwo
N—ORNA IO WPW

o .

%ne unit of fluorescence is defined as the equivalent fluorescence
of 1 ug of perylene in a dilute solution in cyclohexane.

bNot detectable.

Table 2. Sperific flunrescence of coal liquefaction wastes

Sample Specific fluorescence?

(units/mg)
SRC-1 bio-unit feed o 0.7 x 1073
SRC-1 bio-unit effluent 0.4 x 1073
SRC-I bio-unit sludge _ : 1.9 x 1073
SRC-T plant effluent ‘ L b - .
SRC-1 surge tank sludge 12.9 x 1073~

(diluted 400:1 in cyclohexane)

SRC-I surge reservoir water 0.7 x 10'3
SRC-1 graver effluent " 0.6 x 107

q0ne unit of fluorescence is defined as the equivalent fluorescence
of 1 ug of perylene in a dilute solution in c¢yclohexane.
b

“Not detectable.
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excitation wavelength, was less than 0.3-0.d. units. The undiluted waste
samples were placed into 3.6-cc vials for measurement, with the exception of
the surge-tank sludge which was diluted 400:1 in cyclohexane. The variation
in the specific fluorescence of the SRC-I recycle solvent, wash solvent, and
light oil (Table 1) parallels preliminary determination of their 1,2-benz-
pyrene (BP) content.” This is noteworthy because consideration is being given
to the use of BP as the proxy compound for PNA determination in coal and oil-
shale derived 1iquids.8

Milligram-level films of Oak Ridge National Laboratory (ORNL) hydro-
carbonization oil and COED syncrude on both floor tile and metallic surfaces
have also been examined in a less quantitative fashion. The film fluorescence
was at least ten times stronger than the substrate fluorescence, which made
the "spots" ‘readily distinguishab]e.

Coal liquefaction products may contain certain organic compounds, heavy-
metal inorganic materials, and particulate matter, all of which quench the
fluorescence of PNAs and thus interfere with fluorometric monitoring techniques.
Two. such classes of aromatic compounds abundant in coal conversion products
are simple phenols and acridines. We have tested for phenolic ihterference
by adding 1arge excesses of phenol to solutions containing perylene. Phenol
did not interfere with our fluorometric PNA determination. -However, heteroatom
aromatic compounds such as acridines, which are abundant in oils having a
high asphaltene content and whose absorption maxfma overlap the emission maxima
for PNAs, may partially quench PNA fluorescence. This quenching may explain
the decreased sensitivity of the spotter to ORNL hydrocarbonization oil and
to SRC-I Tlight organic Tigyuid (Table 1). Rnth materials undergo a large
increase in spécific fluorescence when dissolved in cyclohexane.

The spotter is capable of discriminating between classes of organic
contaminants, such as PNAs and acridine dyes, by selecting optimal excitation
and émission wavelengths with optical filters. The spotter can also discriminate
the fluorescence of inorganic materials such as uranyl nitrate from the
fluorescence of organic compounds due to the long luminescence lifetime of
uranyl nitrate, although both materials have similar optical properties. The
delayed fluorescence of uranyl nitrate results in a phase shift in its fluo-
rescence signal relative to the fluorescence signal from organic compounds.
Thus the relative amp]itudes of the Llwo phasc-component. output voltages from
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the phase-sensitive demodulator will be different for the two types of
fluorescent material. The spotter is sensitive to 1-mg quantities of dranyl
nitrate and could conceivably be used to locate spills or leakage in the nuclear
fuel and waste-handling facilities. This phase-shift measurement capability of
the spotter may also be useful in differentiating PNA fluorescence from the back-
ground Tuminescence of inorganic pigments commonly used in paints.

The spotter will be particularly useful in quantitivatively measuring PNA
skin contamination caused by contaét with coal-derived liquids. The currently
used technique in at least one coal liquefaction facility is to periodically
scan workers with a short- or longwave blacklight in a darkened room and to
visually cstimate Lhe extent of contamination.5 The uv beam of the spotter,
which has an intensity of only 0.93 mW/cmz, is three to six times less intense
than sunlight in the 350- to 400-nm wavelenyth bahd;6 thérefore, exposure of
contaminated skin to the spotter beam does not pose an unusual health hazard
with respect to possible cocarcinngenic effects involving uv Tight and PNAs.
Accurate measurement of skin contamination will enable the effectiveness of
various coal plant health protection practices (e.g., protective clothing,
barrier creams, and various methods of cleaning contaminated skin) to be evalu-
ated. It will also provide accurate data for correlation with the incidence nf

skin lesions. .
FUTURE NFVELOPMENTS

An extensive field testing program fur the fluorescence spotter will begin
during FY 1980 to assess the usefulness of the spotter to fossil energy
conversion plant health protection programs. Two advanced-version spotters,
which can operate either from ac power 6r from hatterics, are currently being
fabricated at ORNL. Planning is underway for onsite testing at the PAMCO SRC
pilot plant at Ft. Lewis, Wa§hington, the Pittsburgh and Morgantown Energy
Technology Cenlers, and the Hygas Coal Gasification Pilot Plant in Chicago.
Field testing program activities will inc]ude'monitoring plant personnel for
skin contamination. The data gathered in this program should be useful (1) for
comparison with in-plant air monitoring PNA measurements, (2) for correlation
with the incidence of skin or respiratory health problems, and (3) for the
establishment of good housekeeping and health protecton practices in such
facilities. ' '
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The Legislator's Viewpoint on Fossil Energy Conversion

Ms. Patricia Schroeder, U. S. Representative, Colorado

Economists, scientists, businessmen and politicians are struggling to
outline and define what the "energy crisis” really is and what we as a soci-
ety can do to solve it. We have all listened to the grim analysis and bleak
predictions our country will soon face if we do not meet the crisis head-on.

It is worth reviewing the last three decades to attempt to understand
how the energy crisis crept up uvn the American public: how in 1948 the [act
that the United States had become a nct iwporter of nil went almost unnoticed;
how the furmation of OPEC in September, 1960 was not reported in the news-
papers until two weeks after it had happened; and how oil price increases
have been triggered by political incidents abroad, from Suez in 1958 to Iran
in 1979. (Who could have predicted that an elderly cleric living in a suburb
of Paris, communicating by cassettes with his followers, could have brought
Iranian oil production to a halt?)

But we shouldn't become bogged down in analyzing how we neglected to
cope with the problem in the past. We must also resist the temptation to
search for villains —--- whether they are Middle Eastern sheiks, oil company
executives, environmentalists and government bureaucrats, or short—sighted
politicians. Pointing the finger only serves to paralyze us and prevent pro-
per action.

We have already witnessed how long gasoline lines have nurtured a grow-
ing divisiveness, pitting citizen against citizen in an age of cnergy scar-
city. The interests of the 0il and gas producing states of the Sunbelt are
at odds with the needs of the energy consuming stules uvf the Snowbelt.

Our goal is to reduce U. S. depcndeuce 6n imported oil, making the tran-
sition witlt minimum shock to the economy, the environment and the American
social structure. Public policy-makers must grapple with one essential, re-
curclng problem that must be re—evaluated every step of the way: what role
should the government take in stimulating the private sector into producing
alternative energy sources and at what point should the government withdraw
and let the market forces take hold?

In today's energy crisis, with new buzs-words such as "synfuels” and
"cogeneration,” 1t is easy for public officials to recount the.glowing mem-
ories of the great collaborations between government and private industry,
such as the Manhattan and Apollo projects. But we can't fool ourselves into
assuming that the present crisis can be solved with the same techniques by
which we put a man on the moon. Today's crisis is of such scope and complex-
ity that it is transforming the economy, threatening to destroy political.
consensus and undermining traditional life-styles.

On May 26, 1961, President Kennedy asked Congress to shoot for the moon
and, within eight years, Neil Armstrong captured the imagination of the world
when he made a "giant leap for mankind."” But our effort to reach the moon
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differs from our effort to achieve energy independence in one crucial way:
during the Apollo program the government acted as both the provider of the pro-
gram and its sole customer. The government was both the salesman and the buyer
of its own product. '

In attempting to retool our energy industry to adjust to the shortage of
0il, the government is tampering and modifying the marketplace. In coping with
the energy crisis the government does not have the luxury of being its own cus-
tomer, but must predict and adjust itself to the market forces of supply and
demand. Whether or not the public policy-makers can effectively deal with the
market forces will determine how well we can pull ourselves out of the present
crisis. '

Let us now turn to some of the proposals being tossed around on Capitol
Hill. Because of the immense and complex nature of energy development, I will
focus primarily on synthetic fuels and the varying options and problems in-
volved in developing synfuels.

As any member of Congress can tell you, it is impossible to keep up with
all the technological and scientific projects being launched in the energy
field. If a dictionary came out containing all the new energy buzz-words, it
would probably be a best-seller.

One of the most comprehensive energy proposals now being considered by
Congress is thé controversial Energy Security Corporation. If President Carter
has his way and this plan is implemented, a handful of planners in Washington
would be making decisions on how to channel up to $88 billion into new energy
ventures over the next 12 years. The Energy Security Corporation would be
chartered as a quasi-private corporation and would be exempt from restraints
that most agencies must meet. Thus, it would not be directly accountable to
either Congress or the White House. Not surprisingly, the President's propo-
sal has already run into serious opposition. Again, the fundamental problem
for public policy-makers is how to reach a goal --- in this case, developing
a healthy synfuels industry without drastically affecting the private market-
place. Critics of this program argue that sapping such a huge sum of private
investment money could pre-—empt the credit markets, possibly crowding out more-
needed investments,

Because synfuels are not yet economically competitive, some government
participation will be necessary. It is apparent that the government must nur-
ture a private-sector synfuels industry. However,. the government's role should
be minimized. ‘

Rather than setting up the Energy Security Corporation as a separate en-—
tity, I think a better solution might be to shape up the Department of Energy,
and give the responsibilities that would be given to the ESC to the Synthetic
Fuels Division within that department. That way, you could avoid adding
another layer of bureaucracy to an already over-burdened government and allow
the Department of Energy to play a responsible role in carrying out our energy
program.

President Carter has also called upon Congress to create a three-member
Energy Mobilization Board that would have power to issue permits and otherwise
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speed construction of refineries and other energy projects if local, state or
federal agencies acted too slowly. This new board would have sweeping powers
to designate non—-nuclear energy projects as "critical” to meeting the 1990 oil
import goal and to establish binding schedules for governments at all levels.
If any governmental entity, including state and local governments, failed to
keep the schedule, the board would have the power to make the decisions itself.

The President has termed these powers as "cutting red tape.” I'm all for
doing away with needless bureaucratic footdragging and nit-picking regulations,
but I would be opposed to "cutting red tape” if it becomes a euphemism for
abrogating state perogatives in the development of our energy resources.

On June 26, the House passed the multibillion-dollar Synthetic Fuels Bill
to create substitutes for oil and gas from coal, garbage and other materials.
This bill calls for the producion of the equivalent of 2 million barrels a day
in synthetic fuels. The federal government has already spéent millions of dol-
lars on the research and development of synthetic fuels. It is now building a
partnership with private industry to demonstrate the commercial feasibility of
various techniques, such as using chemical solvents to convert coal to a liq-
uid. The multibillion dollar synfuels investment is the heart of the energy
proposal now before Congress.

I have largely supported synfuels development. However there are many as—
pects of the synfuels issue that myself and other members of Congress have had
to deal with in the wake of the President's proposed Energy Security Corpora-
tion and the $88 billion that will be spent on a "crash program” in synfuels
development. Let me briefly discuss some of the considerations which have
crossed my mind as I have grappled with both the hopes = and the false hopes
- of synfuels development.

First of all, it should be kept in mind that no matter how rapidly syn—
thetic fuels are developed, a barrel of synthetic crude does not necessarily
supplant a barrel of oil on a one-for—one basis. Synthetic proucesses do pro-
duce liquid fuels, but the most promising are primarily Lurgetred for use in
utility and industrial boilers, not as replacements for gasoline and home
heating oil. :

Utilities burn about 10 percent of our daily o0il consumption, and indus-
try accounts for another 20 percent. Transportation, lhwwuver, is by far the
heaviest user at 54 percent of demand and is rising the fastest at about 4
percent per year, Residential and commerclal uses account for 16 percent.
So, it would be fair to say that synfuels will have limited applications and,
with a few exceptions such as gasohol, will have little impact on our need
for fuel to run our cars, planes, trains, and bhuses.

Going back to the use of synfuels in the utility and industrial sectors,
it should be recognized that most of these users are already moving away from
0il because of price pressures and the federal coal conversion program. As
a result, synthetic fuels would not serve as a replacement for imported oil
as much as they would substitute for coal. However, in parts of the country
where ‘coal cannot be burned because of the already-poor air quality, clean
synfuels could be an alternative to the burning of oil.
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Moreover to the extent that synthetics free up o0il being used in the
utility and industrial sectors, refineries could increase the percentage of
their production devoted to gasoline, diesel fuel, home heating oil and other
premium fuels. This may be an expensive but necessary way for synfuels to make
a significant contribution to the supply of these critical fuels. '

Secondly, just how much will a synthetic fuels industry grinding out 2
million or more barrels of product per day in 1990 cost the American economy7
The answer is anybody's guess.

President Carter has put an $88 billion price tag on his promotion pro-
gram, but that price reflects the availability of windfall profits tax reve-
nues, not a thoughtful analysis of synfuels' cost. And the administration pro-
jection, as well as many others, tends to state only the cost to the govern—
ment. It is much harder to assess how much private investment capital,. in ad-
dition to govermment finances, would be required to meet the target.

Construction costs alone of 40 synthetic fuel plants producing 50,000
barrels per day would come in at a minimum of $80 billion, exclusive of oper-
ating costs, the cost to the economy of expensive new fuels, financing, and so
on. In addition, there are the unforeseen costs of boomtown growth, environ—
mental cleanups, project failures, increased coal production and its effect
on coal prices, and a number of other factors. '

Moreover, some of the synthetic fuels now on the drawing boards would
require modifications in the boilers of industries and utilities that would
be the market for the new fuels. New systems for transporting the products
to their markets may be needed. No estimate of this cost has been given.

Finally, what happens to investment in other, more efficient and produc-
‘tive sectors of the economy if government and private investment focuses too
heavily on synthetic fuels? How will inflation, by most accounts the nation's
most serious problem, be worsened? Whatever the bottom line, it is apparent
that $88 billion is only the tip of the iceberg.

A third consideration is the dilemma of technology choices. If we are to
embark on a crash production schedule, we will have to start building synfuel
plants now. That means that industry will be forced to rely on the kind of
established "first generation” technologies with which it has some familiarity.
Unfortunately, these plants would rely on less efficient, expensive processes
and their products would have greater market problems than the newer "second
generation” technologies now being tested.

Industry is unlikely to be attracted en masse to such expensive potential
"white elephants” which might be obsolete or uncompetitive soon after they
begin operation. But if the federal govermment forces construction, or builds
them itself, the taxpayers will be stuck with them. This will keep the price
of synthetic fuels to the:consumer unnecessarily high and could dry up invest-
ment capital needed to construct second generation plants.

On the other hand, if the crash program turns to second generation tech-
nologies, such as solvent refined coal, H-coal, and others, it runs the risk
of significantly increasing cousts and prematurely forcing technologies that
might not work. In addition, private investors are not likely to go deep
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into such a market unless they are guaranteed a hiéher than average return on
their investment. As a result, it is likely that the taxpayers will end up
assuming the large risks, and the government may end -up running the plants.

Perhaps the best approach would be to build a small number of first gen—
eration plants, which would hopefully generate capital and provide some oper-
ating experience, while stepped—up work on second generation technologies is
spurred on by sensible government incentives. This would seem to be the course
most likely to keep costs and social environmental risks at a minimum, and get
a substantial synfuels industry on its feet by early in the next century.

A fourth consideration - and one which will have a large impact on
Colorado and the West — is siting. With a 10-year two million barrel-per-day
goal, we would have to build 40 synthetic fuel plants with a 50,000 barrel-per-
day capacity. Each plant is roughly equivalent to an oil réfinery, and it ls
important to note that not a single major refinery has been sited and built in
this country in the past 10 years. So, our perception of what this will entail
may be more optimistic than the reality.

For example, the expectation that 40 synfuels plants could be constructed
in the next 10 vears is very optimistic. Even operating under "fast track” or
energy mobilization board schemes, obstacles such as local opposition, ¢lean
air requirements, availability of adequate coal and shale reserves, and suffi-
cient water for processing and cooling purposes will present serious obstacles.

Even the Department of Energy has recognized that siting considerations
will probably be the most significant barrier to synfuels development. DOE
could find only 40 counties in America that could support production of
100,000 barrels of coal-based synfuels per day. Three of these counties are
in Colorado. On the other hand, 159 counties were found to have adequate coal
reserves to supply these plants and could be potential locations if air quality
requirements were eliminated or if the coal could be transported to a Afarant
county without adedquate resources.

This analysis gives a hint of just how difticult the siting problew might
be and, above all, the potential for delay. '

A problem closely related to siting is boomtown development. When a syn-
thetic fuel plant is constructed, a lot more than coal and concrete moves into
the town. People to construct and operate the plant, the mine and related fac-
ilities move in as well. DOE projects that a 100,000 barrel per day complex,
including mining operations could involve 20,000 people. Iu Northwestern
Colorado, where the bulk of the 400,000 Larrel—-a-day oil shalc industry will
occur, state officials have predicted the influx of up to 70,000 new residents.

The effect of such growth might be negligible if it were to happen in a
major city. But 31 of the 41 counties identified as potential sites have popu-
lations of less than 50,000 and 26 of the 27 Weslern counties identificd have
populations of 1,000 to 20,000,

Rapid growth in sparsely populated areas, perhaps as much as a 20-fold
Jjump in 10 years, does more than devastate rural charm. It means that recrea-
tion, schools, fire and police protection, transportation, hospital and health
facilities, sewers, water and other municipal services must be provided.



351

DOE estimates that development costs would average about $7,000 per
capita at 1979 costs. Thus, an oil shale plant with an associated population
of approximately 6,600 people would generate more than $46 million in boomtown
development costs, and a coal liquids facility with a top range of 20,000 new
residents would have a boomtown price tag of more than $140 million. In North-
western Colorado, with a population increase of 70,000, the boomtown costs
would be around $490 million. In addition, making highway improvements re-
quired by o0il shale and other energy development would cost Colorado another
$385 million. This cost is likely to fall primarily on the shoulders of the
federal taxpayer. Legislation to provide federal grants to help ease boomtown
problems has been bouncing around Congress for several years, but nothing has
been enacted which will meet the magnitude of the problem.

Another problem which I touched on before comes down to a matter of
Federal-State relations. If 40 synthetic fuel plants are to be sited, con-
structed, and made operational in the next decade, a lot of decisions will have
to be made in a hurry. The idea behind "fast track” and the energy mobiliza-
tion board legislation is that decision-making schedules must be compressed and
= in the minds of many - state, local, and federal laws waived.

These decisions will be made in Washington, probably by a relatively small
group of people. Strains between regions of the country and the Federal govern-—
‘ment could be exacerbated if those regions begin to believe that national-
interest energy projects are being shoved down their throats.

This is especially true here in the West, where there are increasing signs
of alienation and resistance to Washington—bred decisions. Angry over water
policy and other issues, people in the West are insisting more and more that
they be intimately involved in decisions affecting their resources - as well
they should. The potential impacts of an emergency synthetic fuels program on
the West's water, coal, agriculture, and community development are so immense
that it is hard to imagine that the West will blindly accept directives from
Washington on such crucial concerns. Moreover, many of these issues are bound
to end up in the courts, as there are serious Constitutional questions here that
must be faced.

Another important consideration is the effect of synthetic fuels develop-
ment on the environment. Unfortunately, many have begun to confuse "the envi-
ronment” with “"envirommentalists,” and its importance to the survival of us all
has begun to lose its meaning in the endless bureaucratic jargon about “stan-—
dards” and “"constraints."

We must realize that the environment is a complex system that we do not
fully understand, but upon which all life depends. When the air is dirty, the
water foul and the land polluted, it is not just unsightly. It causes death
and disease. It éosts money even if it is not cleaned up. It robs food-pro-
ducing lands and waters of their productivity. The environment does not need
to be, and cannot be made, pristine. But it can suffer only so many-insults.

Synthetic fuels offer a paradoxical situation with regard to envirommental
questions. Several synfuel technologies hold the promise of clean new energies
that can replace polluting fuels in industrial and utility boilers. To do
this, however, the pollutants must be removed at the plant where the coal or
other rcsource is converted, rather than spreading pollutants all over the
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country by burning fossil fuels in hundreds of powerplants or industry boilers.
The pollutants which are a part of synfuels development will be limited to a
few sites:. Pollutants concentrated in this manner are theoretically easier to
control.

However, the rush to synfuels threatens to wipe out whatever environmental
advantage the technologies might offer. A major concern of potential synfuel
investors and developers is that they be protected from future environmental
standards and that waivers be granted from existing clean air and other envi-
ronmental laws. The synfuels stampede could also eliminate the important de-
velopmental stages needed to carefully assess and respond to the environmental
burdens any particular synfuels process might pose.

All in all, a reasonable balance must be struck between environmental pro-~
tection and energy development ——- a balance which will promote our overall
well-being, both now and in the future.

. Another problem with which we are all to familiar is water. Water is used
for cooling and as agents in the conversion process in virtually all synthetic
fuel technologies. DUE tigures indicate thatr each 50,000 burrel-per-day plane
is expected to consume between 5 and 10 million gallons of water per day. In
Colorado, it has been estimated that production of 400,000 barrels-per-day of
01l from shale would require 64,000 acre-feet of water per year for the shale
plants and their operations alone. This is nearly one-fourth the amount of
water used by the Denver Water Board to supply Denver and its suburbs, over 40
percent of the state's population.

Several. government studies have concluded that enough water is physically
available, even here in the West. But physical availability is only part of
the yuestivn.

As we all know, Western water is a complex and extremely sensitive subject.
The water needed by the synfuels industry may not be legally available to it,
and, if it 'is, may be subject to curtailment in times of drought. The pressure
to otain water rights could result in 4 synfuels industry, operating under the
banner of "national interest,” buying up land and water rights from existing
users. This problem is already of concern to many Westerners, who see agricul-
ture threatened by projected development.

An answer to the water problem may be tapping the massive, underground
aquifers. But the long—-term environmental effects of such an undertaking are
not well understood.

The general concerns which I have just outlined begin to hit homne when
the primary synthetic fuel technologies are looked at. Let us first tocus on
the problems associated with coal development and the coal-based synfuel tech-
nologies, and then on the other two primary technologies, oil shale and bio-
mass.

First of all, a crash synfuels program will put heavy reliance on coal-
based synthetic fuel technologies. Although coal is our most. abundant fossil
fuel and its expanded use seems inevitable, the sudden and massive production
increase that would be required raises many questions. :
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Most of the second generation coal liquefaction and gasification tech-
nologies now being tested will, at best, convert about one ton of coal into
2.5 to 3 barrels of petroleum-like products. This means that the production
of 1.5 million barrels a day of coal liquids by 1990 would require a signifi-
cant increase in coal production.

This increased coal production will come primarily from Western strip
mines - some of which will be in Colorado. It has been estimated that 700
square miles of the West would have to be strip mined to meet the anticipated
demand. However, the interior department is just now gearing up its federal
leasing program to make more tracts available to industry, and it will be years
before it becomes fully operational.

The new mines will have to meet the standards of the strip mine law.
That law is currently in turmoil. Implementation is at least a year behind
schedule. The states who will be responsible for running reclamation programs
are fighting with the Federal Office of Surface Mining over many reclamation
standards. And the implementaiton of state plans is a year or more off.

Coal transportation is also in turmoil. There have been questions over

_ whether our railroads can handle the increased freight already anticipated be-
cause of other coal-promotional policies. Although most synfuel plants would
be relatively close to the mines, there still would be transportation problems.
Moreover railroad hauling prices have skyrocketed in recent years.

. Reclamation standards, coal hauling rates, new transportation capabilities
and sudden increases in demand could jack up the price of coal significantly
over what it is today. In that case, not only would the operating costs and
product prices of synthetic fuels rise above present predictions, but existing
coal users and their consumers would be adversely affected.

Let us now turn to the coal gasification and liquefaction technologies.

Coal gasification is riddled with economic, environmental and regulatory
problems which are all constraining development. Most of the old, "first gen-
eration"” technologies produce low and medium~Btu gas and by-products. These
proven processes produce fuels with a variety of utility and industrial appli-
cations, but are expensive - at least double the current cost of natural gas.

Low—Btu gas has very low heating value and can only be transported for
very short distances. Moreover, the costs of designing, building and operating
plants is uncertain.

Medium-Btu gas has much better market possibilities, because it has higher
heating value and can be shipped about 100 miles. But it still faces signifi-
cant environmental, cost and operating problems.,

Existing high—Btu gas processes have not been demonstrated on a commercial
scale, and new, "second generation” technologies are now being pursued. If
successful, they woud produce a pipeline-—quality gas that could replace many
current natural gas uses, including residential space, and hot water heating.

To date, however, no proven demonstration plant for high-Btu gas has been con-
structed, and the earliest estimate is 1983. 4



Coal liquefaction technologies have been known for years and can be used
to produce methanol, synthetic crude petroleum and gasoline. The fuels them-
selves are clean, but the processes are inefficient, expensive and often envi-
ronmentally unsound. They produce an expensive product — estimated to exceed
$30 per barrel - and are not considered to be promising on a large scale in
the United States.

Second generation technologies hold more promise. These include solvent
refined coal processes, H-coal, and Exxon Donor Solvent. None have been com—
mercially proven. In general, thse newer technologies tend to produce products
that are less clean, but more efficient and potentially less expensive than
their first generation counterparts.

In short, "King Cuval” has promise and potential, but the most commercially
ready and potentially the cheapest synthetic fuel process is oil shale. Many
significant environmental and technological problems remain, however, and the
relatively small area in which shale rock is located -— in Northwestern Colorado
and in Utah, combined with other constraining factors, could keep the ultimate
contribution of shale relatively low. :

Last but not least is biomass. Congressional interest has focused on the
production of grain alcohol for use in a mixture of gasoline and alcohol, known
as gasohol. There is a raging controversy,however, over the cost of alcohol
fuels, as a gallon of straight alcohol now costs 50 to 100 percent more than
gasoline.

Another form of biomass which Congress has given a nod of approval to is
the conversion of solid waste into fuels. I cosponsored a bill providing fund-
ing for municipal waste conversion in the 95th Congress. The bill became law,
and as a result of this legislation and some other measures, 7/ direct—burning
and 25 fuel-producing plants now operate in the United States,

Problems involved with biomass energy sources center around the lead and
other toxic chemicals that are released into the air during burning of solid
wastes and around the trade-offs between growing crops for food and growing
them for fuel. These are considerations which will have to be carefully
weighed as biomass' contribution to solving our energy dilemma increases.

In closing, let me touch on a few of the more important points which I
have discussed. First, the governmment's role in energy development has been
ineffective, misguided and counterproductive. That makes it all the more
crucial for the Federal Government to now carefully evaluate the direction it
will take and act decisively once a decision is made. Moreonver, it has become
apparent that only the Federal Government has the financial resources necessary
to launch many badly-needed new programs. In developing a synfuels industry,
there are both short and long—term projects that require an appropriate federal
role.

However, it is important to note that the United States cannot count on
any single solution to the energy crisis —-—— experts themselves can't agree on
how risky a venture synfuel development is. A sound energy policy must include
many elements to meet our goal of reducing U. S. dependence on imported oil.
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Finally, it is crucial for all public policy makers to re—evaluate the
government's role every step of the way, always keeping in mind that our ul-
timate goal in achieving energy independence is for the government to withdraw
from the picture and allow the market forces to take hold.

The bare facts are that we must develop alternative sources of energy and
that we must develop them as quickly as possible. It can be done, and more
importantly, it must be done.



356

PROCESS CLINIC

The Process Clinic panel members were asked to list their instrumentation
and process control measurement needs in order of priority.

Name Organization,. Process Type

E. J. Chelen Westinghouse, Energy Systems Operations; Low Btu Gasification

I1&C Measurement Needs

1. Communication
2. Temperature

3. Mass flow

4, Cas composition
5. Bed density

R. Forney Colorado School of Mines; Coal Mining Process Control

I1&C Measurement Needs

1. Long wall mining horizon control
2, Fault detection in advance of face

J. L. Gendler Hydrocarbon Research, Inc.; Coal Liquefaction

1&C Measurement Needs

1. Report generation using computers

C. Houser Phillips Petroleum Co.; High Btu Gasification

I1&C Measurcment Necdo

1. Solids flow at 800°F, 1500 psi
2. Temperature measurement at 2500-3000°F under slagging conditions

J. D. Naylor Pittsburgh & Midway Coal Mining Co.,; Coal Liquetaction

I1&C Measurement Needs

1. High temperature/high pressure slurry measurements
2. Coal/slurry concentration on~line

3. Viscometry and rheometry

4. Plugging detection

M. S. Nutkis Exxon Research & Engineering Co.; Fluidized Bed Combustion

I1&C Measurement Needs

1. Instantaneous particulate size in hot flue gas 1600-1650°F,
15-16 atm for pressurized FBC
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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 Section:
1. Particulate size distribution and mass loading

G. Weth Department of Energy, Division of Fossil Fuel Utilization;
Fluidized Bed Combustion

I&C Measurement Needs

l. 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:

l. 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 flexible rotor was instrumented and run with two sets of bearings.
One set was an axial groove bearing and the second was a pressure dam
bearing. The instrumentation included non-contacting proximitor probes with
a synchronous tracking filter, and the signal subsequently was processed
through a tast Fuurier transform analyzer. The system response depends
strongly on the design of the pressure dam bearings. The rutor does lock
into a sub-synchronous whip during deceleration, after the system goes
unstable. The particular instrumentation shows the kind of understanding
that can come from a detailed analysis of a system in conjunction with
appropriate instrumentation.

2. INTRODUCTION

This paper illustrates the kind of results that may be deduced from
inetrumenting a rotor system. The emphaais here is not on prescribing the
type of instrumentation that should be used on a particular machine, but
rather on the results from reducliuy the data obtained from even a simple
rotor system cmploying a bare minimum of instrumentation. Common sense cau
provide a good starting point for the specificalLiuu of the appropriate
number and placement of accelerometers, velocimeters, or proximity dis-
placement pickups and the type of monitoring that should be applied to a
rotating machine. The proper logic, such that a machine is not accidently
shut dowu, is aleo the type of information that common sense can provide.
This work is a brief look at the processing of tlie signale that one might
typlcally have available from a machine including the use of a synchronous
tracking filter and a real time OTY FFT spectrum analyzer. This work is
directed toward a relatively suwall rotuling aystem in which two types of
fluid film bearings were employed, both of which are rather common.

A typical instrumentation system available commercially is noted in
Figure 1. Additional data reduction for analysis could be obtained by a
fast Fourier transform instrument coupled Lo any of the measuring trans-
ducers. As noted in this system, axial measurements which might be used
for an automatic emergency shut-down of the machine are dual measurements.
Figure 2 exemplifies this concept in the measurement of the axial position
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of a shaft. Should one of the probes malfunction, the use of dual voting
would not trip the machine off line. The machine operator would be made
aware of the instrumentation problem so that it could be corrected.

Fluid film bearings are widely used because of the long life and the
good damping characteristics that they do provide for rotating machinery.
Considerable effort has been made to predict theoretically what should
happen in a rotor system and these results show what experimentally does
happen. The characteristics of a pressure dam bearing have been examined -
theoretically by Allaire, et. al. (1) for infinitely long bearings and by
Nicholas and Allaire (2) for short bearings. Some experimental work has
been done on this bearing by Leader et. al. (3). Several other authors have
looked at the step bearing from a theoretical point of view (4-7). Both the
circumferential location of the dam and the depth of the dam have been con-
sidered with the idea of optimizing these two parameters.

The Reference (2) shows that the dam depth ratio K”, should have a value
of approximately 3 for an optimum design, in which

K~ =~(hs + ¢c)/c
¢ = bearing radial clearance
hg = step height

- Some very good experimental papers have been made available espec1a11y
through the works of Leader, et. al. (3) and Tonnesen and Lund (8). Most
other experimental efforts have been limited to determining the bearing
characteristics of rotors which are essentially rigid.

The Test Rotor

Figure 4 ghows the schematic of the rotor which has a combined weight
of the shaft and central masses of 13.6 Kg. The shaft diameter is constant
(2.54 cm) which, when calculated,yields a first critical speed of 3300 RPM.
This unit is driven by a one horsepower DC motor using a flat belt and flex-
ible couplinyg. With the appropriate pulley ratio, the maximum speed of the
motor of 2250 RPM can produce a rotor speed of 13,000 RPM.

The o0il used in this particular test was the Shell Automotive type
10W-20W-50 heated to 54°C (130°F). The oil at this temperature has a dynamic
viscosity which was measured to be 50 CP (0.75 x 10~° 1lb-sec/in?) with a
viscometer. The dynamic viscosity was 195 and 35.5 CP at 30°C and 70°C,
respectively. This particular rotor was fitted with a double thrust bearing
at the outboard end which has a clearance of 1.27 x 102 cm (5 mils).

Both the axial groove and the step bearings were babbitt lined and with-
out end seals. The length to the diameter ratio of the bearings is approx-
imately unity.
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Type of Instrumentation

The shaft motion is monitored by 8 non-contacting proximitor probes
mounted at 4 positions along the shaft. The probes are mounted in pairs,
oriented 90° one from the other in a circumferential direction, so that the
actual shaft orbit shapes may be reproduced on an oscilloscope. The probe
signal is connected to a proximitor which is an oscillator/de-modulator. ‘
The signal then goes to a synchronous tracking filter. The synchronous
tracking filter may be selected to display either the total vibratiomal
amplitude or the synchronous component of that motion. It also provides
directly the speed through the sensing of the probe looking at the notch
in the shaft as well as the phase angle, the angle between thc maximum
amplitude of vibration and the uotch in the shaft.

For each bearing two test runs were made, the first of which was run at
the maximum acceleration of the rotor system. This was run until the stabil-
ity threshold was reached at which point the power was shut off and the rotor
was permitted to coast to a stop. Typically, the average acceleration was
15 rad/sec®. Thé second test was run with very low acceleration, again to
the point where the stability threshold was reached. For the tagt; the
motion and the speed were monitored using the synchronous tracking filter.
All of the data was recorded on a 14 channel FM tape unit so that it could
be further analyzed following the test.

The data was processed in several different ways. One manner was to
plot the synchronous amplitude of motion at the various locations along the
shaft as a function of rotor speed. Similarly, the phase of this egynchrouvus
motion was plotted versus the rotor speed. .The second format was to plot the
total amplitude that is, the synchronous plus the non-synchronous motion of
the various locations along the shaft, as a function of rotor speed.

Fur the first test the transfer function of the syotem was found. This
was obtained hy taking the output from a proximitor probe used with the ghaft
notch and driving this into a dynamic pine wave ¢onverter to convert the
once per revolution pulse into a constant amplitude sine wave with the fre-
quency of the shaft speed. This sine wave was considered as representing
a forcing function corresponding to the rotor unbalance. Using a fast
Fourier transform digital signal analyzer with the output of one of the
proximity probes and this sine wave just desuribéd, a transfer function was
determiued. 'The transfer function is the proximitor signal or output divided
by the sine wave. This transfer function was plotted versus rotor speed and
is compared Lo the output of the synchronous tracking filter.

From the second set of data, that is the data that was recorded with
the slow acceleration, ''cascade" or "waterfall" plots were constructed. A
faast Fourier transform digital signal analyzer again was used to obtain
frequency spectrums during the slow accelerations. Ote data sample was
collected and analyzed in speed increments typically of 500 RPM. By plotting
the spectrums vertically, the waterfall plots were obtained. It was found
that with the low acceleration rate (2 rad/sec?) one sample of each speed
produced spectrums that were identical to those obtained at constant speed
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plateaus using 200 to 400 samples. This instrumentation is shown in Figure
5.

During the tests, several resonances were observed in the signals coming
from the proximitor probes. These were subsequently determined to be struc-
tural resonances which are substantiated from impact tests. The velocity
transducer was monitored at various locations of the structure for the dif-
ferent impact tests, and the output of the transducer was analyzed again
with the FFT analyzer. For these tests, auto power spectrums (with peakhold)
were used.

3. EXPERIMENTAL SUMMARY

Much information was obtained from this experimental work. Some typi-
cal results are presented here, as representative of the kinds of data that
can be extracted through this type of instrumentation.

9

Axial Groove Bearing

These bearings maybe thought of as plain cylindrical journal bearings
that are modified by having grooves cut into the horizontal split plane.
‘These grooves provide access for admitting lubricant into the bearings.
The test rotor was balanced using the axial groove bearings and cancelling
the residual bow at the first critical rotor speed. From Figure 6 one can
see the residual bow as exemplified by the slow speed portion of the curve.
This figure shows in the upper left hand corner the location of the probe,
in this case measuring the vertical displacement of the shaft near the left
. bearing. The main portion of this graph displays boththe synchronous response
~as well as the total response at this particular probe location during the
‘rotor ruﬁhup or acceleration. Note that the. synchronous response dropped
essentially to zero at the first critical speed of 3,250 RPM, -indicating that
the balance is removing the initial bow at the shaft,

As the speed is increased, a stability threshold is reached at 6600 RPM
or approximately twice the first critical speed. Note that this threshold
speed is presented graphically on the total response curve; however, the
amplitude of the synchronous component is seen to be essentially c¢onstant
at this same point.

The synchronous phase angle is seen to shift by 360° at the critical
speed as shown in the upper portion of Figure 6. For a simple system a 180°
shift at resonance is to be expected, but in this case the behavior is due
to the initial shaft bow.

As previously noted, a more complete picture of the dynamic response of
the system can be shown by a series of plots known as a cascade or waterfall
diagram. This is shown in Figure 7, in which one can see the very large
synchronous excitation response at 3100 RPM. However, at the instability
speed of 6600 RPM a very large sub-synchronous component is produced at the
3100 CPM frequency. On this same plot, one can see frequency components
that are two and three times the running speed. Note that at 1650 RPM a
relatively large component is seen at 3300 CPM which is approximately the
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first critical rotor speed. This same information is presented on Figure 6
(total motion) showing quite distinctly the peak at 1600 CPM. The data
presented here was for the case of rotor run-up; however for rundown the
results were almost identical and hence are not presented. Such was not the
case, however for the pressure dam bearings.

Pressure Dam Bearings

The rotor was run with five different sets of pressure dam bearings.
The results of one set are presented here, set #1, which had K” values for
the two bearings of 2.1 .and 2.4. Figure 8 shows the synchronous motion as
well as the total motion for the rotor during run-up. Thus, it can be seen
that the critical speed stayed essentially the same as for the axial groove
bearings. The system displays some resonance responses at 1600 RPM, 3300 RPM,
and 4600 RPM and also a synchronous response at 9400 RPM. This system was
accelerated up to the maximum speed that the motor was capable of reaching,
specifically 13,500 RPM and did not reach the stability limit of the system,
The synchronous phase angle displayed in the upper part of Figure 8 shows a
change at the critical speed, but again not the 180 degree shift as might be
anticipated.

The data presented in Figure 8 are for the probe located near the rotat-
ing mass at the center of the shaft and measured in the horizontal direction.
As before, the FFT analyzer was used to deduce a transfer function for this
case, The transfer function was described previously and will not be re-
stated here. The relative data produced using this transfer function concept
is summarized as Figure 9. This plot very closely represents the synchronous
tracking filter plot of Figure 8. As can be seen, once again three synchro-
nous resonances are seen: 3300 RPM, 4600 RPM, and 9500 RPM. The synchronous
phase shifts are essentially the same as those observed with the synchronous
tracking filter (although inverted due to the different definitions of phase
angle of the two different manufacturers of the synchronous tracking filter
and the FFT analyzer).

A revealing format for the presentation of data is that shown as a
Nyquist form of the transfer function presented in Figure 10. The vectors
representing the initial bow, §_, and unbalancing eccentricity, e are
included. With this figure one’can easily see why the classical ¥80° phase
shift was not observed at the first critical speed. Here, clearly rhe renter
of the Nyquist plot was located outside of the Nyquist loop representing the
first critical speed, due to the initial bow vector. Had the center fallen
on the loop (§_ = 0) or inside the loop, 180° or 360° phase shifts would have
been observed.” The latter case was seen for the shaft with the axial groove
bearings, as presented in Figure 6.

Two smaller loops are seen in Figure 10. These occur at approximately
4600 RPM and 9500 RPM and represent two structural responses of the system.
The waterfall diagram for the pressure dam set #1 is presented in Figure 11.
On this plot only the synchronous and twice synchronous frequency components
are readily noticable while a third order component can be barely discerned.
No sub-synchronous components are evident. This rotor system, particularly
at high rotational speed, is very stable since the sub-synchronous component
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at the rotor first critical speed is non-existent.

Data from pressure dam set #2 for the same horizontal motion is shown
in Figure 12 for run-up and in Figure 13 for run-down. This data is similar
to the axial groove and pressure dam set #1 data, since similar synchronous
and total motion resonances are present at 3300 RPM and 4700 RPM and 1700 RPM,
respectfully. . During run-up, the rotor with these bearings reached a sta-
bility limit at 9300 RPM (Figure 12). On the waterfall plot (not presented
here) this instability was seen to excite the first rotor critical speed. .
Upon deceleration (Figure 13) the motion of the rotor is seen to differ from
that of the run-up. During run-down the rotor locks onto the sub-synchronous
motion and continues a large amplitude motion until the speed decreases to
8100 RPM . At a speed lower than 8000 RPM the deceleration and acceleration
responses are nearly identical.

Theory Versus Experiment

Using the theoretical method developed in reference (2) Nicholas pre-
dicted the instability threshold of axial groove and pressure dam bearings
as presented here. The specifications for the pressure dam bearings are
presented in Table 1. Overall results are noted in Table 2 in which the
.experimental and theoretical instability thresholds are summarized.

In general, the comparison between theory and experiment is excellent
with the exception of pressure dam set #2. One of the bearings in this set
was damaged upon installation and the side rails of the dam were scored.
This reduced the effectivenss of the dam since the lubricant could leak out
0f the sides, thereby reducing the effective load of the step and changing
_the stabilizing characteristics.

The speed range over which the rotor locks into a whip condition is
referred to as N_and for the data just presented amounted to 1200 RPM. 1In
Table 2 one can See that value of N increases with the instability threshold.
At this point in time, not enough ddta has been obtained to determine or gen-
eralize this relationship for pressure dam bearings.

Summary

This work shows the results that can be obtained by proper instrumenta-
tion of a rotating system. In this case, some results have been presented
using an axial groove bearing and pressure dam bearings. The synchronous
tracking filter and a FFT analyzer were used to reduce the outputs from the
shaft monitoring proximity probes and from a velocity transducer used for
monitoring structural resomances, The experimental results do seem to agree
very well with theoretical results especially regarding the optimum value K~
of the pressure dam bearing. With the FFT a transfer function technique has
been developed that produces results similar to that obtained from synchro-
nous tracking. By plotting this transfer function in a Nyquist form the
effects of rotor bow can be easily recognized. Several structural resonances
were observed in this experimental work with the probably causes identified
by using the synchronous tracking filter and a FIT transfer function and
spectrum analysis.



366

Acknowledgements

The authors wish to thank Drs. J. C. Nicholas, L. E. Barrett, P. E.

Allaire, and Mr. M. E, Leader for their inputs to this investigation. This
research was sponsored by the Department of Energy under Contract EF-76-S-
01-2479 and the Industrial Supported Program for the Dynamic Analysis of
Turbomachinery at the University of Virginia. Appreciation to Susan Shriner
for the typing of this manuscript.

10.

4, REFERENCES

Allaire, P. E., Nicholas, J. C., and Barrett, L. E., "Analysis of Step
Journal Bearlngs -~ Infinite Length, Inertlal Effects,” ASLE Preprint,
No. 78-AM-3B-1.

Nicholas, J. C. and Allajre, P. E,, "Analysis of Step Journal Bearings -
Finite Length EStability,'" ASLE Freprlut Nu. 78-LC-6B-2.

Leader, M. E., Flack, R." D., and Allaire, P. E., "Experimental Study of
Three Journal Bearings with a F19x1h19 Rotor," Accepted for publication
in ASLE Transactlons.

Wilcock, D. F. and Booser, E. R., Bearing Design and Application,
McGraw-Hill, New York, 1957.

Pinkus, O. and Sternlicht, B., Theory of Hydrodynamic Lubrication,
McGraw-Hill Book Company, New York, 1961.

Kettleborough, C. F., "An Approximate Analytical Solution for the Stepped
Bearing," Journal of Applied Mechanics, Trang, ASME, Series E, Vol,
83, 1961, pp. 507-510. ' '

Hamrock, B. J. and Anderson, W. J., "Rayleigh Step Journal Bearing, Part
II - Incompressible Fluid," Journal of Lubrication Technology, Trams.
ASME, Series F, Vol. 90, 1969 pp. 641-650.

Tonnesen, J. and Lund,‘J. W., "Some Experiments on Instability of Rotors
Supported in Fluid Film Bearings," Journal of Mechanical Design, Trans.
ASME, Vol. 100, No. 1, January 1978, pp. 147-155.

Nicholas, J. C., Gunter, E. J., and Allaire, P. E., "Effect of Residual
Bow on Unbalance Respuuse and Balancing of a Single Mass Flexible

Rotor, Part 1l: Unbalance Response," Journal of Engineering for Power,
Trans. ASME, Vol. 98, No. 2, April 1976, pp. 171-181.

Tondl, A., Some Problems of Rotor Dynamlcs Publishing House of the
Czechoslovak Academy of Sciences, Praque, 1965.




TABLE 1 PRESSURE DAM BEARING SPECIFICATIONS

-

0.442

INSTALLED K” RATIO STEP
BEARING BEARING RADTAL STEP . L/D ROTOR
TYPE NUyBER CLEAiANCE HEiGHT (hS + ¢c)/c LOCATION RATIO UNBALANCE
(ram) () ) B I
1 0.046 - N.A. N.A.
2 AXIAL GROOVE - - N:A. 1.0 22
2 0.051 N.A. N.A.
PRESSURE DAM 1 0.056 0.064 2.1
-145° 1.0 22
SET #1 2 0.064 0.091 2.4
PRESSURE DAM 1 0.064 0.112 2.8
— 140° 1.0 20
SET #2 2 0.064 0.104 2.6
PRESSURE DAM 1 0.061 " 0.340 6.6
* ” o
SET #3 2 0.064 0.483 8.6 150 1.0 23
PRESSURE DAM 1 0.061 0.140 3.3
. .9n° " 1,0 20
SET #4 2 0.061 0.069 2.1
PRESSURE DAM 1 0.053 0.569 11.7 _
140° 1.0 .20
SET #5 2 0.061 8.3 :

L9¢
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TABLE 2 SUMMARY OF EXP.EF.I.MENTAT./ RESULTS FOR SHAFT WITH PRESSURE DAM BEARINGS

PRESSURE DAM K* o EXPERIMENTAL THEORETICAL SUBSYNCHRONOUS
SEiEﬁgﬁggR RATIO (DEGREES) (Rgﬁf (Rgﬁ? N;O%E;;§
AL N.A. N.A. 6600 6000 0
'5' 11.7/8.3 140 7800 7800 900
4 3.3/2.1 90 | | 8600 8100 1000
3 §.6/8.§ 150 8920 8850 1150
2 2.8/2.5 140 9320 11500 1300
1 2.1/2.4° 145 >13800 11100- .} 7T

89¢
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Figure 2 Dual Thrust Probe Arrangements
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Figure 3 Pressure Dam Bearing Schematic
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Figure 4 Rotor and Drive Assembly
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Yl Synchronous and Total Motion, Axial Groove Bearings
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Set #1
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Pressure Dam Set #1

Transfer Function - Nyquist Form (X2 Motion)
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X2 Synchronous and Total Motion, Pressure Dam Set #2, Run-up
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PROCESS CONTROL FOR ENVIRONMENTAL SYSTEMS:
CASE STUDIES IN DESULFURIZATION

F. G. Mesich - ,
D.. G. Jones szrOV
0 S

Radian Corporation{Q
ABSTRACT

Sulfur species in gaseous effluents from fossil energy processes ‘
have long been recognized for potential adverse impéct on the environment.
Poor operating experience and/or failure of wet scrubbers in the early 1970's
has produced growing recognition of the importance of chemical process con-
;rol. Several case studies which describe desulfurization process control
experience are presented. In general, desulfurization of process streams
1in.large-scale coal gasification plants is less well understood and is not
well documented compared with wet scrubbing systems used for coal-fired power
.plants. One of the major factors which has contributed to operating problems
with wet scrubbers is inadequate reliability of critica]rprocess control
sensors. The operation of conventional 1ime/limestone scrubbers is com-
pared with»some of the newer desulfurization processes such as dry scrubbing.

Dr. Mesich is an Assistant Vice-President of Radian Corporation
and Dr. Jones is a Reg%ona] Manager of Radian Corporation. Radian's home
office is located in Austin, Texas at 8500 Shoal .Creek Blvd., with regional
offices in Washington, D.C., Los Angeles, Salt Lake'City, and Durham, NC.
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1.0 INTRODUCTION

Coal utilization in the United States is currently oriented towards
electric power production (Z.e. over 200,000 MW) and processing industries
such as steel manufacturing. Current regulations require flue gas desulfuri-
zation (FGD) for new coal-burning sources, and several new FGD technologies
have emerged in the past few years. New priorities have also encouraged a
more rapid pace of 'synthetic fuel technology development. As shown in
Figure 1-1, large scale coal utilization for production of synthetic fuels
requires pressurized coal gasification (Ref. 1).

There are only three large-scale, commercially-operating pressurized
coal gasification plants in the world today. The largest of these is the
Sasolburg oxygen-blown Lurgi plus Fischer-Tropsch liquefaction system, which
“'was started up in the mid-1950's in an initial bhase; The government of
1 South'Africa has moved ahead with phases two and three, which will resu]f'in
the production of over 100,000 BPD of synthetic fue]s'in the early 1980's,
usfng over one hundred Lurgi gasifiers (Ref. 1). The other two large scale
“"coal gasification systems are the Kosovo Combine facility near Pristina,

Yugoslavia and the STEAG gasification plus combined cycle plant in Liinen,
"West Germany. The Kosovo plant features six oxygen-blown Lurgi gasifiers
" and the STEAG plant utilizes five air-blown Lurgi gasifiers, which are then
integrated with a 120 MW combined cycle power plant. Of these three faci1ities,
the only published information regarding detailed sulfur removal data relates
to the Kosovo experience.

‘Considering both environmental control requirements and current
mandates for replacing industrial use of petroleum with synthetic fuels, it
is probable that new processes must be'developed and demonstrated to meet
these needs. In spite of these anticipated changes, this paper identifies
several case studies in desulfurization processes, based on current ex-
perience. ' |
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2.0 CASE STUDIES OF DESULFURIZATION PROCESSES

Three case studies are presented and discussed. First, data ob-
tained from the Kosovo coal gasification faci]ify is presented. Then the
process control features of full-scale 1ime and limestone wet scrubbers
are identified. A third case study involving spray dryer pius baghouse
systems conc1udes this section.

2.1 Kosovo Coal Gasification Facility

A process block flow diagram of the Kosovo Lurgi gasification
facility is shown in Figure 2-1 (Ref. 2). The major process elémént of in-
terest is the acid gas removal system (Rectiso]), but sulfur species in gas-
phase effluents from the lock hoppers, the tar separation vents and the phenol
- plant vents are also noteworthy..-The estimated flowrates and measured cdmpo-
sitions of these gas streams are provided in Table 2-1, which includes the

following sulfur species:

hydrogen sulfide (H,S)
carbonyl sulfide -~ - (COS)
methyl mercaptan (CH3SH)
ethyl mercaptan ' (C,HsSH)

At Kosovo, the high pressure gas stream from the coal lock system is
" flared, ‘while the low pressure gas stream is vented to atmosphere. In the
United States, venling the low pressure lock hopper gas would not be an en-
vironmentally acceptable alternative. The location of these two gas streams
with respect to the cqa] gasificafioh processing system is indicated in

Figure 2-2. Note the water squbbers in Figure 2-2 which are used to separate
fars, oils, and phenols from the raw product gas. These matefia]s condense
under a gasifier operating pressure of about 370 psia, and when the liquids -
are depressurized in the tar Separation éection, flash gases aFe generated

in the separation vessels. ‘Somé.df this gas is flared, but the‘surge tanks
are vented'to atmosphére. Although the vent gas flowrates are small, the
medium oil énd pheno]ié water surge tank vent gasés contain fe]atiye1y high
concentrations of sulfur species, as shbwn in Table 2-1. ‘
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Kosovo Lurg* Gasification Facility, Yugoslavia.
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TABLE 2-1. GASECUS EFFLUENT ANALYSES (Ref. 2)
KOSOVO LURGI GASIFICATION FACILITY, YUGOSLAVIA*

Rectisol Sulfur Removal System

Low Pressure +igh Pressure Medium Phenolic Water Phenosolvan . “H,S-Rich -C0,-Rich
Lock Hopper Lock Hopper 011 Tank Surge Tank Stripper Cooled 0ff-Gas 0ff-Gas
¥ent Gas Flare Gas Vent Gas Vent Gas Vent Gas Inlet Gas to Flare to Vent
Eszimated Flow Rate (SCFM) 22 225 30 22 225 10,200 1,500 3000
Fized Gases {vol. %)
©H, 34.0 32.0 - - : - 36.1 - 0.8
0, 0.7 0.2 0.9 13.9 9.0 " 0.6 0.5 0.1
N, 2.5 6.1 3.4 53:0 58.0 1.6 1.4 0.3
CH, 9.4 11.0 7.6 0.2 - 13.0 4.2 0.9
co 9.3 13.0 - - - 13.0 2.6 -
co, 42.0 37.0 86.0 29.0 32.0 33.0 86.0 94.0
Sul fur Species (ppm)
H,S 700 1100 . 13,000 1900 7500 4,700 23,000 4.6
cosS 170 300 400 - - 80 560 0.5
CH4SH 270 420 1,000 680 150 570 4,300 8.5
C,HsSH 90 270 480 420 30' 100 740 3.5

*This table provides a November 1978 listinc of the larger gaseous effluent streams, based on single point analytical
measurements which may not be representative of long-term sampling results.

18¢
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Another gaseous effluent stream which is significant at Kosovo is
the phenosolvan unit condensate stripper vent. This stream results from the
steam stripping of proéess condensate upstream of the phenol plant ether
extraction section. As would be expected, this stream was found to contain
acid gases and a variety of other components contained in the process gas
Tiquor which is discharged from the tar separation section.

One of the most significant sources of gaseous emissions at Kosovo
is the sulfur removal section. Since the Kosovo Rectisol unit is a selective
(Rectisol II) acid gas removal process, a CO,-rich stream which normally con-
tains minor amounts of H,S and other sulfur species is generated along with
an H,S-rich stream which should contain most of the other acid gases and sul-
fur species. The CO,-rich stream is vented directly to the atmosphere at
Kosovo. This same approach has been proposed in several conceptual U.S.
plants. The initial 1978 sampling results indicate that this would not be
a serious problem, except perhaps during upset operating conditions.. Com-
ponents other than CO, which_weré found in the CO,-rich vent gas included
methane and other light hydrocarbons (which may present hydrocarbon emission
problems in some areas of the U.S. due to the relatively large flow rate of
“this stream). Minor amounts of H,S and mercaptans were also found in this
Stream.

- The H,S-rich gas stream generated from the Rectisol unit is a very
significant gaseous effluent. At Kosovo, this stream is flared. In the U.S.

o 1t 1s generally preferred to incorporate a treatment process which producés.

elemental sulfur, such as Claus or Stretford. However, there are potential
problems with this approach which are indicated by the.Kosovo sampling data.
For examp]e, the CO, contént of this stream may be too great to permit the
economical use of a Claus system. A]so; the presence of methyl'and ethyl
mercaptans and hydrocarbons in this streah could result in residual sulfur

or hydrocarbon emissions. Specifically with respect to the sulfur species’
which were analyzed, mercaptan levels appear to be at least as great a source
of concern as residual H,S which penetrates a sulfur removal and recovery

system.
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In a U.S. gasification facility, most of the gaseous emissions
which have been identified at Kosovo would be collected and incinerated in
on-site steam generators or recompressed and recyc]ed‘back into the process.
Further work needs to be done to characterize the fate of sulfur species using
these two approaches. In addition, potential problems which may be caused by
mercaptans, COS, trace hydrocarbons, and C0, diluent in the H,S-rich gas
stream feeding into a sulfur recovery process need to be identified and re-
solved. Another unusual feature of the Kosovo Lurgi gasification process is
the tendency to produce low sulfur heavy fuels and high sulfur gasd]iné pro-
ducts. This is shown in Table 2-2, where the lower sulfur content of the
heavier by-product fuels may allow on-site use of this material to satisfy

“auxiliary fuel requirements. The combustion and emission characteristics
when burning these materials has not been investigated.

TABLC 2«2. LIQUID BY-PRODUCTS FROM tURGI GASIFICATION
KOSOVO COMBINE FACILITY, YUGOSLAVIA* (Ref. 2)

Heavy Tar Med ium
+ Dust Tar 0il Gasoline
Composition
C 56.0 81.9 81.2 85.7
H ' 7.6 8.4 8.9 9.8
N 0.87 1.3 1.0 0.2
S 0.33 0.49 .71 2.2
Ash 6.0 0.22 u.U3 -
0, 28.6 7.8 8.2 v 21
Heating Value 12,300 17,300 17,800 19,300
(Btu/1b)

*The heating value of the feedstock coal s about 10.000 Btu/1h and the
sul fur content is about 1.1%.

.2 ~ Full Scale Lime/Limestone Wel Scrubbers

~D
™.

Poor operating experience and/or failure of full-scale wet scrubbing
systems at electric utility sites in the early 1970's has resulted in a
growing recognition of the importance of chemical process control. Based on
recent studies of full scale systems by the Electric Power Research Institute
(EPRI) (Ref. 3) and others (Ref. 4), the most serious operating and control
difficulties with wet scrubbers have been scale formation problems caused by
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inadequate control of the system chemistry. For the six full scale scrubbing
systems evaluated in a recent EPRI study, the reliability of pH sensors for
reagent feed rate control cannot be overemphasized as one of the most impor-
tant features of wet scrubbers which have operated successfully. These six.
systems are identified in Table 2-3.

Although reagent feedrate contrcl by pH has some drawbacks, it is
the method used in the majority of the lime or 1limestone scrubber installa-
tions, both those which are currently operating and those which are planned;
In a typical scheme for controlling reagent feedrafe using pH, a stream of
scrubber slurry from the recirculation lToop is tapped off aﬁd passed through
a vessel containing the pH sensor. If the inlet SO, increases, the pH level
in the scrubber slurry drops because of increased SO, absorption. When the
pH drops below the set point, the controller drives the reagent slurry flow
control valve (FCV) to a more open position. The resulting larger flow of
reagent causes an increased rate of reaction with acidic species in the
scrubber hold tank and brings the scrubber s]urry pH back up again. The pH
sensor, 1in turn, monitors the increase in pH 1eve] and the controller responds
by cutting back on the reagent slurry flow rate. This is a continuous pro-
cess that can oscillate back énd forth in a "band" across the pH set point or
remain fairly steady, depending on factors such as fhe type of reagent, hold
tank size, slurry recirculation rate, quantity of SO, being rehoved,‘and the
controller set point.

The width of the pH control band is set by a number of considera-
tions. The minimum pH is constrained by two factors. .One factor is the
minimum reagent feedrate required to achieve a given degrée of SOz‘removaT.
A second factor is the pH level below which scale formation will tend to
occur - this depends on both systeh design and operating conditions such as
inlet SO, concentration. The maximum pH in the control band is generally
_constrained due to reagent utilization factors, which may in;]ude CaCo,
scaling in lime systems. These factors are illustrated schematically in
Figure 2-3.

There are two basic types of pH sensors. The dip-type sensor is
inserted into a slurry tank and can be manually removed for periodic



TABLE 2-3. TYPICAL FULL-SCALE LIME/LIMESTONE SCRUBBING SYSTEMS (Ref. 3

Monave Unit- 1

1 Medul2

MW Estimated Estimated
Rating Gas Flow Rate . L/G Ratio Type of Type of
Utilites/Site Type of System (MW) (SCFM) {gal/MSCF) Reagent Reheat .
. Pennsylvaniz- Power .Co. Veoturi/Adsorbers . 825 2,500,000 50 Lime Direct-Fired -
Bruce Mansfield Unit 3 6.Modules Burners
. Sauthern California Edision Crcssflow Spray- 170 450,000 20 Lime Indirect
Mohave Unit 2 . 1 Foduie ’ Steam Heaters
. kentucky Utflities - Verturi/Atsorber 64 ° 210,000 45 Lime None
Creen River 1 Moduie
Units 1, 2, 3 3
. Detroit Edison’ Ventturi/Absorber 180 490,000 100 Limestone  Indirect-
St. Clair Unit 5 2 Mcdules - Fired
Burners
w
0o
. Coxmmorwealth Edison - Venouri/Absorber 167 460,000 80 Line~ton2 . Direct o~
Will County Bnit .1 2 Modules Steam Heaters
. Southern Cal-fornia Edison Veruvical Scrubber 179 450,000 35. Limestone Direct

Steam Heaters
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maintenance and calibration. The flow-through sensor is lTocated in a section
of sample piping. A slurry sample must be obtained from a high pressure
header, forced through the pH sensor cell, and discharged to a low pressure
area. .The problem with dip-type sensors is that they cannot be used effec-
tively inside scrubber vessels which must be gas tight. The problem with
flow-through sensors is that the sample lines to and from the sensing element
frequently plug up and must be back-flushed, cleaned, or periodically re-
placed, and'the sensor elements are subject to high rates of erosion wear.

Maintenance of pH sensors usually involves acid washing followed by
recalibration with standard buffer solutions. pH sensor maintenance problems
are sometimes aggravated during a scrubber restart after a long outage. This
can be attributed to two causes: 1) a low level of slurry solids content
during start-up can result in rapid scale formation, and 2) small chunks of
physically-dried slurry or flaked scale left over from the outage can plug
-the pH sensor lines, and may continue to be a problem until all the chunks
are dissolved or removed. It is primarily far this reason that dip-type
pH sensors sometimes require less maintenance than flow-through pH sensors.

In a 1ime scrubbing system, the correlation between slurry pH,
reagent feed rate, and outlet SO, concentration usually responds very quickly
to changes in operating conditions. It is even poassible in some cases to
operate the scrubbing system based on reagent feed rate)indication, with

perfodic checks uf slurry pH level.

In a 1fmestone scrubbing system, however, the. presence of solid-
‘phase alkalinity (CaC0,) acts to cause a relatively high degree ot buffering,
~so that the relationship between the pH level and outlet SO, concentration is
less well-defined. Scrubber operators have noted that the degfee of excess
alkalinity in limestone slurry can be estimated based upon the rate of response
of a .pH control system. If there is too much -excess alkalinity, then the pH
of the slurry will not change very rapidly, regardiess of the set point on
the pH controller. If the slurry system is depleted from excess alkalinity,
then the slurry pH will respond rapidly to manual adjustment in the pH set '
point. These symptoms can also be observed if the limestone reagent feed
rate is recorded on a strip chart. Over a given period of operating time,
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the response of the pH control system will usually produce characteristic
records on the reagent feed rate chart, depending on whether the scrubber
slurry contains too much or too little calcium carbonate alkalinity. A
typical example is shown in Figure 2-4.

Excesses in reagent feed rate are normally of short duration since
the trouble usually can be identified fairly rapidly, or the situation cor-
rects itself. More serious problems occur when the scrubber system has been
inadequately designed, and the pH Tevel below which scaling occurs is too
close to the pH level required.for adequate SO, removal. The control "band"
between just enough and too much reagent may then be quite narrow, possibly
causing the reagent feed control system to oscillate out of control. The
major drawback of a system which oscillates out of control is a low pH ex-
cursion, which represents inability of the control system to respond quickly
enough. Repeated low pH excursions will ultimately result in severe calcium
sulfate scale formation, culminating in an extended scrubber outage for main-
tenance.

Short-term reagent feed interruptions, when not repeated continually,
have not caused much trouble. Even with a complete feed interruption, many
scrubbers do nof necessarily have to be shut down immediately. - Depending on
the size of the hold tank and the operating conditions at the beginning of an
upset of this nature, scrubber operation can be continued for a matter of
hours in many cases. This is shown in Table 2-4 where it is seen that a re-
agent feed interruption of 5 to 7 hours was tolerated in a limestone system
without a load reduction. In the lime cases, the system chemistry is much
less highly buffered, but even so, interruption time of about one hour has
been tolerated. (The 4 hour interruption at Green River was effectively less
than 4 hours on a "typical" basis because the 30 minute residence time in the
scrubber hold tank is not typical for many scrubber systems.) It is important
to note that in all these cases, control of the system chemistry was recovered
in relatively short times (Z.e. 0.5 to 1.3 hours) following resumption of re-
agent feed to the system. Although SO, removal presumably dropped off, in
none of the tests were there any adverse effects such as scaling or limestone

blinding.
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Figure 2-4. Method of adjusting pH set point using limestone feed rate and solid phase
alkalinity variations (Ref. 4).
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TABLE 2-4. TESTS OF REAGENT FEED INTERRUPTIONS (Ref. 4)

Hold Tank Length of Hold Tank Outlet Time Required
OQutlet pH Interruption, pH When Reagent to Reach Starting

Facility at Start hrs. Feed Resumed Value of pH, hrs.
St. Clair 6.0 7.0 4.6 1
(1imestone)

Mohave 5.8 5.5 4.6 1.3
Horizontal :
(1imestone)
Green River 5.2 © 4.0 3.9 NA
(1ime) - (scrubber

outlet)
Mohave 6.9 ' 0.8 4.0 0.5
Horizontal '
(1ime)

It is concluded that wet scrubbing system problems which involve
loss of chemical control and severe scale formation can usually be attributed
to a sbira]]ing sequence of events: scale formation leads to sensor malfunc-
tion, and sensor malfunction results in loss of chemical control; loss of
chemical control then leads to scale formation which is followed by sensor .
malfunction, etc. The chemistry of lime or limestone scrubbing is quite com-
plex. There is a need to conduct further investigations of scrubbing chemis-
try in areas such as control of sulfite oxidation, effect of organic additives
and selected dissolved salts on scale formation, and effectiveness of new

reagent feed control configurations.

2.3 Spray Dryer Plus Baghouse Systems

Due to the operating and maintenance problems which have been ob-
served with wet scrubbers, several dry scrubber pfocess configurations in-
volving spray dryers for flue gas SO, removal are being installed on com-
mercial coal-fired generating stations in the United States. The dry scrub- -
bing approach also offers the advantages of zero or little flue gas reheating
requirements, and the solid waste material is discharged as a powder which

. can be pneumatically conveyéd. A Tist of‘the commercial plants currently pro-

ceeding with the design and construction of full-scale dry scrubbing equipment
is provided in Table 2-5. "



TABLE 2-5. COMMERCIAL STATUS OF SFRAY DRYERS

FOR SO, CONTROL IN THE UNITED STATES

: Successful A-E or MW Capacity & Start-Up
Utility/Plant/Site Bidder .- : Evaluator No. of Modules Date
1. Basin Electric Joy/Niro Stearns-Roger 435 MW 1981
: Antelope Valley (1ime reagent) 5 modules
Beulah, ‘ND
2. Basin Electric - Babcock & Wiicox Burns & McDonald €600 MW 1983
Laramie River (1ime reagent) .
Wheatland, WY
3. Ottér Tail Power Rockwell International/ Bechtel £10 MW . 1981
Coyote Station, KD Wheelabrator-Frye
. (soda ash reagent)
4, Niagara Mohawk Atomics ESEERCO? 80 MW. TBD?
Huntley Station, NY International

'ESEERCO stands for Empire State Electri:z

2The ESEERCO project features a molten salt regeneration system and the current cdst estimate
is about $640/kW - about five times as much as a Joy/Niro system including drysr and bag-
The Joy/Nirp bid for Antelope Valley was reported to be $115/kW.

house.

Energy Research Corporation, which is solely funded by
private utility companies including Consolidated Edison, New England Electric Pcwer Service
Company, Niagara Mahawk Pcwer Compary, and others.

26¢
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A typical dry scrubbing process block flow diagram is shown in
Figure 2-5, and typical Time slurry SO, removal results are presented in
Figure 2-6 as a function of reagent utilization and flue gas temperature
drop across the spray dryer (Ref. 5). Normal spray dryer outlet temperatures
are in'the 160°F to 170°F range to provide sufficient operating margin above
the saturation tempefature. The reagent feed rate can be'controlled by the
'spray dryer outlet temperature. If the air preheater rotating speed is re-
duced, the spray dryer inlet temperature increases, and the degree of SO,
removal increases by virtue of improved 1iquid/gas contacting when more
liquid can be tolerated in the feed slurry (Ref. 5).

The percentage keagent utilization can usually be increased by
recycling a portion of the fly ash plus reaction products from the baghouse
and/or spray dryer bottom cone. In some cases where high SO, removal effi-
cciency is required, the amount of fresh lime reagent needed can be reduced
by a factor of two when fly ash recycle techniques are employed. Obviously,
this depends on the chemistry of the fly ash as well as the specific nature
of the fly ash recycle control system. Many dry scrubbing concepts are still
being developed and tested, and most qf the process control schemes are still

considered proprietary at this time.
2.4 Discussion

As shown in Table 2-6, there are fourteen air-blown, low pressure
coal gasifiers in operation or under construction in the United States at
this time. This amounts to a coal processing capacity of about three Lurgi
gasifiers, and cannot be considered a significant large-scale use of coal
gasification in the United States. |

Two prototype-scale (Z.e. 150 TPD) entrained-bed gasifiers have
been operated in West Germany since early 1978. Both systems are oxygen-
blown, slagging-type gasifiers that do not produce tars, oils, or phenols
typical of Lurgi or low-pressure, air-Blown~coa1 gasification systems. One
of these prototypes uses the Texaco coal gasification process (Ref. 7) and
the other is a high pressure adaptation of the original K-T process (Ref. 8).
Both of these newer coal gasification processes offer the promise of high
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TABLE 2-6. CURRENT AIR-BLOWN, LOW-PRESSURE COAL GASIFICATION
FACILITIES IN THE UNITED STATES (Ref. 6)

Operating Company Number of Gas Purification Start-Up
and Location(s) Gasifiers Process Date

Glen-Gery Brick Co.

® York, PA . 2 Hot Cyclone Currently
_ operational
® Reading, PA 2
® Shoemakersville, PA 1
e Watsontown. PA 1

‘National Lime & Stone Co.

e Carey, OH 2 Hot Cyclone Currently
operational

Can Do, Inc. \
e Hazeltown, PA 2 Hot Cyclone 1979

Bureau of Mines
e Fort Snelling, MN | o Hot Cyclone ' 1978
e S0, Scrubhers

Pike County, Kentucky 2 o Hot Cyclone/Esp 1979
& Pikesville, KY o Slrelfurd Sullfur Removal

Aluminum Refinery Client
@ Pennsylvania site ' , 1 Hot Cyclone 1979




397

pressures, reduced environmental cleanup problems, and simplified process

control suitable for integration with combined cycie power plants. Texaco,

Inc. and Southern California Edison Company have recently announced plans to

construct a 1000 TPD coal gasifier module leading to demonstration of the

integrated gasification plus combined cycle process (Ref. 9). Such a demon-

stration project would help identify the high degree of sulfur removal and

recovery which is anticipated to be feasible.

3.0 CONCLUSIONS

Although pressurized gasification will be required for the production of
any synthetic fuels from coal (including coal liquefaction), the United
States lags far behind several other countries in proceeding with the

necessary demonstration projects.

Despite encouraging trends to develop and demonstrate a synthetic fuels
industry, there will be very little in the way of large-scale synthetic
fuel production prior to the 1985 to 1990 time frame.

Itvis anticipated that direct combustion of‘coal in a boiler, followed
by wet or dry flue gas. desulfurization, will continue to be the primafy
method of utilizing coal in the United States until well past the year
2000.
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Correlating Process Parameters and Tar/Water
Production for a Slagging Fixed-Bed Gasifier

G. G. Mayer, D. R. Hajicek, and P. G. Freeman
Grand Forks Energy Technology Center

INTRODUCTION

The Grand Forks Energy Technology Center (GFETC) is operating
a modified version of a lurgi fixed-bed gasifier. Major emphasis of the
research program is to gather effluent data. As part of the program, a
gas chromatographic (GC) system was developed to determine quantities
of “water and tar components in the hot product gas stream. The
system described in this paper has successfully sampled and analyzed a
high moisture, low temperature gas stream, generated by gasification of
a high moisture lignite. Results obtained by the GC are correlated with
results obtained with a side stream sampling system. A further
comparison between results from the side stream samples and results for
composite samples from a down-stream spray washer is presented in a
companion paper at this Symposium (5). '

GASIFICATION PROCESS

A flowsheet of the pilot plant is shown in Figure 1. Recent
publications (1,2,3,4) have discussed the test equipment and
procedures in detail. A brief summary will be provided here.

The test coal is introduced into the gasifier through a lock
hopper. As the coal decends through the shaft, it is heated by
~countercurrent flow of hot gases coming from the reaction zone..
Drying,  devolatilization and gasification occur in distinct zones in the
coal bed. The coal reacts with the steam-oxygen mixture that is
injected into the hearth section. Gasification occurs at temperatures of
approximately 1700°C, completely consuming the coal and leaving only
molten ash. The molten ash drops down into a water bath in the lower
lock hopper, producing a frit resembling coarse sand which is periodi-
cally removed. The product gas leaves the top of the gasifier and
enters a recycle liquor spray washer where water vapors, tar, oil and
dust are removed. The accumulated liquor in the spray washer system
is periodically drained into a holding tank at atmospheric pressure.
After passing through the spray washer, the gas is further cooled in a
heat exchanger, depressurized, demisted, metered, and flared. A
typical gas composition is 58% CO, 29% H, 5% CH,, and 7% CO,, with
small amounts of C2-C4 hydrocarbons.

Gasification test parameters include operating pressure, oxygen
rate, oxygen to steam ratio, moisture content of coal, and type of coal
gasified. The raw product gas stream is sampled periodically during
each gasification test to determine the quantities of tar and water in the
gas and how variations of process parameters affect the production of
the components. In the test program operating pressures have ranged
from 100 to 400 psig, the oxygen rates have ranged from 4000 to
6000 scfh, the molar oxygen steam ratios have ranged from 0.9 to 1.1,
and fuel moistures have ranged from 20 to 38 percent.
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SAMPLING

Collecting representative and reproducible samples of effluents
from the gas offtake at the top of the gasifier presents special
problems. Samples must be collected at pressures up to 400 psig and
at an approximate steady-state temperature of 300°F. This effluent
stream contains a multi-phase combination of product gases, water
vapor, organic vapors, tar and water aerosols, and entrained
particulates. The sampling probe at the gas offtake consists of %" OD |
by %" ID tube bent into a 90° angle to face the product gas stream.
The leading edge of this probe is tapered down at a 45° angle.

SAMPLING METHODOLOGY

A major effort has been directed toward developing and enlarging
the capabilities for sampling and characterizing liquid effluents. To
accomplish this, several forms of sampling have been develuoped. The
methods that will be described in this paper will include side stream
sampling through a condensation train and on-line sampling through a
heated GC. Both these methods, but particularly the on-line sampling,
provide an opportunity to observe the short-term changes in effluent
yield and composition that result from non-steady state operation due to
coal charging.

Side Stream Sampling

Side-stream sampling (5) allows the collection of samples repre-
sentative of selected coal charging cycles within a gasification test. In
side stream sampling, a portion of the raw product gas stream from the
gas offtake is passed through a sampling system to remove the
condensibles and particulates from a measured quantity of gas. Major
components of the present system, shown in Figure 2, are an automatic
pressure control valve, a high pressure and low pressure cyclone, two
heat exchangers, a cryogenic trap and a gas meter. The automatic
pressure control valve regulates the flow of gas sampled and reduces
the sample pressure to approximately 18 psig. The high pressure
cyclone is located before the control valve and removes water and tar
aerosols that could plug the valve. The low pressure cyclone removes
the additional effluents condensed out during pressure let-down. The
two heat exchangers condense out water and light oils dawn ta 1°C.
The cryogenic trap is used to remove water and some of the light oils
from the gas stream at temperatures below 0°C.

- On-line Sampling

The on-line sampling, employing GC's, provides the capability of
establishing rapid and short term variations in tar-oil and water
production rates. Since sampling intervals can be as short as five
minutes, a fairly complete pattern of change can be established over the
course of :the nominal hour coal charging cycle. The GC system used
for analysis is flexible in that a variety of effluent components can be
determined by selecting an appropriate set of analytical parameters such
as column support, stationary phase, temperature, and flow rate. The
portability of this system allows it to be used at several different sam-
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pling locations during a gasifier run, or it can be taken to the
laboratory for calibration and developmental work.

A schematic of the sampling system is shown in Figure 3. The
insulated stainless steel sample lines are purged continuously with the
sample stream to stabilize sampling conditions. - Thermocouples are
strategically located to monitor temperatures of the effluent stream
throughout the sample line. Flow rates are manually controlled by
adjusting to a constant pressure. A Valco* eight-port switching valve
with .5 ml sample loops is used to obtain a quantitative sample which is
carried into the GC column with helium carrier gas. The temperature
of this sampling system is maintained above 110°C to prevent conden-
sation and plugging.

The gas chromatographic system for monitoring tar production,
shown in Figure 4, consists of a Gow-Mac series 150 gas chromatograph
and a HNU model PI-51 photoionization detector. A Spectra-Physics
Autolab System | computing integrator and a Honeywell Electronic 196
recorder provide the data handling capability. The photoionization
detector uses a 10.2 electron volt ultraviolet source. This detector
does not respond to permanent gases, water, or most low molecular
weight hydrocarbons because of their high ionization potentials.6 As a
result, detection of organics is simplified because of the relatively smatl
quantity of tar - nominally less than 0.006 volume percent - in relation
to gas and water in the effluent streams.

In order to meet the criteria of multiple analysis within a data
period the on-line GC is not intended to provide a detailed component-
by-component analysis. Rather, ‘a simulated distillation is obtained,
which can be accomplished in a much shorter time period. A 6 ft x ‘4"
O.D. column packed with 5% Apiezon L on 80/100 Anakrom SD was
selected because it provides a good boiling point distribution of the tar
components. Instrumental parameters used were: inlet temperature
170°C, detector temperature 170°C, helium carrier flow of 20 ml/min at
150°C column temperature.

The gas chromatographic system for monitoring water production
consists of a Gow-Mac series 150 gas chromatograph and a thermo-
conductivity detector. Data handling capahilities are the same as for
the tar monitor. An 8 ft x %" O.D. Porapak Q column was selected
because of the short analysis time and the efficient separation of water
from tar components. Instrumental parameters used were: inlet
-temperature 145°C, detector temperature 145°C, helium carrier flow ‘of
60 ml/min at 125°C column temperature.

* Reference to specific brand names or models is done to facilitate
understanding and neither constitutes nor implies endorsement by the
Department of Energy.

REPRODUCIBILITY
The precision of the GC system was determined by performing six

replicate analyses of a sample of gasification tar. Table 1 shows the
average, standard deviation, and relative standard deviation (7) for six



402

observations respectively on the six major peaks. The relative
standard deviation ranged from 1.39 to 5.88 pct.

Samples of the compounds appearing in each of the peaks were
obtained by using the same column material and chromatographic
conditions in a Varian model 2100 preparative scale gas chromatograph.
Analysis of each collected fraction was done with a Dupont model 491B
mass spectrometer. The first two fractions consisted of saturated
hydrocarbons, which were not identified further. The other four
samples contained mixtures of derivatives of benzene, phenol, indene,
indane, and naphthalene. Although the separation of compounds is by
no means clean, there is a regular progression of boiling points as
iltlustrated in Figure 5.

TAR AND WATER PRODUCTION

The vyield of water in the raw product gas was calculated for
sevaeral runs using North Dakota Indian Head lignite as fuel.
Comparisons of this data from the on-line gas chromatograph and the
side stream sampler were made. Values obtained from the on-line GC
system and the side stream sampling system are given in Table 2; these
values agree within 3 to 5 pct. '

The yiecld of tar in the raw product gas was also calculated for
pilot plant gasification of North Dakota lignite. The value obtained
from the on-line GC system and from the operation of the side stream
sampler are given in Table 3; these values agree within 7 to 12 pct.

These estimates of the water ‘and tar yields show good agreement
between the two sampling techniques. Tar yields measured by on-line
GC were consistently higher than those from the side stream samples;
water vyields were relatively lower. Consistent results were obtained
independent of the operational variables. ’

EFFECT OF COAL CHARGING ON
TAR AND WATER PRODICTION

in all tests to date it has been necessary to isolate and
depressurize the coal lock to replenish the coal supply; therefore the
GFETC gasifier has operated in a semi-batch mode. The time required
to gasify the amaunt of coal in the ariginal single lock hopper (about
1100 to 1300 th) is referred to as a ‘'data period”. Depending on
operating conditions, a data period lasted from 40 to 70 minutes. The
semi-batch operation resulted in cyclic behavior in the gasifier. This is
particularly evident in the offtake temperatures and product gas
moisture cohtent as shown in Figures 6 and 7. When the coal lock
emptied, it was isolated from the gasifier and recharged. During this
period (approximately 12 minutes for every hour of operation) the fuel
bed in the gasifier continued to descend. Without the moisture content
of the coal feed, gas temperalures increased and the moisture content
of the gas decreased. The level of coal in the reactor may have
dropped into the devolatilization zone causing the rate of devolatilizatior
to change. After the coal lock was charged, it reopened and fresh coal
immediately filled the top of thebed, reversing the trend in the gasi-
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fier heat balance, Gas temperatures immediately decreased, and
moisture content of gas increased. Volatiles in the gas stream
contacted relatively fresh coal and may have condensed. With a
moderately high moisture lignite, the steady state off-take temperature
was typically 135°C. During the periodic coal charging; offtake
temperatures ranged from 55°C to 500°C. ‘

The tar content of the product gas stream was also a function of
the charging cycle, although this was less evident than for the water
content. From Figure 8 it can be seen that typical tar production
varied between two extremes. Curve A represents tar production as a
sinusoidal function of the charging operation without a constant level of
tar evolution. Curve B shows tar being produced at a constant rate
for some definable period within the data period. Both curves show tar
production reaching a maximum towards the end of the data period or
around the time of isolation of the coal hopper from the gasifier column.
Production of tar reaches a minimum shortly after the hopper is opened
and the temperature is at a low.

It is evident that tar production varied within a data period
because of the semi-batch operation of the gasifier. To determine
whether tar production varied from one data period to another, the
relative standard deviations of certain tar fractions were calculated for
selected time periods over a number of data periods during a
gasification run. These results were compared with the six replicate
analyses performed on gasification tar in the laboratory. The two
peaks showing the lowest relative standard deviations were chosen for
the comparison. Results shown in Table 4 indicate large variations in
tar production over the entire course of the gasification test.

Operation is considered to be at steady state conditions when a
series of values vary from the data period average by less than ten
percent. From Figure 9 it can be seen that with increased pressure
and oxygen rate there is a slight trend toward longer periods of
steady-state gasifier operation. However, the total amount of time the
gasifier is at steady state operation is in the range of only 13 to 32
pct. The dual-lock coal feeding system being installed should eliminate
most of the variation caused by the semi-batch operation of the gasifier

(4).
CONCLUSION

The on-line GC system provides a method for sampling a
multiphase stream of gas and tar aerosols at elevated temperatures and
pressures, and for providing a characterization of the tars in the raw
gas by an approximate boiling point distribution. A high level of
measurement precision and good agreement between GC estimates and
side-stream sampler determinations of tar and water production was
demonstrated. The large difference in relative deviation between
replicates performed in the laboratory and on-stream GC indicates that
the gasification process itself was highly variable. The on-stream GC
analyses will be used to estimate the success of design modifications in
achieving steady-state gasifier operation. '
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Table 1. REPRODUCIBILITY OF SYSTEM OPERATION

Average Area Relative
Peak N=6 Std. Deviation " Std. Deviation
1 5.13 0.17 3.29% -
2 15.75 0.22 1.39%
3 16.17 0.59 3.67%
4 21.25 0.75 3.51%
5 10.76 0.63 5.88%
6 ., 30.93 0.49 1.58%
Table 2. WATER YIELD
kg/metric ton (1bs/ton maf coal)
Run No. On-line GC » Side Stream Samplex
RA-12 465 (930) ' 490 (980)
RA-14 : 625 (1250) , © 640 (1280)
RA-16 385 (770) 400 (800)
Table 3. TAR YIELD
kg/metric ton (lbs/ton maf coal)
Run No. On-line GC Side Stream Sampler
RA-4U 37 (75) . 33 (66)
RA-52 49 (99) .46 (92)
RA-59 42 (85) 39 (78)
Table 4. RELATIVE VARIABILITY OF TAR ESTIMATIONS BY GC
Relative
Laboratory Peak No. - Average Std. Deviation Std. Deviation
N=6 2 15.75 0.22 1.39%
6 30.93 0.49 1.58%
On-line
N=6 5.63 ’ 3.29 58.447,

N

23.04 10.03 43.559%
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Process flow diagram for the GFETC slagging gasification
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ABSTRACT

Industrial boiler houses have historically used a measurement of excess oxygen and
either pneumatic or electronic analog controls to maintain proper combustion.
Observations at numerous such facilities reveal combustion being controlled for
natural gas between 15% and 55% excess air (witﬁ other fuels somewhat higher),

and infrequent use of automatic feedback control.

Motivated by the economic pressure of escalating fuel costs, .the Measurex Corporation
began working with the Pulp and Paper Industry in 1974 to create an entirely new |
approach for the controi of industrial power houses. The most important product
_which has evolved from this effort is the 2001 digital computer control system which
utilizes a new multi-channel flue gas analyzer for control. The analyzer measures

in situ the values of CO, COZ’ SOZ’ NO and Opacity, with remarkable accuracy.

The control system employs a Direct Digital Control (DDC) approach supplemented by
several optimizing supervisory control loops. The results being achieved with this

dramatic new control approach at sevcral sites will be presented.

At one such location, the University of California at Berkeley, there are four boilers
-with capacity of 100,000 pounds of steam per hcur burning natural-gas with oil backup.
Number one boiler has both . FD and ID fans while the other boilers are positive ‘

pressure boilers. Steam turbines drive these fans.

The. CO measureiient is countrolling these bollers with relative ease at 3% excess air,
reducing fuel consumption over 2%. Controlling both turbine speed and damper posi-
tion further reduces the fuel requirement by approximately 2%. Drum level is main-
tained at +3/8 inches. Additional savings come frocm monitoring the efficiency of all

boilers and atlocating loads to the most cost effective units.

Observing the fuel savings and other benefits from controlling with CO measurement
and DDC control makes it seem safe tc predict that the future will see these become

the standard techniques for control of fossil fuel combustion.
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IMPROVED BOILER HOUSE OPERATION
FROM CO MEASUREMENT AND DIRECT DIGITAL CONTROL

George 1. Duering
Government Programs Coordinator

Measurex Corporation
One Results Way
Cupertino, California 95014

INTRODUCTION

The historic low cost of fossil fuel has limited incentive to apply state—-of-the-art
measurement and control for the combustion of these malerials. The author has
visited many industrial boiler houses in recent years where natural gas is being
fired at 15% to 55% excess air {with other fuels at higher levels). Most large boiler
house operations are controlled manually.from a measurement of excess oxygen in the

flue gas -- very seldom is the signal used for feedback control.

When conducting detailed surveys of boiler houses, O2 analyzers are often observed
to read 3% to 4%, when the actual O2 values were found to be anywhere from 0 to 8%
0,.

values should be cnnfirmed by measurement of COZ'

The flue gas was found to contain 15,000 PPM CO in one such case. Actual 02

The controls found in many boiler houses are equally inadequate. ‘ Pneumatic control
is the rule, but often obsolete, non-standard operating ranges such as U-30 P51 are
still in use. This situation results in inetticient combustion, sluggish controls and
low average load utilization. The typical industrial boiler house, long starved for
capital investment, is ripe for operational improvement with improved measurement

and cuntrol.

AN IMPROVED COMBUSTION SENSOR

The Measurex Corporation of Cupertino, California, began applying computer control
to boilérs in the Paper Industry during 1974. Initially, these systems were used to
control the touchy black liquor recovery boiler application. The need was soon .
apparent for an accurate combustion analyzer. In our historic process control
applications the process variable is usually controlled to +1%, therefore the current

excess air variation hardly seems a commendable performance.
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Our initial efforts to develop a more accurate analyzer led tc the purchase and instal -
lation of three of the better commercial O2 énglyzers at one location. The purchased
probes were not satisfactory on this recovery boiler so a new type probe was designed
which gave uninterrup}ed performance. Still the achieved accuracy was not satisfac-
tory. At times the three units would differ in readings by 3 or 4% . A contributing
factor was determined to be flue gas stratification. Exxon Research has carried out

studies for the EPA which document this characteristic fiow pattern of flue gases.

As a result of this experience, Measurex sensor design engineers began investigating
other possibilities and finally selected the measurement of carbon monoxide as having
the highest likelihood of success. This use of CO is not new in principle, for control
of combustibn, but had suffered in execution. Most often CO was measured via the
sample extraction technique. Sample handling of parts per million (PPM) gases is

always a tedious and difficult task.

At this time Measurex was approached by a small Los Angeles firm that was producing
an in situ sensor chiefly used in the electric utility industry for emission ménitoring.
Their technology was a spin-off from the Jet Propulsion Lakboratories in Pasadena
which used visible, infrared and ultraviolet electromagnetic frequencies to measure
Opacity, CO, COZ’ NO and SOZ'

manufacturing rights for this unit and began an elaborate test and recesign program.

Measurex purchased the technical know-how and

There were a number of reliability and accuracy problems which needed to be solved,
as well as the job of converting the unit from an analog to a digital design. The
ability tc control the sensor temperature was added. A sscond key addition was the
zero standardization feature, which when combined with permanent internal gas cell
and. opacity standards, permitted highly accurate automatic standardization of all
measurement channels. See Figure I. An accurate zero standardization is imposs-

ible without the ability to simulate the boiler being shut down.

COMPARISON OF COQ AND 02 MEASUREMENT

Now that a highly accurate and reliable CO measurement is available, how does it

compare with the clder industry measurement standard -- excess OZ?
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CO is directly related to the control variable as an intermediate combustion
product -- it is specific to incomplete combustion. OZ is related to the variable
of interest, which is excess air, however in certain cases such as in steel mills
and petroleum refineries, the variable composition of the f*txel materially degrades

the utility of the O2 Mmeasurement

Balanced draft béilers’ and many combustion processes suck in air. O2 analyzers
cannot differentiate between this air and that left over from the combustion pro-
cess. This problem becomes most severe when onle tries to run close to a
stoichiometric condition. This type of leakage has little effect on the Measurex

sensor since thore is ne GO in the almwusphere.

Beaming the radiations across the flue gas duct or stack provides an averaging
of gas stratification. This provides a much more accurate signal which is
representative of the total combustion process, a feat not possikle from any

single point measurement..

The CC measurement is an order of magnitude more sensitive than an O2 measure-~
ment. On one boiler Measurex is controlling which burns natural gas, the
combustion target is set at 250 PPM CO which is eduivalent to 0.48% 0, or
approximately 2.5% excess air. At 350 PPM CO the O2 value drops 0.1% to

.38% and at 150 PPM () the 02 increascs 0.2% to 0.67%. In this case the CO

measurement is 10 to 20 times more accurate than an O, signal.

A very convenient characteristic of CO measurement is that a common target can
be used regardless of the fuel or hoiler load. In the case of O, the target must
be changad with load or fuel mix. This lpads to control complexity (which is a
problem with analog systems) and necessitates a safety factor which is wasteful

of fuel.

Any thoughtful consideration of the above points certainly leads to the conclusion that

this analyzer is a genuine state-cf-the-art advance in combustion control. The

avaiiability of accurate opacity, SO2 or NO signals can often enhance the control

of combustion or emissions.
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DDC CONTROL APPLIED TO BCILERS

A comparison of digital computer control vs. analog control is hardly needed by any-
one working in the instrumentation or control fields, sc only a few points will be
made to specifically illustrate key control advances. The inherent capabilities of
DDC control can substantially enhance the operation of a boiler house. This is
partly true due to the strong interactions that exist between feedwater flow, fuel
flow and total air flow. The computer cah precisely account for changes in any
variable, using extensive feedforward action to minimize upsets. This means that
higher control gains can be used to provide quickly responding tight cbntrol of all

variables.

1. Itis unlikely that a standard analog controller could succecsfully cope with the
CO signal mentioned above. The curve is very steep in the control range and |
the angle of slope changes greatly over a limited range of excess air. See
Figure II. The CO loop is a higher level supervisory loop which sets the air
to fuel ratio. Measurex uses 13 adaptive gain factors to match the curve's
characteristic. There is also considerable logic employed to handle the lead/
lag control of air/fuel ratic with load and to limit changes to the air ratio target
when load changes. All of this becomes more critical when running close to the

stoichiometric level. See Figure III.

2. DDC control can control boilers precisely even under sudden large upset condi-
ticns. A case in point is the five element control of steaming drum level. See
Figures IV and V. A calculation of mass balance about the drum is augmented
by feedforward signals from the fuel flow and drum pressure to compensate for
the shrink/swell effect. This improved performance can allow wider operating
ranges for the boilers and occasionally permit operation with one less boiler on

line than would otherwise be practical.

3. Fan power can be reduced as excess air drops. There are cases where improved
control can substantially cut fan power. For instance, when a fan is driven by a
steam turbine the addition of a mid-range control algorithm will open the damper
and reduce the fan speed, thus saving power. See Figure VI. This control
must be precise and handle the interactions between fan speed and damper

position. The relationships are quitz non-linear.
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4. Two other tasks uniquely handled by digital logic are the proportioning of fuels
in a multi-fuel boiler and the optimum allocation of loads to a group of boilers.
The objective with multiple fuels is to burn as high a percentage as possible of
the cheaper fuel. This may be limited by a variety of factors, such as emissions,

fuel feeding capability and combustion stability.

Allocaticn of loads in boiler houses has usually meant an even split or the base
loading of certain units. Either of these approaches ignores the money-making
potential of allocation by incremental cost. The Measurex algorithm continually
determines what it will cost for each boiler to produce an incremental amount of
steam. Loads are then apportioned among the boilers while accounting for boiler
operating constraints to operate the boiler house at the minimum passible fuel

coust.

SITMMARY

Systems employing these new technologies are at work in Europe, Japan, and North
America, controlling the combustion of black liquor, hog fuel, natural gas, oil and
coal. Tﬁe application of these technologies will produce various degrees of fuel
savings, depending on a number of factors. Improved combustion efficiency can save
from 1% to 4% of the fuel depending on stack temperatures, excess air levels and fuel
type. See Figure V!l. Ikan power is usually reduced 0.5% to 1.0% of boiler fuel
use, depending on type of fan and driver and the amount of excess air reduction

possible.

The optimum allocation of loads will save anywhere from nothing to over 5% of the
fuel cost depending on the number of boilers, efficiency characteristics of the boilers
and the cost and types of fuels being burned. The more complex the situation, the

greater the possibie savings.

A boiler house survey can lead to reasonably precise estimates of the potential fuel

savings from the introduction of CO measurement and DDC control.

While the present installations are controlling only on a variety of industrial boilers,
application of similar technology would seem suitable for electric utility boilers,

various oven and kiln processes where combustion occurs. The sensor with its
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ability to measure opacity, SO2 and NO should also play an important role for control

of fluidized bed boilers or those burning municipal waste or biomass.

Working with these new combustion control systems and observing the improved per-
formance achieved on a variety of industrial boilers, one feels very comfortable in
predicting a very large future role for CO measurement and digital control of fossil™ .

fuel combustion processes.
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Lawrence Berkeley Laboratory
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Berkeley, California 94720
Telephone 415/486-4000
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Bldg. 70-143

August 29, 1979

Richard W. Doering

Applied Physics Division
Building 316

Argonne National Laboratory
9700 S. Cass Ave.

Argonne, I1l. 60439

Dear Dr. Doering:

I realized that the original copy of the paper I presented at
the recent Symposium in Denver and which I gave to you is not
ideally suited for reproduction, as the type is light and runs
too close together. I have had the paper retyped on standard
ANL forms and I am sending it to you. This retyped version of the
paper is identical to the one you have. If you are able to

‘ . use this retyped form of the paper you will need to add to it
the three 8 1/2 x 11 photographs of the figures which accompany
the paper I gave you in Denver.

It is not too important if the switch in the papers cannot
“be carried out, as this retyped version serves only an aesthetic
purpose. Also, it is not necessary for you to send back to me
whichever copy is not used for the Symposium Proceedings.

I apologize to you for this inconvenience.

Sincerely, :
%Mﬁv

Enrique Cuellar
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DETERMINATION OF Sy IN REACTIVE GAS MIXTURES BY TUNABLE ATOMIC
LINE MOLECULAR SPECTROSCOPY
Tetsuo Hadeishi, Alan V. Levy, David P. Whittle, and Enrique Cuellar*

Lawrence Berkeley Laboratdry
Berkeley, California 94720

I. INTRODUCTION

In the search for energy supplies, the United States is projected to
rely heavily on coal, which is the most abundant . fossil fuel available.
Scveral methods fur extracting energy from coal are currently being explored;
the final choices of energy conversion processes will doubtlessly balance
economic as well as environmental considerations. The presence of sulfur
in coal 1s of clear importance, as this corrosive species affects not only
the design and efficiency of an energy conversion plant, but also represents
a potential pollutant which must.be controlled if coal is to be used in
an environmentally acceptable manner.

With this inmind, we have initiated a research effort to develop a real
time sulfur probe to determine quantitatively the presence of Sz'in an
energy conversion process such as coal gasification. Traditionally, the
optical detection of molecules has been accomplished by infrared absorption
spectroscopy using either thermal 11ght sources or infrared lasers, In
general, because ot the difference in the oscillator strengths for transi-
tions, 4 measurement that depends on an electronic transition of a molecule
in the ultraviolet (UV) region of the spectrum is mare sensitive than one
that depends on a vibrational or rotational transition in the infrared (IR)
or far infrared (FIR) spectral regions. ?urthermore, the sensitivity of
photodetectors is also better in the UV than in the IR region. However,
the spectrum due to electronic transition§ is much more complicated and
considerably less selective than vibrational-rotational IR or rotational FIR
transitions. In the vast majority of cases, the rotational structure can be
resolved in the IR and FIR spectrum, but not in the UV spectrum, except for
the case of small mo]ecules]. Even for small molecules, high resolution

* presenting author
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(~50,000) is required for the observation of rotational structure. Since the
sharp structure that is necessary for high specificity is difficult to
observe, UV spectroscopy has not been used as often as IR spectroscopy for
the analysis of trace molecules present in a gas mixture. '

' Recently, we have developed a new technique for the determination of 52
by utilizing UV absorption of a magnetically tuned and frequency modulated
atomic line source2’3. This method allows for high resolution spectra to be
obtained without the need of a high resolution spectrograph Hadeishi and
Sh1momura4 found that a Cr atom1c emission line at 3017.6 A can be tuned to
a vibronic transition of 52 by the Zeeman effect. In this technique, one of
the Zeeman components of the emission line is exactly tuned to coincide with
a single vibrational rotational transition in the 3% - 3% electronic manifold
of Sz, while the other components are shifted away from the 52 line. The
matched component indicates the extent of 52 plus background absorption, while
the unmatched components indicate background absorption only. By means of
differential measurements of the intensities of the matched and unmatched
Zeeman componénts, a perfect background correction can be acheived. In
addition to being highly specific, this technique is capable of high sensi-
tivity because the oscillator strength of electronic transitions in the
vacuum UV, UV, and visible regions of the spectrum are much larger than those
for transitions in the IR. Furthermore, by dsing an exactly tuned very
narrow (a few GHz half width) atomic Tine source, the high sensitivity
predicted by the true absorption coefficient can be obtained. '

In the vast majority of cases this techniqﬁe does not suffer from
interference due to absorption of light scattering caused by coexiéting
large mo]ecu]eﬁ and pariicu]ates (smoke or soot) present in the absorption
region. Because the absorptions due to electronic tkansitidns of polyatomic
molecules are almost always constant over a spectral region of a few GHz,
there is no.difference in absorptioh between the two Zeeman components,

II. EXPERIMENTAL DESIGN

A block diagram of the experimental system is shown in Figure 1. Figure
2 shows the construction of the light source.  The light source is a modifi-
cation of a magnetically confined arc lamp described by Hadeishi and
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Andersons. The lamp chamber is made of stainless steel and is placed between
the poles of a permanent magnet. The gap between the poles is reduced by
welding poles made of iron tu the discharge chamber in order to obtéin the
required fie1d'strength. Argon flows through the light source at a pressure
of 2-10 torr. The cathode is made of stainless steel on which a nickel-
~chrome sheet metal strip is spot welded. The anode is constructed from an’
automobile spark plug modified to minimize the likelyhood of discharge to
the chamber wall. D.C. power is supplied to the Tight source at a current
betwcen 30 and 100mA. Discharge to the cathode results in intense Cr

atomic cmission at 3017.6 R. In the presence of the magnetic field the
atomic emission is split into its Zéeman components. One ot the Zeeman

components exactly matches a rotational transition in the v'=7 —‘v"=2
vibrational band of the 3% - 3% electronic transition manifold of 326.

The variable phase retardation p]ate7>shown in Figure 1 consists of a
block of fused quartz that 15 muunted on a maghetir clamp, The applied
stress causes an optéé]astic effect which produces a retardation of the
phase of the light. The variable phase retardation plate is used to switch
the Zeeman component matched to the 52 absorption and the unmatched Zeeman

component alternately.

[1I. RESULTS AND DISCUSSION

. A mixture of H,S 1n H, yas (7.5% H,S. Matheson Gas Co.) was heated in a
10 cm long tubular quartz cell under flowing conditions, and the resulting
52 molecules were continuously detected by this new method. 52 is formed
in the decomposition of HZS by the reaction

HZS;ﬁ H2 + 1/2‘52 AH= 20.3 kcal/mole

Figure 3 shows the signal due to 52 recorded on a strip chart recorder. The
HZS flow rate is 0.924,K/min. The 52 signal increases slowly as the wall
temperature of the quartz cell increases to about 750 °C. The gas tempera-
ture under flow conditions, hbwever, is considerably lower, and it is

this temperature that determines the extent of dissociation of 52. If the
flow of HZS is cut off, the intensity of the signal due to S2 increases,
1ndjcating that the gas temperature rises and 52 concentration increases.
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Thé calibration of the detection system was established from the absolute
absorption cross section determined from an 52 vapor cell similar to thét
used by Durandg. The vapor pressure of sulfur was taken from Ref. 9. 1In
this manne%, we estimate the measured S, concentration under the flow
conditions described above and at a gas temperature of about 350 °C is

8 x 10°% atm.

IV. CONCLUSIONS *

We have demonstrated the possibility of detetting 82 quantitatively
in a reactive gas mixture by the application of molecular spectroscopy
using a Zeeman tuned frequency modulated atomic line source. By splitting
the Cr atomic emission line at 3017.6 K and magnetically tuning one compon-
ent into resonance with a sharp molecular absorption of 52, it is po;sib]e
to detect this species on a real time basis. Furthermore, differential
absorption measurements allow for a perfect background correction.
Thérefore, this technique should be very powerful for the in §i§g_éna]ysis
of 52 in samples containing §moke or a mixtgre of various kinds of gases.
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ON-LINE NONINTRUSIVE MEASUREMENTS OF FLY ASH
AND OTHER COMBUSTION-GENERATED PARTICULATES

William .D. Bachalo
‘Spectron Development Laboratories, Inc.
Costa Mesa, California - 92626

ABSTRACT

Particle diagnostic instrumentation that have been developed for
application to the measurement of combustion-generated particulates and
aerosols are described. The laser light scattering methods used provide
a vonvenient means for evaluating the flue gas cleanup mechanisms and are
suitable for use as real time monitors of the particulate loading levels in
the system.

Aerosol sizing systems capable of measuring droplet size and velocity
in dense sprays have been demonstrated over a broad range of applications
including fuel sprays, agricultural sprays and in meteorological enrivon=—
rnencs. ‘lhese systems are suitable for applications in scrubber collection
efficiency evaluation, monitoring water droplet formation in steam plants,
and liquid droplet formation in industrial exhaust gas.

Unique observations of burning coal particles obtained with the use
of holographic methods are also presented and discussed.
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BEHAVIOR OF HIGH TEMPERATURE THERMOCOUPLES
IN COAL GASIFICATION REACTORS

G. W. Burns and M. G. Scroger
National Bureau of Standards
National Measurement Laboratory
Center for Absolute Physical Quantities
Washington, D. C. 20234

ABSTRACT

Thermocouple assemblies removed from the combustion zone (stage 1)
and from the entrained bed section (stage 2) of the Bi-Gas pilot plant
gasifier were examined to characterize their structural, .chemical, and
thermoelectrical behavior. Chromic oxide coated molybdenum thermowells
used to protect thermocouples in stage 1, where temperatures range from
1350 to 1650°C, typically survive for only 10 to 100 hours, depending on
gasifier operating conditions. The Cr;03 coating was found to be
completely eroded away from thermowells operated for 15 hours, and the
molybdenum showed substantial corrosion and was weakened structurally due
to the formation of a grain boundary phase. Stainless steel thermowells
used for about 200 hours in stage 2 of the gasifier, where temperatures
range from 750 to 1100°C, exhibited very little corrosion or erosiom, but
the stainless steel sheathed Type K thermocouples contained in the thermo-
wells were found to have experienced as much as a 2.5% decrease in thermo-
electric output due to preferential oxidation of chromium in the positive,
nickel-9.5% chromium thermnelements. New prototype thermocouple assemblies
designed to alleviate the aforementioned problems were constructed at NBS,
and their evaluation in the Bi-Gas gasifier is in progress. The salient
features of the prototype assemblies are described. '
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INTEGRATED RADIOMETRIC SYSTEM FOR
GASIFIER TEMPERATURE MEASUREMENTS - PART 2

Frederic M. Zweibaum
Alan T. Kozlowski
: William E. Surette, Jr.
Barnes Engineering Company, Stamford, CT. 06904

ABSTRACT

An integrated radiometric system for gasifier temperature
measurement has been developed, fabricated and is undergoing
tests at the Bituminous Coal Research Bi-Gas Pilot Plant at
Homer City, Pennsylvania. The huyer is C.F. Braun & Company
for the Energy Research and Development Administration and
The American Gas Assoc1atlon

The purpose of this system i3 to monitur and to &can the
radiation inside a coal gasifier reactor in order to perform
several simultaneous functions. These include flame detection
for alarm functions and temperature measurement by meaourlng
radiation 2.1 micrometers in wavelength. Another function is
monitoring the gasification process by scanning radiation over
the range of 1.5-5.5 mictometers. The radiometric system
monitors and scans the process by viewing it through a sighting
tube.

The installation and its principles of operation were described
in the previous symposium on this subject. This paper briefly
reviews these concepts and continues with three major
descriptions. First is a review of the system and the initrial
weasurements that have been made with it. Second is a review of
a modification made to permit gasifier temperature measurements
by the two-color ratio method. Third is a description of a
method for making these same measurements with a scanning
radiometer operating under the control of a built-in
microprocessor.

1. REVIEW OF INITIAL INSTALLATION

Optimizing the performance of a coal gasification system
requires continuous knowledge of the peak process temperature
being achieved together with a knowledge of the nature of the
flame processes that are taking place within the reactor.
Developments that have been made in industrial radiométry make
it possible to accomplish both these goals.
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The first installation is shown in Figure 1. 1In this
arrangement, the sensing heads of two radiometric instruments

are installed in an explosion-proof container close to the
outside of the reactor chamber. Beam splitters inside the
container make it possible for both instruments to view the
process simultaneously through a sighting tube that penetrates
through the reactor wall. Electrical outputs from the sensing
heads go through 300 feet of cable to electronic control and
readout units located in a remote control room.

Each of the two instruments is designed to accomplish a

separate but related task in continuous temperature measurement
and spectral scanning. First, there is an instrument that
continuously monitors the temperature 6f the char and combustion
products in the lower part of the reactor. This monitor is
designed to determine the peak process temperature up to
3200°F. . The monitor is supplied with a single set point

control to produce a warning signal at maximum safe ‘operating
temperature. '

Second, there is a spectral scanning instrument whose purpose is
to provide the capability of monitoring the process. Under
normal operating conditions, the input to the scanning sensor:
should approximate a blackbody distribution. Discontinuities in
the blackbody curve would indicate the presence of other
processes, representing reactions of interest for possible
investigation.

In initial tests, the system demonstrated successful operation
as a temperature monitor and as a spectral scanner. 'In the
spectral scanner mode, the system demonstrated capability in
determining the presence, relative concentration and
temperature of combustion by-products. Figure 1D is an example
of sucli a spectral scan.

The original concept involved incorporating a second temperature
monitor sensing head in the explosion-proof container. Space
had been left. for this in the container, and the beam splitter
system had been designed to permit its installation and
gimultanevus operation. It was decided to install this second
instrument together with a ratio-processor system that makes

il possible to use the "'two-color'" ratio method to be described.

2. RATIO-PROCESSOR FOR TWO-COLOR RATIO MEASUREMENTS
Principles

The Ratio Processor is an addition to the Intcgrated Radiometric
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System for Gasifier Temperature Measurements. Its purpose is to
permit that integrated system to make gasifier temperature
-measurements by the two-color method.

At temperatures below incandescence, the total radiation method
is commonly used to make non-contact temperature measurements
of a surface area of interest. This method is based upon the
fact that the total radiant energy output over a broad spectral
region is a well known function and is proportional to the

- fourth power of the absolute temperature multiplied by the
surface emissivity. Although a knowledge of surface emissivity
. 1s required, this is well known for an extremely wide number of
materials and is sufficiently high to be practically ignored
for most opaque insulators.
At temperatures above incandescence, the emissivity of the
surface varies with temperature and is not well known. For
such conditions, the two-color ratio method can be used. 1In
this method, the energy from the surface of interest is
‘measured in two different narruw spectral regions. When the
ratio of these two energy levels is determined, the value of
emissivity is cancelled. Thus, the temperature can be
determined with accuracy without knowning the emissivity, as.
long as the emissivities in the spectral regions are
approximately equal. See Figure 2 Part A.

The Ratio Processor automates the production of this ratio. 1t
produces direct reading outputs that indicate the ratio and the
temperature derived from this ratio. Tt also produces voltages
directly proportional to these cutpits as well as other outputs
that provide automatic control function. See Figure 2 Part B.

Description of Ratio Processor

The Ratio Processor and its place in the Integrated System for
Gasifier Temperature Measurements are shown in Figure 3.

The original Integrated System contained Lhe Model 12-550
Optical Head and Electronic Countrol Unit, the Model 12-880
Optical Head and Electronic Control Unit identified as "A"
together with beamsplitters 1 and 2 plus an explosion-proof
container.

The Ratio Processor System consists of the Model 12-880 Optical
- Head and Electronic Control Unit identified as "B'", the Ratio
Processor Unit and beamsplitter 3. These components are
integrated into the original system as shown in Figures 4 and 5.
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Figure 4 shows the three optical heads installed in the
explosion proof container. Figure 5 shows an assembly of all
the electronic units not yet installed in their racks. At the
top is the electronic controller unit for the ratio processor.
The large digital readout at the upper left is the temperature
as determined by the two-color ratio method of measurement.
Immediately below is the digital readout of the ratio between
the outputs of .Model 12-880 Optical Heads A and B.

The second unit from the top is a single rack mount unit
containing the Model 12-880 electronic units. At the bottom is
the electronic control unit for the Model 12-550 Research
Radiometer. Under the right edge of the large meter is a SCAN-
MANUAL toggle switch that selects whether the spectral filter in
the Optical Head will scan continuously (SCAN) or be motor
"jogged" (MANUAL) to any desired position.

Because of the addition of the second Model 12-880, a number of
items of information become newly available. These new items
are provided by the upper electronic unit in Figure 5 and are
as follows: ‘

A. A direct temperature measurement derived from the ratio of
the two Model 12-880 outputs. This ratio is linearized
and encoded into a digital presentation directly in °F on
a 3-3/4 digit display.

- B. A dual set point controller which permits selecting both a
high and a low temperature limit for control operation.

C. A 4-20 milliampere output for automatic control purposes.
This current is linear with respect to the temperature
derived from the ratio.

D. A comprehensive set of front-panel and rear-panel
connectors for obtaining electrical signals equivalent to
all inputs and outputs concerned in the ratio process.

Figure 6 shows the system undergoing laboratory tests. Details
of the installation at the gasifier reactor are shown in the
photographs that follow. Figure 7 shows the gasifier control
room. The clectrical control units shown earlier in Figure 4
are mounted in the console shown in Figure 8 together with a
dual-beam oscilloscope which can be used to display the A and

B outputs simultaneously. Next to the reactor wall is the
explosion proof container within which are mounted the three
radiometer heads as shown earlier in Figure 4. The internal
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layout is as previously shown schematically in Figure 2.

Initial measurements made by this instrumentation while
monitoring the gasification process are described in the paper
by John Walsh.

3. MICROPROCESSOR-CONTROLLED SPECTRAL SCANNING RADIOMETER
SYSTEM

Introduction

Part I of this paper described the concept of using a spectral
scanning radiometer to monitor the combustion process in the
reactor and described laboratory tests and an initial test on
the reactor. At the end of that paper was mentioned the
potentialities of using a new generation scanning radiometer
(then in prototype stage) to monitor and analyze the combustion
process. '

This development of this Model 12-550 Mark II microprocessor-
. controlled radiometer system has been completed and is now in
production. The concepts of using it for combustion process
monitoring, analysis and control will be reviewed here.

. System Désign Summary

. The Model 12-550 Mark II Research Radiometer System has been
described elsewhere in considerable detail, and only the most
outstanding features will be reviewed here.

The system consists of an Optical Head and a Programmable
Control Unit (PCU) as shown in Figure 9. Bouth arc modularized
for cost-effective functional flexibility.

The Optical Head has available a variety of interchangeable
collecting optics as well as a processor-controlled chopper, a
programmable filter wheel, and modular detector-preamplfier
units. The Optical Head shown in Figure 9 has the vertical
protruding module for u liquid-nitrogen cooled detector. Other
types of detectors do not require this extension.

Modularity is also incorporated in the Programmable Control Unit
whicli contains all the circuits necessary to process the signal
from the Optical Head according to the requirements of the
applications. Rapid modification to the needs of specific
applications is aided by the use of a circuit board rack with
provisions for mounting up to 16 individual circuit boards.



447

Most signal processing is done digitally, although analog outputs
are also offered as a convenience.

Four powerful capabilities result from the use of a
microprocessor at the base of system architecture. One, it
provides such basic system functions as automatic sw1tch1ng of
electrical attenuators, selecting chopper speed, and
controlling the operation of the spectral filter system,
'scanning mirrors and accessory devices. Two, it provides the
capabilities of automatic gain control, sample averaging and
normalization. Three, it integrates the first two capabilities
to the needs of the applications. Four, it conditions and
processes input and output data. to achieve interfacing with the
selected computer and data display facilities. These
capabilities are provided mainly by software which integrates
system operation and adapts it to use as a radiometer,
transmissometer, process control system or reflectometer.

Process Control Concept

Real-time process control by means of continuous spectral
analysis is founded on a few basic principles. When infrared
radiation is directed through a material, part of the energy
is transmitted, part absorbed, and part reflected The
percentages of transmission, absorptlon and reflection vary
with wavelength in a manner that is unique to the specific
material. Consequently, the spectral response curve of a
material serves as a '"'signature' that identifies a material
even when it is intermixed with other materials., Extensive
collections of such spectral response curves have been made
for determining the concentrations of different materials in
a mixture by spectral analysis.

It is characteristic of materials that in those spectral
intervals in which they are good absorbers, they are also good
emitters of radiant energy in that same wavelength interval.
Thus, the spectral distribution curve of self-emitted radiation
also serves as a unique signature for identifying a material.

By techniques that will be described, the spectral
characteristics of both absorption and self-emission can be
determined Slmultaneously

When a process is being conducted or a material is being
produced, its spectral absorption or emission characteristics
can be examined. If the process or product.is such that a
spectral analysis can be made, and if there are significant
spectral variations as changes in the processing takes place,
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it may be possible to use this as a basis for real-time process
control. The basic procedure is first to observe the nature of
the spectral changes that take place. Then, spectral intervals,
sequences and dwell times are selected to determine from these
spectral analyses the nature and degree of the process or
product change away from the ''ideal'. This result is used with
closed-loop servo control techniques to ''zero in'" the system
back to its ideal form of operation.

Figure 10 schematically shows the basic arrangement of a
gasifier monitoring,analysis and control system based upon
spectral scanning, and Figure 11 shows a photograph of a
prototype arrangement in which a 4-foot tube is substituted
for the reactor. The process control environment illustrated
is that which exists within the reactor. The inputs are coal
plus the gases required to produce and control combustion. The
-outputs are heat which can be extracted in a variety of manners,
plus combustible gas and a variety of by-products. Control is
exercised by regulating the rate at which the individual inputs
are supplied to the reactor and the rates at which the outputs
are removed.

While the process is taking place within the reactor, radiation
from a blackbody source at known temperature is chopped at a
specific frequency to identify it from other radiation. This
radiation is directed through the processing chamber to the
Optical Head. If necessary, the radiation can be intensified
by means of supplementary optics that beam it through the
atmosphere of the.c¢hamber,

Program preparation begins with manually adjusting the process
to the ideal condition. Then, a spectral scan is made of
absorption and emission and the data is recorded on the printer.
In turn, each of the inputs, outputs and operating conditions is
then varied while spectral scans are made and data is recorded.
For each ot these conditions, the nature of adverse affects on
the desired products are noted and quantized in a manner
appropriate to the process. Then appropriate combinations

of input, output, and environmental conditiovns are changed, and
the effects are recorded. Next, the process control team and
computer programmer create a control scenario in which a
specific deviation is identified from a spectral scan variation
‘away from the "ideal" and they devise the most efficient
sequence for adjusting input, output, environment conditions to
restore the ''ideal'". This is done for all reasonable
combinations. These various control scenarios are then written
into a general control program for the computer that is to be
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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.

Conclusion

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 capable 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 Installation on Coal Gasifier Reac:or

Upper left photo shows reactor wall at extreme
left. Sensors are in explosion-proof enclosure
left of center, with curved cable at right going
300 feet tc control and readout panels.

Upper right photo shows ccntrol and readout
panels. Special scarner panel is at lower left.
Temperature monitor panel is at upper left with
provision for additional similar panel immediately
at right. Right black panel is X-Y scope for
displaving output of spectral scanner.

Lower left photo shows explosion-proof enclosure

center right with sighting ttbe extending to left
into reactor.
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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 for Gassifier
Temrerature Measurements.
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Figure 4. Three Optical Heads of Integraled System
Installed in Explosion-Proof Container.
Layout duplicates that shown in upper
part of Figure 3.
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Closeup of Integrated Radiometric System Control Console
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Figure 11.

Prototype of Mcritoring, Analysis and Control System Shown in Figure 10.
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AN OVERVIEW OF THE EXPANDING REQUIREMENTS FOR THE
MEASUREMENT OF PRESSURE, FLUIDIZED BED LEVEL, AND
TEMPERATURE ABOVE 1500 PSI and 1500 F IN FOSSIL
ENERGY PROCESSES

M. Berdahl and J. Inskeep
Jet Propulsion Laboratory
Pasadena, California 91103

ABSTRACT

Measurement of temperature, level and pressure above 1500 F and
1500 PSI in coal reactors and combustors presents unique problems. Cur-—
rent approaches to these problems are reivewed and future requirements
arising from the emerging technology are discussed.
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SCALING LAWS FOR GAS-PARTICLE FLOW THROUGH VENTURIS

C.T. Crowe and J. Lee
Mechanical Engineering Department
Washington State University
Pullman, WA 99164

ABSTRACT

The two most important flow parameters relating to the flow of a gas-
solids mixture in a venturi are Stokes number and.loading. Experimental stu-
dies at Washington State University have shown that the pressure drop increas-
es linearly with loading and decreases monotonically with increasing Stokes
number. The experiments were done with glass beads and pulverized coal.

These data clearly demonstrate the importance of Stokes number in extrapolat-
ing data from bench-scale experiments to full-scale designs.

INTRODUCTION

The flow of gases with suspended particles is encountered in many indus-
trial and energy-related industries such as the gasification and combustion
of pulverized coal, air-pollution control systems, pneumatic conveying of
granular materials, and in many other industrial processes. Common to these
industries is the need to reliably monitor the solids-flow rate. For example,
balancing the coal-air mixture to burners fired by pulverized coal requires an
accurate flow meter. Because several feeder ducts are normally used in para-
11el, flow conditions tend to drift over a period of time from their correct
settings, so continuous monitoring and regulating are needed to maintain ef-
ficient combustion and economy. Currently, the solids flow rate into a fur-
nace is monitored by the speed of a coal-feeder belt or by the pressure drop
across the pulverizer. These methods are not amenable to fine adjustment, nor
adaptable to sensitive feed-back control systems. Hence, there is a need to
have reliable flow metering devices which are inexpensive and sufficiently
accurate for industrial applications.

Many different designs and concepts for metering pneumatically conveyed
gas-solids mixtures have appeared in the Titerature. These include the appli-
cation of radioactive tracer and B-ray absorption techniques (1), microwave
techniques (2) and the measurement of charge generated by the particle cloud
(3). Another type of meter is the target, or impact,flowmeter (4), to measure
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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
flowmeter is the annular venturi meter (5) which was designed to measure the
flow rate of both phases but the scatter in the data lends the scheme unattrac-
tive. For industrial applications, one is interested in simpie, inexpensive
and reliable meters which provide acceptable accuracy.

Pressure inferential devices, such as the orifice, flow nozzle and ven-
turi, are used extensively in 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, et al. (6) developed a venturi-orifice combination to monitor both
gas and particle flow rates which performed well on bench-scale experiments,
but failed for large scale systems. The reason for the failure was the un-
awareness of the primary independent variables relating 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 is 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 literature by Washington
State 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 line conveying pulverized coal is about .5, yet the
data available were for Stokes numbers ten times as Targe. Moreover, most of
the available data did not provide adequate information on particle size.

During the past two years, an extensive experimental and analytic program
has been underway at 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 PARAMETRIC STUDY
Dimensional analysis of gas-particle flow through a venturi shows that
the pressure drop is given by

AP1p

A—'P'é—= f (Reg, Rep, St Z)

*Stokes number is the ratio of particle relaxation time to gas residence time.
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where APTP is the pressure drop for gas-particle flow, APG is the pressure
drop for gas flow alone and Reg, Rep, St and Z are the Reynolds number of the
gas, the Reynolds number of the particle, the Stokes number and the Toading.
Using the quasi one-dimensional numerical model developed at WSU (9), it was
found that the predicted pressure drop for the useful range of flow conditions
depends only weakly on Reg and Rep but is very strongly influenced by St and Z.
Stokes number is defined as

L
St = pdiU /18D

where pp is particle material density, dp is the particle diameter, U_ the in-
let gas velocity, u the viscosity and Dt Lhe throat diameter. TIf the Stokes
number is small, then the particle relaxation time is small compared to the
gas relaxation time and the particle can respond quickly to the changes in gas
velocity so a near "equilibrium" condition is maintained. In this case, the
two-phase mixture acts like a heavy gas with an attendant large pressure drop.
On the other hand, a Targe Stokes number implies 1little time available for
change of particle velocity and the mixture behaves as a particle-free gas.

The loading parameter (Z) is the ratio of the particle mass flow rate to
gas mass flow rate.

The geometrical parameter describing the ASME venturi geometry is B-ratio;
i.e., the ratio of throat diameler to pipe diameter.

EXPERIMENTAL PROGRAM

The cxperimental set-up is shown schematically in Fig. 1. The facility
consists of an inlet air supply, metered by an orifice, a powder feeder to
feed particles into the airstream, a gas-particle mixing section, a test sec-
tion for installation of venturis and flow nozzles, and, finally, a series of
cyclone separators to remove particles from the airstream and return them to
the powder feeder. The pressure differential dala are recorded by slant tube
alcohol manometers. The pressure taps are continuously purged by an inconse-
quentially small air fluw to prevent dust accumulation in the taps. A photo-
graph of the experimental rig is shown in Fig. 2.

A Coulter counter was used to provide detailed measurements of particle
number and size.

Three types of spherical particles were used in the experiment: micro-
balloons, glass particles and Ballotni impact beads. Also, Utah coal as ob-
tained from a commercial pulverizer was used. The maximum feed rates of each
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gy 2 Photograph of Experimental System
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particle type and their characteristics are shown in the table. Using these
particles in the experimental rig provided Stokes numbers from .15 to 13 and
loadings from 0 to 2.

Maximum Density Mass Median

Particle type Feed Rate (1bm/sec)(]bm/ft3) Diameter (um) Shape
Microballoons 0.02 20 29 spherical
Glass beads 0.15 180 © - 36 spherical
Ballotni-impact | ‘ ;

beads ©0.17 151 65 spherical
Pulverized coal 0.06 84 43 irregular

Table: Characteristics of Particles Used in Experiments

The majority of the experiments were conducted with the standard ASME
venturi geometry with B-ratios of .5, .6, and .7. The venturi with a g-ratio
of .6 was tested in both the horizontal and vertical orientations. A standard
ASME flow nozzle with a B-ratio of .6 was also tested with pulverized coal.

'h The tests were carried out for a given particle type and meter geometry
by maintaining a constant air mass flow rate and increasing the powder feed
rate to increase the loading. The tests were repeated for other air flow
rates to estabiish the repeatability of the data. Typical data from these
rqhs are shown in Fig. 3. One notes a linear variation of the pressure drop
with loading which persisted throughdut. Thus, the results for -each test can
be expressed as a single parameter reflecting the slope of.the line., The para-
meter chosen was Pr = (APTP/APG-l)/Z which is identified as the pressure ratio
parameter and where APTP is the préssure drop with gas-particle flow, APG is
the pressure drop for air flow only through the nozzle and Z 1s the lovading.

A summary of the experimental results for the pkessure ratio parameter
versus Stokes number is shown in Fig. 4. One notes that for ASME venturis,
the pressure ratio paraméter monotonically decreases with increasing Stokes
number. There also appears to be no significant difference between the hori-
zontal and vertical orientations. For Stokes number up to 5 there appears to
be no effect of B-ratio, which implies that B-ratio is not a significant
parameter in this range. However, for Stokes numbers around 10, the nozzles
with larger B-ratio tend to have a sma]]ef pressure ratio parameter; specifi-
cally, the venturi with a B-ratio of .7. Insufficient data exists at this
time to explain this trend or to determine if it extends to higher Stokes
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numbers. This information is ‘important in scaling up laboratory data to full
size designs. '

One also notes on Fig. 4 that the data for pulverized coal falls above
those for spherical glass beads. This is consistent with the higher drag co-
efficient characteristic of irregularly-shaped coal particles (10). More data
and supporting numerical studies are needed to determine if the difference can
be attributed solely to aerodynamic drag. '

A small number of tests were also performed with an ASME flow nozzle de-
sign using pulverized coal. The pressure drop is distinguishably higher than
that for a conventional venturi. The upstream geometry of the flow nozzle is
much different than that of the venturi which probably accounts for the obser-
ved trend. Once again, more data and supporting numerical studies are needed
to understand the observed trends.

The predictions of the quasi one-dimensional numerical model developed at
WSU were compared with the experimental results. The one-dimensional model
consistently overpredicts the pressure drop, but shows better agreement at low
_ Stokes number than at high Stokes number. This trend is attributed to the ef-
fect of particle channeling; that is, the tendency of particles to accumulate
near the nozzle axis. A two-dimensional model, now nearing completion, tends
to bear this out.

To summarize, this study has shown that

1) Stokes number and loading are the two dominant non-
dimensional parameters relating to pressure drop of
gas-particle flows in venturis,

2) pressure drop at a fixed Stokes number varies line-
arly with loading,

3) the pressure ratio parameter decreases monotonically
with increaéing Stokes numbers, .

4) venturi B-ratio appears to have an effect only at
high Stokes numbers, and

5) pulverized coal has a higher presshre ratio parameter
than spherical particles at a Stokes number of approxi-
mately two. .
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' CONCLUSION

The observed sénsitivity of pressure drop to solids loading demonstrates
the viability of the venturi as a flowmeter for gas-particle flows. Also, the
dependence of the presshre ratio parameter on Stokes number demonstrates the
importance of Stokes number as the scaling parameter. Either bench-scale
models must have Stokes numbers near that of the prototype or information is
needed for Stokes number effect to extrapolate bench-scale data to predict
full scale performance. Further information needed includes an extended and
more complete range of Stokes numbers, the effects of particle size distribu--
tion and shape, more data for flow nozzles and a general two-dimensional
numerical model to explain the observed trends and to predict performance with
flow conditions for which data are unavailable.
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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/o;
flow restrictions in coal'iiquefaction processing equipment. The
two main areas addressed are (1) real time imaging of coal slurry
flow characteristics, anq (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 recorder.
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 thevfrequency and size of
the gas displacements allow void volume determination. System
(2) utilizes a Balteau portable X-ray unit and class II 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, > 4000C, and pressure, Vv 2000 psi hydrogen,
with and without catalysts, to form liqﬁid products. The Depart-
ment of Energy is currently supporting specific processes in coal
liquefaction--H-Coal, SRC I and SRC II, 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 to the analyses of

*This work supported by the U.S. Department of Energy.
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several problems associated with coal liqueféction-—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 valvés, bh) erosion 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-
tions.

Static Problems

a) Coking deposits and residual buildup in lines. Material
buildup in lines usually occurs around those areas of perturbed
flow in equipment--around tees, elbows, valves, etc. These
materials are usually composed of ~ 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 where buildup was simulated and successfully
detected and documented using portable‘x—ray equipment operating
at 200 kv and class II X-ray film. Figure 2 shows a positive
print obtained. The density difference in‘the simulated experi-
ment was v~ 10%, whereas 30-50% differences are expected in
practice.(l)

b) Erbéion'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.(2’3x
Figure 3 shows a positive print of a photo and a radiograph of
a "failed" valve obtained from Sandia's continuous flow lique-

faction reactor.4 The "v" notch is clearly visible in the
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Figure 2 - Positive print of an X-ray showing coal
deposited in pipe tee.
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Figure 3 - (a) Positive Print of an X-ray showing the eroded
notch in a valve stem in place, in a valve body.

(b) Photo of a valve body and stem.
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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 of
the system change throughout, the flow pattern may alsu be
snbject tu change. In order to determine flow characteristics
of more than a l-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 iuch 316 medium pressure stainless
steel tubing. The densities of the materials are easily
distinguished.

However, in a flow sequence, film radiography would only
provide an average of the system. Real time documentation on

(5)

film proved to be inadequate. A scintillation detector
connected to a recorder has provided adequate real time
documentation. A specific cxperiment designed to measurc

flow characteristics in a two-phase system is depicted in Figure
5. A water tank witli 4 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 wvisual veritication) that went to
the heavy wall pipe (tubing) under test. Air was introduced at
spcecific times in a third leg. Water has approximately 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 tubing 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 émpty tube and that obtained when liquid is
passéd 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 gfadients 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. 1Initial experiments using this system were
conducted at Sandia Laboratories and additional experimenté 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 applicabiiity 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 eguipment. Density variation and
phase boundaries can be analyzed using 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 REPQRTING
AS USED IN THE H-COAL® DEVELOPMENT PROGRAM

Jeffrey L. Gendler and Paul R. Tabor TN A]TS
: Hydrocarbon Research, Inc, CLUJQQﬂxﬁjuaﬁQQJL\

A subsidiary of Dynalectron Corboration

INTRODUCTION

Until 1976, HRI's data acquisition and recording were accomplished by trans-
cribing instrument readings on paper lcg sheets for all operating units, from
25-pound-per-day "berich scale" units to the 3-ton-per-day Process Development
Unil. As the R & D industry moved away from tcdious and costly manual data
recording, HRI considered the many and varied methods of automatic data
collection. The goal was to find a system which would provide this data-’
logging function, serve as a real-time process monitor and alarm, and pro-
vide on-line process calculations. Finding no such device on the market,

. HRI undertook the task of developing one from basic components.
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STRUCTURE OF THE DASHTM SYSTEM

(DATA ApQUISITfON, STORAGE & HANDLING)

The host computer in HRI's system is a Sperry-Univac (formerly Varian) mini-
computer in the V77 series, using the proprietary VORTEX® executive operating
software. The machine is a 16-bit-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® printer/plotter (manufactured
by Varian Graphics Co.) provides high-speed line printing and graphics. Low-
speed KSR terminals are used for program editing and in the control room

for data access.

Process data is brought to the computer via 1limited-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" thermocouples), pressure (4-20mA transducers), digital
Toad cells (16-bit BCD) and others. Each of these is converted to the
analog-equivalent of a zero-to-ten volt signal, then transmitted in binary
code to the computer.

The prioritized, multitasking environment of VORTEX allows modular program-
ming of the DASH system. There are two core-resident programs and several
other programs which are loaded as neededi all of these share a specified
common memory area through.which data values are passed. The two core-
resident programs are:

1. DAP (Data Acquisition Processor) - This program reads a set of
predefined control tables and uses their 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 (in volts) are converted to engineering units, then stored
on disc, in chronological order. Internal timers schedule data
scans (typically once every two minutes), take averages on the hour,
and call in data-handling programs at specified times.
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ALM (Alarm Limit Monitor) - As each data point is read, its value
is compared to two control-table values: an upper 1limit and a
lower one. If either bound is exceeded, ALM takes two actions:
- First, a message is printed at the control room terminal giving
the current point name and value, and the boundary value which was

exceeded. Second, one of several programmable relay contacts is
closed; it could, for example, ring an alarm bell.
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HRI DATA REPORTING PROGRAMS

While data acquisition is in progress, the data is made available to operat-
ing personnel on a “real-time" basis. That is, data is immediately available
for evaluation by operators. Our engineers also use the process data, but
their time-frame is somewhat different. '

Generally, the engineers have to wait for a variety of data to become avail-
able. Because of the inherent time delay involved, we consider the engineer-
ing data as "post-period data processing”. To aid our engineering staff, and
to help generate customer reports, we have developed computer programs for
both general and specific calculation needs.

For example, using the graphics capability of the computer and the STATOS
.printer/plotter, we are able to generate temperature/pressure profiles of our
H-Coal® Reactor. These profiles show the entire unit at a single glance.
Depending upon the location of the data (i.e., tape or disc), the diagrams
can be printed in from 2 to 30 minutes. Some of these diagrams are printed
on a daily basis while others are used only as a trouble shooting guide.

During routine operation of the test units, we generate daily mass balances
as well as brief summaries of laboratory analyses. Since much of this data
is reported to our clients, we have developed a computerized data base to
speed up our reporting procedures.

Because of the time lag in receiving different types of data, we immediately
evaluate the data for day-to-day operations. This data is then saved for
more comprehensivé evaluation at some later date. Every program has a
unique input data and its own reporting format. In addition, the data from
the program is recorded on a reel of magnetic tape. To minimize possible
errors and to maintain data security, every program records on its own reel
of tape in a standard format. The tapes are corrected and updated as often
as necessary.
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After the data has been generated for a given day of operation, a merging

program is used to blend the pertinent data into a master data base. This
data base is also recorded on tape for permanent storage and for reporting
purposes.

For reporting, the data for a given period is read from the data tape and
printed in a data summary table. These summary reports can be printed as
often as required. They can be used as.a preliminary evaluation of data,
a quick check for missing data, or as a final data table in our customer
reports. | '

With.-our computerized reporting system, all PDU data‘is entered.fhto the
computer and-can be used over and over. After the calculations are complete,
and the last laboratory analysis is determined, we can generate data tables
within 3-5 days. These tables are complete, descriptive, and ready for
“inclusion in a final report.
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HISTORY OF COMPUTER-AIDED DATA ACQUISITION AT HRI

In 1976, HRI installed a research-oriented computerized data acquisition
system for its 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 first used.
on the H-Coal Process Development Unit (PDU) at the HRI R & D Center, and
its functions were to: '

record PDU temperatures, pressures, and feed/product weights
scan all process data up to 60 times per hour

check each data point for out-of-defined-range status

sound alarms and print status messages when necessary

0

0

0

o

0 provide operators with current process data (on request)
0 provide operators with time-averaged data (on request)

0o give a daily report of averaged key operating conditions
0

store all recorded data on tape for future access.

Once in operation, the system eliminated the need for operators to manually
log process data;,this saved thirty operator hours per unit-day. In
addition, now that recorded data was on easily-accessed computer tape, the
technical staff no longer had to handle paper 1og sheets and worry about
filing and duplicating data sheets.

The oneline (real-time) system acquired and stored process data,. as intended,
on the H-Coal PDU: the next step was to organize, sort, and report the data
in a useful manner. The engineering staff at HRI developed specialized
reporting software to meet this need. HRI reporting and correlating
programs:

0 create a master data base for the duration of the run

o sort analytical laboratory data on input and generate appropriate
reports

o sort batch filtration and distillation data on input and generate
appropriate reports

o combine the real-time data with the ahove to generatc a complete
material balance
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o store all of the above for end-of-run reports and data correlations

The same computer system is now also being used at the R & D Center 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 gasifier program module
does not sound out-of-range alarm, but it does print a process data summary
every eight hours (not done on the H-Coal PDU).

HRI is continuously improving its in-house data dcquisition system. Through
HRI and Sperry-linivac, specialized hardware and software can be designed for
other pilot 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 & Wilcox Company
Research and Development Division
Alliance, Ohio

SUMMARY

In November, 1975, the Babcock & Wilcox Company (B&W) contracted with'the
University uf Tennessee to supply auxiliary components and technical support
for the U. S. Department of Energy MHD Facility at Tullahoma, Tennessee.*
Among the components being supplied by B&W is a coal and seed (potassium
carbonate or potassium sulfate) préparation and injection system. This
system has been designed to inject up tn 3.3 tone of coal and seed per hour
for an unlimited period of time and up to 9.2 tons of coal and seed per hour
for 2 hours to a combustor operating at pressures up to 120 psia. The coal
and seed can be injected into the combustor through single or multiple feed
points.

Installation of the system is now complete. Tests are currently being per-
formed to check out the components and characterize the system. Startup of
the system and its integration into the MHD tacility are expected in late
1979 or early 1980.

INTRODUCTION

lechniques for pneumatically conveying solids from one location to another
have been reliably practiced for many decades. However, the emergence of
new cnergy-producing technologies has necessitated the development of systems
capable of delivering crushed or pulverized coal in a steady, non-pulsating
flow to processes operating at high pressures. Coal gasification and
pressurized fluidized bed combustion are two.such processes.

*Sponsored by D.0.E. Contract No. EX-76-C-01-1760.
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The successful commercial development of a coal-fired, combined cycle MHD/
steam system for generating electricity also requires the development of

such a coal feed system. Combustion pressures of approximately 8 atmos-
pheres are anticipated, and pulsations in the feed rate to the combustor
could significantly reduce efficiency. In addition, as little "cold" carrier
gas as possible should be injected into the process with the coal. Réducing
the amount of this carrier gas increases system efficiency by allowing higher
combustion temperatures for a fixed coal to air ratio. It also may reduce
capital and operating costs by lowering the compressed gas requirements of
the system.

The Babcock & Wilcox Company (B&W) has designed and fabricated systems for
conveying pulverized and crushed coal for many years. -Therefore, when

~ selected by the Department of Energy (DOE) to design a pulverized coal feed
. system for its MHD Facility in Tullahoma, Tennessee, B&W could lean heavily
on its experience in this area. The following sections first review the
company's background in this area and then describe the specific system
being supplied to the Department of Energy.

TRANSPORTING PULVERIZED COAL AT ELEVATED PRESSURES: B&W EXPERIENCE

B&W bégan evaluating systems that could be used to continuously inject
pulverized coal into eauipment operating at high pressures in the early
1950's. At that time the specific application under consideration was the
feeding of coal into industrial blast furnaces. Tests to determine the
transportability of pulverized coal at various coal rates, velocities and
pressures up to 40 psig were conducted at the company's Alliance Research
Center in Alliance, Ohio. This accumulated design data and experience led
to the design andvconstruction of the pulverized coal injection system that
was later installed on Armco Steel's Bellefonte blast furnace at Ashland,
Kentucky. Placed into commercial service in 1966, the system continues to
inject up to 25 tons of pulverized coal an hour through the furnace's 16
feed points.
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In June 1973, a larger second-generation pulverized coal injection system

was put into service on Armco's Amanda blast furnace. This system, the
largest in commercial operation in the United States, feeds up to 33 tons of
pulverized coal an hour to the furnace through 24 feed points. Operating at
furnace pressures betweeﬁ 25 and 30 psig, this injection system has experienced
virtually 100% availability since its installation.

The installations at both the Bellefonte and the Amanda plants are dilute-
phase transport systems, meaning the coal-gas mixture has a density of less
than 4 1b/ft3. D&W's developmental work over the years has concentrated

- on the design of such systems. Simultaneously, a significant amount of
information was being gathered on the pneumatic transport of solids at much
higher solid-to-gas ratios and densities (also known as dense-phase trans-
port). The combined experiehce of our dense-phase studies and the more
practical commercial applications of the dilute-phase systems at Bellefonte
and Amanda has been applied to the coal and seed injection system being
supplied to the Department of Energy.

MHD FACILITY DESIGN CONSfDERATIONS

At the beginning of the contract, B&W and the University of Tennessee, the
prime contractor, agreed that this system should represent as nearly as
possible an actual coal and seed injection system that might be used on a
commercial MHD power generating unit. Because the performance of the MHD
_ generator is so closely dependent on the performance of the fuel injection
'system, it was decided that this system should not be considered as merely
a piece of apparatus to support the testing but as a tool for developing
and continually improving the injection system.

To implement this design philosophy, the following performance criteria
were established:

® Raw coal and seed would be,ground'to a sizing of 70% through
200 mesh and dried. This represents the typical sizing used
by today's conventional coal-fired boilers.
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e Coal and seed would be blended before injection into the
combustor, thus eliminating the need for two separate
injection systems. In addition, the proportion of seed to
coal in the mixture should be controllable and variable for
developmental purposes. :

o The coal and seed would be fed to a combustor operating at
pressures up to 6 atmospheres at a mixture flowrate of 3.3
tons per hour for 100 hours of continuous operation.

o The coal and seed would also be fed to a combustor operating
at pressures up to 8 atmospheres at a mixture flowrate of 9.2
tons per hour for 2 hours of continuous operation.

® The coal and seed would be injected into combustors of various
designs through single or mu]tjp]e feed ports.

o Air would be used as the transport medium to avoid the need for
inert gas generators. The amount of air to be injected into the
combustor with the coal and seed would also be minimized to im-
prove combustor performance.

‘9 Combustion would be initiated by injection of coal and seed into
the combustor at as low a rate as possible, and gradually the
rate would be increased to the nominal flowrate. This should
protect ceramics in the flow train against excessive thermal
shock. The system would be additionally capable of an instant-
aneous start at the nominal steady-state flowrate, if necessary.

DOE MHD FACILITY COAL AND SEED INJECTION SYSTEM

The MHD coal and seed injection system can be divided into two subsystems
(see Figures 1 and 2). The Coal and Seed Preparation Subsystem blends the
raw coal and seed as it is pulverized and dried. The Coal and Seed In-
jection Subsystem then injects the pulverized coal and seed into the
combustor.

COAL AND SCED PRCPARATION

The Coal and Seed Preparation Subsystem consistg of relatively conventional
bin-type coal pulverizing equipment. It deviates from conventional

| applications in that seed is blended with the coal in the pulverizer. The
subsystem can supply approximately 4 tons per hour of the pulverized coal
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and seed mixture. The proportions of pulverized coal and seed can be
varied to any desired level.

The raw coal and seed are manually loaded into their respective hoppers.
Screw conveyors and a bucket elevator move the raw coal and seed from the

" hoppers into their respective storage tanks. The raw coal hopper, screw
conveyor and bucket elevator were supplied by Webster Manufacturing; the
seed hopper anq 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.

The storage tanks discharge their contents into their respective weigh
feeders which move the coal and seed from the storage tanks to the inlet
of the pulverizer. The speed of the coal weigh feeder, supplied by the
Stock Equipment Company, is automatically regulated to maintain the recom-
mended level in the pulverizer. The speed of the seed weigh feeder,
supplied by the Merrick Scale Company, is controlled by a signal from the
coal weigh feeder so that the ratio of seed to coal entering the pulverizer
remains at a pre-set value. ‘ '

The B&W E-35 pulverizer grinds the mixture of coal and seed until the
particles are fine enough to be swept out of the pulverizer by an air stream
from a Carl Mayer indirect fired air heater. At the pulverizer's rated air
flow rate, the fineness will be 70% through 200 mesh. This air serves three
distinct purposes: (1) It controls the particle size and flowrate of the
mixture leaving the pulverizer; (2) it transports the mixture from the
pulverizer to the bag filter; and (3) it dries the mixture.

The heated air carries the coal and seed mixture to a Pedcon bag filter
where the mixture is separated from the air. The air itself is discharged
to the atmosphere while the mixture is fed through a rotary valve to one or
both of the two pulverized coal and seed reservoir tanks.
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COAL AND SEED INJECTION

The coal and seed injection subsystem is of the lockhopper type. Its
components include two 5-ton capacity reservoir tanks elevated above a
10-ton capacity feed tank and their 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 is being filled, the other is pressurized, its contents
are transferred to the feed tank, and thenlit is 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
in feed tank pressure would adversely affect the flowrate to the combustor.
Pressurizing air enters the reservoir tank through eight distributing nozzles
that protrude through the wall of the vessel into the coal and seed mixture.
The heat of preésurization is partia]]} absorbed by the mixture, thereby
reducing the increase in air temperéture that would otherwise occur. When
the reservoir tank pressure reaches that of the feed tank, a pressure
equalizing Tine between the two opens to ensure that the préssure in both
tanks remains the same during the transfer.

Once pressure equalization is complete, fluidizing air is introduced at the
discharge uf the reservoir tank. A bleed valve on the reservoir tank is also
opened to prevent the internal pressure from rising as a result of the ad-
ditional fluidizing air input. The valve in the transfer line between the
reservoir tank and the feed tank is opened and the mixture is gravity-fed

to the feed tank.

After transfer i1s complete, the valves in the transfer line and pressure
equalizing Tine are closed, fluidizing air in the reservoir tank is stopped,
and the tank is depressurized. The reservoir tank is then recharged while
the other is pressurized and its contents transferred to the feed tank,
thereby completing the cycle.
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The differential pressure between the feed tank and the combustor acts as
the drivihg force for injecting the pulverized coal and seed into the
combustor. Feed tank pressure is adjusted to maintain the differential
pressure corresponding to the desired flowrate. Such adjustments can be
performed manually, to change flowrate, for example, or can be automatically
adjusted to a set point by the system controls.

The spacial density of the mixture flowing from the feed tank must be care-
fully controlled since flow stébi]ity is extremely density dependent. Small
amounts ot air injected intu Lhe Lottom of thc feed tank provide the cnal
and seed with mobility. During certain modes of operation, particularly

at low flowrates, additional dilution of the.coal and seed stream is re-
quired. In these situations, air is injected directly into the stream after
it leaves the feed tank fhrough a specially designed section of transport
pipe known as the air pickup section. ‘

The transport pipe is approximately 100 feet in length. Since its diameter
is flowrate dependent, two'separate transport piping arrangements- were re-
quired to span the flowrate ranges requested.

A 3/4-inch schedule 80 transport pipe was selected for the nominal injection
flowrate of 3.3 tons per hour, Stable injection flowrates can thus be main-
tained over a range commencing at a minimum of 0.2 tons per hour with a
spacial density of 0.3 1b/ft3 up to a maximum of 4 tons per hour wifh a .
spacial density of 30 1b/ft3. A double, extra heavy 1-1/2 inch pipe was
chosen for the nominal flowrate of 9.2 tons per hour. Injection rates
ranging from 0.5 tons per hour with a density of 0.3 lb/ft3 To 11.5 tons

per hour with a density of 30 1b/ft3 can be kept stable with this size pipe.
In addition, the system is easi]y_adapfab]e to other pipe sizes'shou]d
‘different flowrate ranges be desired in the future.

For multi-feed combustors a flow distributor has been pravided. Located in
the transport pipe just upstream of the combustor, the distributor divides
a single stream of coal and seed into four equal streams, each supplying a
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combustor feed point. If more than four feed points are required, these
four streams can each be subdivided.

CONTROLS AND INSTRUMENTATION

The controls used in the coal and seed preparation subsystem are, Tike the
equipment itself, also relatively 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
its control signal from a level measurement device in the pulverizer. Seed
weigh feeder flow control is slaved to the output of the coal weigh feeder,
with the ratio of the two flowrates being established in advance by the
operator. '

The flowrate of the air from the forced draft fan, through the air heater
and the pulverizer to the bag filter is controlled by a damper at the air
inlet to the pulverizer. The damper is e]ectropneﬁmatica]]y controlled,
receiving its input signal from a flow element mounted in the line just
-upstream of the damper. Air témperature is automatically adjusted to main-
tain a pulverizer outlet temperature of 150°F.

The Coal and Seed Injection System is controlled by an Allen Bradley
Programmable Controller that operates in either a manual or an automatic
mode. The operator has the option of manually opening and closing any of
the subsystems' 29 valves with individual front panel switches. Startup
and shutdown of the system, for instance, are performed in the manual mode.

In the automatic mode,'the'programmab1e controller opens and closes the
various valves in a programed time sequence that is augmented by a series
of process signal interlocks. This interlock feature constantly inter-
rogates valve limit switches, system pressures and temperatures, and load
cell readouts to verify the proper performance of the system.

Lights on the control panel that are energized by 1imit switches provide the
operator with a graphic display of the status of each valve (open or closed).



504

CURRENT STATUS

The Coal and Seed Injection System at the Tullahoma MHD Facility is now

in place. Instrument and control wiring has been completed, power has
been connected to the system, and temporary instrument air applied. The
program for the Coal Transport Programmable Logic Controller has been
written and debugged. A1l valves have been sequenced by the automatic
mode program and the results observed on the 1imit switch actuated graphic
display.

In conclusion, we feel the tests, soon to begin, will show that this is an
adequate system for this new technology--MHD. The system designed uses

some tried and proven co0al 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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