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EXECUTIVE SUMMARY 

In the  paper making industry ,  pulpwood chips a r e  digested and cooked 

t o  provide t he  pulp going t o  the  re f in ing  and paper 'mi l l s .  Black 

l iquor  resfdue,  containing t he  dissolved 1 ignin binder from the  chi,ps, 

w i t h  a concentration of .  12 t o  16 percent s o l i d s ,  i s  fu r ther  concentrated 

t o  62 t o  65 percent so l i d s  and mixed w i t h  s a l t  cake, Sodium Sul fa te  

(Na2S04). The resu l t ing  concentrate of  black 1 iquor serves both as  a 

fuel f o r  generating steam i n  t he  bo i l e r  and a l so  as  t he  mother 1 iquid 

from which other  process 1 iquors -are recovered and recycled. 

Because t h e  black l iquor  fuel contains high a l k a l i  concentrat ions,  

18.3 percent sodium, 3.6 percent s u l f u r  an amount typical  of mid- 

western bituminous coa l ,  and measurable amounts of  s i l  i ca ,  iron oxides 

and o ther  species , the  black 1 iquor bo i l e r  experience was reviewed 

f o r  appl icat ion t o  MHD bo i l e r  technology. 

Di'rect compa.rison of s a l i e n t  features  of black .liquor bo i le r  and MHD 

bo i l e r  design are :  

1. High a lka l i  concentrat ions i n  the  combus:tion gases 

o Carry over of Sodium (Na) i n  the  black l iquor  bo i l e r  i s  about 

0.2 percent by. weight of  combustion gases compared t o  1.0 

percent Potassium (K) i n  the  MHD bo i le r .  Corrosion and ther-  

modynamic behavior of K and Na a r e  s imi l a r  under the  same 

concentrat ions and operating s t a t e s .  

2. Part i .culate loading 

o Part i .culate loading in t h e  MHD combusti.on gases i s  about 4 

times. as. high as. f o r  the  black l iquor  combusti.on gases, 77 

grains. mass flow r a t e  compared t o  18. About one tenth  of th.e 

loading in t h e  MHD cyc'le i's' a c id i . ' ~  s l a g  pa r t i c l e s .  



3. Operating States  

o MHD gases enter  the radiant boi ler  a t  3650'~ compared to  
2800" for  the black l iquor  boi ler  (and 3400'~ fo r  conventional 

coal f i red  boi le rs ) .  

o MHD employs fuel rich combustion to 1 imit NOx formation. The 

resul tan t  reducing atmosphere i s  corrosive to  metal and 
refractory materials and exis t s  through a h i  gh temperature a i r  

heater i n  d i rec t  f i red  systems and through the secondary radiant 
furnace in  the separately f i red  systems. ( T h i s  extensive 
reducing zone occurs because excess a i r  cannot be added until  
an avai 1 able injection point i s  reached a f t e r  gas temperatures 
are  below 2600°F, otherwise the recombustion could. produce 
additional NOx) . Reducing atmosphere i n  the black 1 i quor 
boi ler  occurs only a t  the hearth (furnace bottom) where maximum 
reduction of NA2S04 t o  N2S i s  desired. 

o Gas temperatures are  res t r ic ted  t o  1700'~ into the black. 
1 i;quor superheater. This temperature 1 eve1 i s  high enough 

to  produce superheated and reheat steam and low enough, to  
reduce the concentration of molten s a l t  carryover from the 

radiant furnace. I'n the MHD cycle the temperature level into 
the superheater may be a s  hi;gh a s  2400'~ and the level does 

not drop to  1 7 0 0 ~ ~  until  the e x i t  from the reheater. 

o The hi.ghly corrosive molten range of the, sodium s a l t s  i n  the 

61ack liquor boi le r  is from 1800'~ and 1600'~. Potassium 

s a l t s  i n  the MHD cycle have more complex constituents and the 

mol ten range of temperature i s  higher and more extensive, b u t  

the most;severe corrosi:ve. range extends from 2 1 0 0 ~ ~  t o  1 9 5 0 ~ ~ .  

1:n addi:ti.on, molten range. for  th.e corrosive (acidic] s lag 
extends 'from 3 2 0 0 ~ ~  t o  2 2 0 0 ~ ~ .  Since there a re  operational 

overlaps of areas which can be contacted by molten alka1i;es 
o r  mol te.n acidic sal ts .  material sele.ction i s  made more 



di f f icu l t  in the MHD design. 

o . Steam temperatures in the black liquor boiler do not exceed 

850 '~  and pressures are 1500 psig. Coal fired MHD/steam 
cycles where system efficiency i s  of paramount importance 
provide superheat and reheat steam to 1 0 0 0 ~ ~  a t  higher 
pressures. 

o Combustion gas velocities in the black liquor boiler are in a 
15 to 20 feet  per second range. In ,the MHD radiant boiler 
velocities which are restricted to allow dwell time for NOx 

to revert t o  N 2  and O2 are a t  50 feet per second. Because of 
cost and performance requirements for MHD boi 1 ers , vel oci t i e s  
in the other boiler sections approbch conventional velocities 
of 100 feet  per second. These higher velocit ies plus the 
s lag  content make MHD combustion gases more erosive than those 
i n  the black 1 iquor boiler. 

Black liquor boiler design has adopted the following techniques for 
successful operation of black 1 iquor boilers: 

- 

1. 1:n the. hi,gh. temperature, 1800°F, reducing atmosphere a t  the 
hearth., a combination of sacri.fici,al studs implemented on 
di:ffusion coated. tubes, hard face we1 d i n g  protection, ".Sandvi, k" 

bi:metalli:c tubes, and refractory coating are employed. Compared 

to carbon tubes w i t h  a metalli'c coating, the increased cost 
factors for diffusion coating i s  5, hard face welding or studs 
wi'th' refractory is  10, and compos.ite tubing is 15. 

2 .  W:ater' cool e.d deflectors are i:nstal 1 ed to 1 imit the high. temperature 
i:mpact of the erosi:ve gas:es .on superheater surface. Large pitch, 

12 inch 1 ateral spacing, and i,n-1 ine array t o  lessen impact area 
re.duce slag .bui'l dup. Pl.atenU we1 d protection reduces erosion and 
i'nhibits buildup of slag so that interlocking between adjacent 
tubes i s  avoided. Retractable, half length soot blowers allow 



easy access to  tube surface and increase effectiveness in removing 
tube deposits'. 

3. Since the black'l iquor boi le r  i s  a process boi ler  which also 
produces plant steam, design features can emphasize u t i l i t y  
rather  than performance. Input i s  usually around 300 MWth and 
even on a re la t ive  basis the thermal duty of the furnace i s  low 
since combustion gases a t  the maximum temperature of 2 8 0 0 ~ ~  
have t o  maintain suf f ic ien t  temperature and enthalpy to  superheat 
steam to 850 '~  downstream. Compared t o  subbi tumi nous coal , the 
black liquor contains three times the amount of increased Na 
compounds. This excess lowers the me1 t ing point of slag by 300'~. 
Resulting slagging and fouling i n  the furnace reduce the effective- 
ness of the heat t ransfer  surface. In addition, the lower gas 
temperature in the black liquor furnace reduces the radiative 
heat t ransfer  (by about 50%) compared to  the conventional furnace. 
For these reasons, heat t ransfer  i n  the black l iquor  furnace i s  
about one tenth tha t  of modern conventional furnaces. (MHD furnace 

unit heat t ransfer  i s  predicted fo r  f i r s t  generation MHD plants 
to  be about one th i rd  tha t  of modern conventional pract ice.)  

Economizer thermal duty, as another design example, i s  res t r ic ted  
so tha t  ou t l e t  gas temperatures a re  above the condensation of 

su l fur  acids which could cause corrosion. 

Review of factors  influencing design of the black 1 iquor boi ler  places 
i t  intermediate in d i f f i cu l ty  compared to  conventional boi ler  design 
and MHD boi ler  design. The increased severi ty  of MHD operating 

parameters i s  evidenced .in the following table:  



Parameter 

Gas f lame temperature, OF 

Gas i n l e t  t o  ~ u p e r h e a t e r , ~ ~  

A l k a l i  content ,  % w 
P a r t i c u l a t e  l o a d i n g  g r a i n s  

3 F t  -sec 

Molten zone, OF 
( h i g h l y  co r ros i ve )  

. . 

Steam condi t ions, .  OF, Ps ig  

Reducing Zone 
( h i g h l y  c o r r o s i v e )  

System Size, MWt 

Major  Design Ob jec t i ves  

Black L i q u o r  
Boi  1 e r  

2800 t o  3000 

1700 

0.15 (Na) 

18 

Hear th 

300 

Process 

Conventional 
. B o i l e r  

3400 

2200 

t races  

7 t o  10 

t o  2000 

Power prod. 

MH D 
Boi 1 e r  

3700 

2445 

1.0 (K) 

7 7 

1950 t o  2100 (K) 
2200 t o  3200 ( S i )  

1000,2000 t o  4000 

Topping s i d e  su 'x tan-  
t i a l  s e c t i o n  o f  b o i l e r s  

2000 

Power prod. 



The protective techniques and design features which allow successful 

commercial operation f o r  the black liquor bo i l e ra re  valid b u t  only 
as s t a r t ing  points f o r  design of analogous MHD boilers .  

The successful design of black 1 iquor boilers provides confidence tha t  

the additional steps t o  sa t i s fac tory  MHD boiler  design can be 
accompl ished technical ly  . Increased cost per square foot of surface 

fo r  the MHD boilers plus the increased surface requirements fo r  a given 

duty will  create  economic challenges. Recent advancements in boi 1 e r  

design for  conventional as we1 1 as .  specialized appl icat ions,  with 
major ap.plication to  improved a v a i l a b i l i t y ,  add assurance tha t  i f  
commercial appl icabi l i ty  fo r  MHD boilers ex i s t s ,  design problems 
can' be solved. 



SECTION 1.0 

INTRODUCTION AND SUMMARY 

1.1 INTRODUCTION 

Black l i q u o r  i s  the  res idua l  concentrated l i q u i d  r e s u l t i n g  from cooking 

pulpwood i n  an a l k a l i n e  s o l u t i o n  as p a r t  o f  the  K r a f t  ( s u l f a t e )  process 

o f  paper making. I n  recovery furnaces, heat energy from the  combustion 

o f  organic l i q u o r  cons t i tuents  i s  used t o  produce steam, and inorgan ic  

cons t i tuents  are recovered as molten smelt. The cor ros ive  b lack  l i q u o r  

recovery furnace may have design a p p l i c a t i o n  t o  the  Magnetohydrodynamic 

(MHD) components exposed t o  co r ros i ve  h igh  temperature operat ing 

condi t ions.  The r e p o r t  surveys and assesses b lack  l i q u o r  design 

p rac t i ces  and experiences as they might apply t o  MHD components. 

1.2 SIMILARITIES 

.Commercially operat ing b lack  l i q u o r  recovery b o i l e r s  and the  open cyc le  

MHD system b o i l e r s -  have i n  common h igh  concentrat ions o f  a l k a l i  metals 

i n  the  f l u e  gas. I n  add i t i on ,  h igh  cor ros ion  ra tes  i n  t he  furnace and 

s lag  removal from heat ing  surfaces are  major problems f o r  bo th  systems. 

The f o l l o w i n g  b lack  l i q u o r  b o i l e r  design features have been employed t o  

remain operable i n  the  corros ive-eros ive environment: 

o S a c r i f i c i a l  pin-studs spaced 1/2 i nch  c i r cumfe ren t i a l  l y  (Ref. l), 
on dual w a l l  tubes w i t h  a d i f f u s i v e  m e t a l l i c  coat ing  o f  chromium 
and aluminum-chromium 

o A water cooled furnace screen t o  s h i e l d  the  superheater from h igh  
f 1 ue gas temperatures 

o Use o f  a "p laten"  type, se l  f -d ra inab le ,  v e r t i c a l  , para1 l e l  f l ow  
superheater and reheater  w i t h  a minimum l a t e r a l  tube spacing o f  12 
inches. The wider l a t e r a l  tube spacing i s  about th ree  times t h a t  
i n  the  convent ional subbitumi nous c o a l - f i  r ed  u n i t .  The p l a t e n  
type membrane wa l l  may prevent  the  "keying" o f  the  s lag,  and wider 
l a t e r a l  tube spacing may lessen f o u l i n g  and increase e f fec t iveness  
o f  t he  soot blower. 



o Hal f - length ,  r e t r a c t a b l e ,  steam soot blowers t o  remove deposi ts  

1.3 DIFFERENCES 

The f o l  1 owi ng d i f f e rences  between the  systems may cons t ra i  n d i r e c t  

appl i c a t i o n  t o  MHD systems: 

o A subs tant ia l  l y  h igher  MHD plasma temperature 3 6 5 0 2  (2283'~) 
compared t o  the  f l u e  gas temperature o f  2800 F (1811 K) i n  t he  
b lack  i i q u o r  furnace ( a t  the  secondary and t e r t i a r y  a i r  zones) 

o A h igher  heat absorpti0.n r a t e  i n  the  MHD r a d i a n t  b o i l e r  compared .. 
- t o  t he  b lack  1 i quo r  furnace ( r a t i o  o f  3 t o  1) 

o The hdgher steam pressure and temperature cond i t ions  (3500 o r  2400 
'psig~lOOO°F/lOOOO F) proposed by d i f f e r e n t  cont rac tors  f o r  the  MHD 
system compared t o  those i.n the  ,black l i q u o r  system (1500 ps ig /  
875OF). 

o Add i t iona l  cor ros ive  deposits i n  t he  MHD system as i r o n  oxides 
(Fep03, Fe304) and potassium-iron t r i s u l f a t e s  [K3Fe(S04)3] 

1.4 COST COMPARISON 

Since a d e t a i l e d  cos t  comparison i s  ou t  .o f  the  scope o f  t h i s  study, 

t h i s  sec t ion  conta ins on ly  b r i e f ,  generaliz'ed comparisons. Considering 

a carbon ste'el tub ing  w i t h  m e t a l l i c  coat ing  as the  base coat,  d i f f u s i o n  

coat ing  costs about f i v e  t o  s i x  t imes as much, hard face welding o r  

studs w i t h  r e f r a c t o r y  a t  10 t o  15 times, and composite tub ing  11 t o  21. 

t imes (Ref. 1 ). 

1.5 RECOMMENDATIONS 

The b lack  l i q u o r  b o i l e r  i s  an in termediate step from convent ional 

b o i l e r s  t o  MHD b o i l e r s .  Turndown, corros ion,  and cos t  increases o f  

b lack  1 i quo r  bo i  1 e rs  compared t o  convent ional bo i  1 e rs  would be 

analogous t o  those i n  going from b lack  l i q u o r  b o i l e r s  t o  MHD b o i l e r s .  



Further  study o f  the  use o f  b lack  l i q u o r  recovery b o i l e r  technology i n  

the  MHD system i s  warranted. To s e l e c t  proper .- -- a1 1 0 ~ s  - .  t o  - -  r e s i s t  - oxida- . 

t i0 r - i  and cor ros ion  .attaci< more accurate thermochemical ca l cu la t i ons  . ---- - -  ... .. . 

usi.ng the  J o i n t  Army-Navy-Air Force (JANAF) tab les  and me l t i ng  p o i n t  

data on MHD s lag  are  required. I n  these ca l cu la t i ons ,  governing 

f a c t o r s  would be temperature, CO/C02 r a t i o ,  SO2 content,  and combustion 

gas pressure. 

A l te rna te  approaches f o r  MHD design such as gas quenching t o  e l im ina te  

cor ros ion  and adherence problems due t o  molten seed should a lso  be 

i nvest igated. (Ref. 2 ) 



SECTION 2.0 

COMPARISON OF BLACK LIQUOR AND MHD SYSTEMS 
. .- 

2.1 REVIEW OF BLACK LIQUOR TECHNOLOGY APPLIED TO MHD 

For reference, Appendix A contains b lack  l i q u o r  b o i l e r  i n s t a l l a t i o n  

l i s t s  from the  th ree  lead ing  manufacturers: Babcock and Wilcox Company 

(B&W), Combustion Engineering (CE), and Copeland Systems Incorporated 

subs id ia ry  o f  Foster  Wheeler Development Corporat ion (FW). Based on 

these l i s t s ,  B&W has the  most re levan t  experience. I n  add i t i on ,  they 

have designed the  l a r g e s t  capac i ty  u n i t  w i t h  the  h ighes t  steam pressure 

and temperature (1500 psigl8750F) loca ted a t  t he  Union Camp 

Corporat i  on, Frank1 i n  , V i r g i n i a ,  w i t h  a f i r i n g  r a t e  o f  1,200 tons/day 

o f  s u l f a t e  l i q u o r .  The consu l t i ng  engineer on t h i s  u n i t  was C.T. Main, 

Inc. CE has the  widest  b lack  l i q u o r  b o i l e r  design experience o f  a l l  

the Engineering Test F a c i l i t y  (ETF) cont rac tors  o r  subcontractors. 

The i r  ETF downstream component design r e f l e c t s  b lack  l i q u o r  b o i l e r  

design by low heat absorpt ion r a t e  i n  t h e  furnace; - - w ider  convect ion 

surface l a t e r a l  spacing; th ree  separate furnaces: s lag  recovery, seed 

recovery, and f i n a l  ox ida t ion .  The i r  conf igura t ions  resemble the  th ree  

zones i n  the  b lack  1 i quo r  furnace: dry ing,  reducing, and ox id iz ing .  

The FW MHD design r e f l e c t s  b lack  l i q u o r  b o i l e r  design on ly  i n  t he  low 

furnace heat absorpt ion r a t e  (20 percent  o f  the  convent ional c o a l - f i r e d  

value) and a r o o f - f i r e d ,  secondary furnace cons t ruc t i on  which i s  

standard FW furnace design p r a c t i c e  f o r  low heat ing  value f u e l s  such as 

b lack  l i q u o r  whose gross heat ing  value i s  on ly  6,600 Btu/ lb .  FW does 

no t  appear t o  have considered the  e f f e c t  o f  potassium s a l t s  (K2C03, 

K2S04) i n  t h e i r  design ca lcu la t ions .  

I n  general, bo th  conceptual designs (AVCO/CE, GE/FW) .meet ETF 

operat ional  goals as def ined i n  t h e i r  respect ive  design c r i t e r i a  

documents. I n  t he  CE design, the  l o c a t i o n  o f  t he  low temperature a i r  



heater (LTAH), the  e f f e c t  o f  a i r  leakage ( t o  the  gas s ide)  on the  

seed/slag system, most o f  the  selected tube metals, and the separat ion 

o f  d ry  seed (from s lag) .  a t  the  unbalanced operat ing cond i t ions  should 

be i nves t i ga ted  f u r t h e r .  The condensation o f  seed i n  the  f l u e  gas 

depends d i r e c t l y  upon var iab les  such as p a r t i a l  pressure o f  potassium 

compounds, i n l e t  and o u t l e t  f l u e  gas and a i r  temperatures, uni form 

d i s t r i b u t i o n  o f  a i r  t o  the  v e r t i c a l  a i r  heater panels, gas- t o - a i r  

weight r a t i o ,  and predic ted- to-actual  heat t r a n s f e r  rate., These 

var iab les  a re '  d i f f i c u l t  t o  de f i ne  a n a l y t i c a l  l y  a t  unbalanced opera t ing  

cond i t ions ,  and the  design o f  the  recovery furnace w i l l  need t e s t  

ve r i ' f  i c a t i o n .  

I n  t he  FW design as app l ied  t o  MHD, the  f o l l o w i n g  need v e r i f i c a t i o n :  

(1) the  f l u e  gas d i s t r i b u t i o n  from the  s p o i l e r  t o  t he  r a d i a n t  b o i l e r ,  

(2) plasma leakage through the  d i v i d i n g  w a l l  openings t o  the  "un f i red"  

secondary cav i t y ,  (3) the  st reaml ined gas f l ow  d i s t r i b u t i o n  a t  the  

r a d i a n t  b o i l e r  e x i t ,  and (4) the  superheater 's performance under the  

v a r i a b l e  thermal loads. . 

COMPARISON 

The b lack  l i q u o r  b o i l e r  hear th furnace and MHD rad ian t  b o i l e r  operate 

w i t h  reducing atmospheres, and sodium (Na) and potassium (K) have 

s i m i l a r  chemical p roper t ies .  Table 1 presents the  gas cons t i tuents  f o r  

the  two systems. Under equal concentrat ions and the  same phys ica l  

s ta te ,  potassium compounds are more chemical ly  a c t i v e  and l ess  

thermal ly  a c t i v e  (due t o  h igher  me l t i ng  p o i n t )  than sodium 

counterparts.  While the  v o l a t i l i t y  o f  potassium s u l f a t e  (KpS04) i s  n o t  

as h igh  as sodium s u l f a t e  (Na2S04), i t  i s  h i g h l y  v o l a t i l e  compared t o  

o ther  cons t i tuents  i n  coal ash. I n  add i t ion ,  the  r a t i o  o f  

potassium-to-sodium i n  the  coal  ash o r  tube deposi t  i s  s i g n i f i c a n t .  

Potassium has a  greater  tendency t o  form complex, molten su l fa tes  which 

are more cor ros ive  than t h e i r  sodium counterparts.  



TABLE 1 

BLACK LIQUOR BOILER AND MHD SYSTEM GAS CONSTITUENTS 

To. .cont ro l  f o u l i n g  and cor ros ion  i n  t he  convect ion surface, a p l a t e n  

type ( "penc i l "  weld) sur face w i t h  wjde l a t e r a l  tube spacing (minimum 12 

inches) , i s  adopted by a l l  the  b lack  1 i quo r  b o i l e r  manufacturers. The 

l a t e r a l  tube spacing f o r  c o a l - f i r e d  b o i l e r s ,  b lack  l i q u o r  b o i l e r s ,  and 
. . 

MHD-ETF (AVCO and CTE) b o i l e r  designs are shown i n  F igure 1. 

BLACK LIQUOR BOILER 
Furnace Hearth Area 

CO, so2, SO3 

Na20, Na2S(solid), NaC1, 

KO H 

H20, H2S 

Superheater I n l e t  

CO, so2, SO3 

Na2S03, Na2S04 

Na2C03, NaCl 

Design parameters f o r  a t y p i c a l  b lack  l i q u o r  b o i l e r  and a number o f  MHD 

systems ( G i l b e r t  Basel ine Plant ,  ETF-AVCO/CE and GE/FW) are shown on 

Table 2, and heat t r a n s f e r  surface design d e t a i l s  are tabu la ted  on 

Table 3. Systems operate under p o s i t i v e  pressures, and the  moisture 

content  i s  p r a c t i c a l l y  the  same (about 5 percent  by weight). Flue gas 

temperatures are s i g n i f i c a n t l y  h igher  i n  the  MHD system than those i n  

t he  b lack  l i q u o r  b o i l e r .  Higher f l u e  gas temperature and the presence 

I 

MHD SYSTEM 
Radiant B o i l e r  I n l e t  

co, SO2, 

K20(sol i d ) ,  KC1, 

- 

Superheater 

co, so2, 

K, K2S04(l i q u i d )  

KC1 , KOH 

K20(sol i d )  





TABLE 2 

BLACK LIQUOR BOILER AND MHD SYSTEM DESIGN PARAMETERS 

GE1m 
BLACK LIQUOR HHD AVCOlCE AVCOICE GEIW ETF DESIGN 

SYSTEM BASELINE ETF DESIGN ETF DESIGN ETF DESIGN STEAM 

NO. DESCRIPTION (DESIGN RANGE) (REV F )  2500% AIR 3000°F A I R  MID/STEAM BOTTOMING B~I'LTOMING ONLY REMARKS 

1 Thermal l'nput.MUt 290 2.000 271.5 299.3 250.0 175.0 

3690/1000/- 125019501- 125019501- 3500!100011000 3500~100011000 A t  t h r o t t l e  condit ion 
1 

2 Steam Preaaure/Temperature. 150018751- 
~ s i g / * / ~ ~  24OOf943/1000* 2400)943/1000* 

3 Furnace Heat Liberat ion Rate, 7,600 t o  15,000 5.275 , 5,570 
Bt,ulft3/hr 

4 Furnace Heat Releaae Rate. 450,000 2,750,000 1,150,550 
~ t ~ l f t Z / h r  

5 Heat Flux (heat ava i l ab le  t o  furnace), 30,000 t o  42,000 500,000 405.400 
~ t ~ 1 ~ t 2 1 h r  

6 Heat Absorption i n  the  Furnace, 11,000 t o  15.00d"' 66.000 29,000 
Btulf t21hr  

2,745 *AH steamlvolune of the 
furnace 

744,900 I n l e t  thermal energylfurnacc 
cross-sect ional  area 

303, k25 * A H  gas1furna:e cross-  
sec t iona l  a r e a  

17,500 *AH ateamlprofected area 

' 7 Furnace Crone-Sectional Area 47 x 47 >O x 50 20.8 x 20.8 20.8 x 20.8 18.D x 36.0 29.: x 36.0 
a, f t  x f t  

' 8 Furnnce Width, f t  22 t o  30 50 20.8 20.8 18  29.5 

9 Furnace Reaidence Time, seconds 3 t o  4 1.8 2.0 2.0 2.0 2.01 

10 Radiant. Boiler/Furnace 
Refractory Uate r i s l  

"KROMIGIIT" 96% UgO Base + High Magnesia ~ ~ p e  High Uagnesia Type H.W. Ruby H ;  d .  Ruby 
Bubble Alumina (3 in .  th . )  (3 i n .  t h . )  

11 Maximum Flue Gas Temperature i n  the  2800(1811) 3650(2283) 3725 (2325) 3700(2311) 3126 (1992) 3115 (2020) 
Radiant Boiler  and Furnace, OF (OK) 

12 Flue Gas Temp. Entering Superheater, 1700(1200) 2445(1613) Finishing Superheater Finishing Superheater 2111(1428) 2000 (1366) 
OF (%) 2940 (1888) 2915 (1875) 2915 (1875) 

Primary Superheater Primary Superheater 
1000(811) 975(797) 

13 Par t i cu la te  Loading Enter ing 18 
Superheater, g ra ina / f t2 /aec .  

14 Flue Gee Temperature Leaving 1300(977) 2080(1411) 800(700) 
Superheater, 9 (OK) 

15 Ash Fusion Temperature, OF 1450/1061) 2220(1488) 2220(1488) 2220(1488) 2220(1488) 2920(1488) 

16 Melting Point, OF (OK) of K2C03 1645 (1169) 1645 (1169) 
(under reducing zone) K2904 1955(1341) 1955 (1341) 

Ns2m3 1563(1123)* - 
Na2S04 1625(1158)** - 

*aH change i n  enthalpy i n  Btulhr. ** = 40,000 ~ t u l f t ~ / b r  a t  the  burner ports  
*** = Under oxidizing zone 



TABLE 3 

NO. - 
1 

BLACK LIQUOR BOILER AND MHD SYSTEM 
HEAT TRANSFER SURFACE. DESIGN DETAILS 

BLACK LIQUOR MHD 
COMPONENT SYSTEM (BASELINE-REV: F) 

Radiant Boiler/Furnace 
Ver t i ca l  Gas Veloc i ty ,  f t /sec 20 50 
Tube Mater ia l  SA-226, STUD. SA-213,T-22 STUD. 
Tube 0.0.- in.,  Thickness-in., . 2.O/N.A./3.5 2.0/0.33/4.0 

Spacing-in. 

Screen Tubes 
Super f i c ia l  Gas Veloc i ty ,  I t . /sec.  15 . 
Tube Mater ia l  (SA-209,T-1) 
Tube 0.0.-in. , Thickness-in. , 3/N. A./24&3.5 

l a t e r a l  and longi tud ina l  
spacing-in. 

Superheater (Para l le l  Flow) 
Super f i c ia l  Gas Velocity,  't/sec. ., ' 10 
Tube Mater ia l  (SA-209,T-1) 
Tube 0.0. - in. ,  Thickness-in. , (SA-213,T-11) 

l a t e r a l  and longi tud ina l  2.5/N. A. /12&3 
spacing-in. 

Reheater (Counter Flow) 
Superf ic ial .Gas Veloc i ty ,  f t /sec. 00 NOT EXIST 
Tube Mater ia l  
Tube 0.0. - i n .  , Thickness-in. , 

l a t e r a l  and long i tud ina l  
spacing- i n. 

5 B o i l e r  Bank 
SuperficialGasVelocity,~ft/sec. 20 
Tube Mater ia l  SA- 192 
Tube 0.0.- in. , Thickness-'n. , 2/N. A. /6&4 

l a t e r a l  and long i tud ina l  
spacing- in .  

6 Economizer (Counter Flow) 
Super f i c ia l  Gas Veloc i ty ,  f t /sec. 35 
Tube Mater ia l  SA-216 
Tube 0.0.-in;, Thickness-in., 2/N. A. /8&4 

l a t e r a l  and longi tud ina l  
spacing- i n. 

DO NOT EXIST 

40 
SA-213.304 S.S. 
2.0/0.55/12&3 

50 
SA-233,304 S.S. 
3.5/0.20/9&6 

DO NOT EXIST 

GE/FW AVCO/CE 
ETF DESIGN ETF DESIGN 

N. A. 15 
Aluminized SA-210C SA-213,T-22 

1.25/N. A. /l. 75 1.5/00.25/1.75 

00 NOT EXIST DO NOT EXIST 

COUNTER FLOW 

1-22 ,Till, SA-209 2.510. j8/36&2.5 
T-1,SA-210A1 SA-178 
I n i t i a l  Superheater 

.2/N.A./4.5&4.5 
Intermediate Superheater 

.2/N. A./13.5&4.5 
F in ish ing Superheater 

.'2/N. A. /62.5&4 

DO NOT EXIST 

00 NOT EXIST 

N. A. 
SA- 178A 
2/N.A. .4.5&4.5 

DO NOT EXIST 

High Pressure 
N. A. 

SA-209,T-14 
2/0.257/6&4 
Low Pressure 

N. A. 
SA-210,A-1 
2/0.165/4&4 

NOTE: N.A. = NOT AVAILABLE 



o f  a l i q u i d  hydroxide (KOH) downstream o f  the superheater e x i t  a t  

2060'~ ( 1 4 0 0 ~ ~ )  and a l i q u i d  c h l o r i d e  (KC1) downstream o f  t he  reheater  

e x i t  a t  1 5 9 0 ~ ~  (113g°K) s i g n i f i c a n t l y  increases cor ros ion  ra tes .  A1 so, 

the  f l u e  gas entrance v e l o c i t y  t o  the  MHD rad ian t  b o i l e r  i s  about e i g h t  

t imes t h a t  i n  the  b lack  l i q u o r  furnace, r e s u l t i n g  i n  a h igher  eros ion 

ra te .  A t y p i c a l  MHD system f l ow  diagram i s  shown i n  F igure 2. 

I n  the  MHD system, most o f  the  previous chemical e q u i l i b r i u m  

composit ion (CEC) ca l cu la t i ons  have ignored the e f f e c t s  o f  tube 

mater ia ls  on the  gas cons t i tuents .  Based on CEC (Ref. 4 ) ,  t he  pH 

c l a s s i f i c a t i o n s  o f  gas and s lag  i n  the  MHD systems are as fo l lows:  

Ac id i c  s i  1  i c a  condenses before a1 kal  i ne components and produces an 

i nc reas ing l y  a l k a l i n e  gas and s lag  on cool ing.  I n  the  MHD system, 

ac tua l  chemical reac t ions  between acids and bases form less  v o l a t i l e  

products and more s lag  products w i t h  complex composit ion than those 

p red i c ted  by the  CEC computer program under e q u i l i b r i u m  composit ion. 

B i g  Sky Rosebud subbituminous coal generates a ' l i g n i t i c '  type ash. 

With a 2160'~ (1455'~) i n i t i a l  deformation temperature (IDT) and 2465'~ 

(1625'~) hemi sper i  ca l  s o f t e n i  ng temperature (HT) , cor ros ion  associated 

w i t h  the  format ion o f  metal s u l f i d e s  i s  no t  expected on the  surface o f  

the  r a d i a n t  b o i l e r  tubes. On the  cont rary ,  the  surface o f  t he  b o i l e r  

tubes w i l l  probably a c t  as a c h i l l  surface which w i l l  condense s o l i d  

mixtures o f  K2S04, K2C03, and K C l ,  c logging the  r a d i a n t  furnace w i t h  

b u l k  deposits.  As deposits cont inue t o  b u i l d  up, the  thermal 

c o n d u c t i v i t y  through the  deposi ts  w i l l  drop u n t i l  t he  temperature on 

the  sur face o f  the  depos i t  increases t o  the  me l t i ng  p o i n t  o f  t he  s a l t s .  

Gas 
Slag 

D i f f u s e r  E x i t  

neut ra l  
. aci 'd 

Radiant B o i l e r  E x i t  

a1 ka l  i n e  
neut ra l  

Low Temperature 
Heater E x i t  

a1 kal  i n e  
neut ra l  
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A t  t h i s  p o i n t ,  any f u r t h e r  mater ia l  condensing out  w i l l  be a l i q u i d  

r u n o f f ,  and no f u r t h e r  b u i l d u p . w i l 1  occur. According . to  Rosa's model, 

when the  s lag  v i s c o s i t y  becomes 'about 1.5 poise, the  shear forces o f  

the  gas stream w i l l  cause a s lag  f low. An e q u i l i b r i u m  s lag  thickness 

i s  p red ic ted ,  ranging between 0.43 and 2.8 mm M i t h  respect ' ive surface 

temperatures o f  3680 '~  ( 2 3 0 0 ~ ~ )  and 3590'~ (2250'~). Under f u l l  load 

operat ing cond i t ions ,  the  maximum s lag  1 ayer thickness i n  the  r a d i a n t  

bo i l e ' r  i s  expected t o  be about 1 mm. (Ref. 5) .  

I n  t he  MHD r a d i a n t  b o i l e r  and on convect ion surfaces such as the  

superheater and reheater,  w i t h  95 percent  s to i ch iomet r i c  a i r ,  format ion 

o f  elemental s u l f u r  (S)  a t  a temperature o f  about 3500 '~  ( 2 2 0 0 ~ ~ )  i s  

no t  possib le,  al though 22.0 percent  (by weight) o f  carbon d iox ide  (C02) 

and 0.09 percent  (by weight) s u l f u r  d iox ide  (so2) a re  present. 

Corrosion ra tes  o f  var ious tube ma te r ia l s  (3/4 i n .  length  schedule 40 

p ipe  - 1.05 i n .  0.0. o r  1 i n .  welded tub ing) ,  w i t h  seeded (4.4 percent  

by weight o f  K2C03 i n  coal )  and unseeded Rosebud Montana coal are 

tabu1 ated i n  Tab1 e 4. 

For t he  l i g n i t i c  type ash, f o u l i n g  on the convect ion sur face w i l l  

depend d i r e c t l y  upon the  t o t a l  percentage o f  su l f a tes  (Na2S04 and 

K2S04) i n  t he  ash. I n  the  MHD system, the  percentage o f  these su l fa tes  

by weight i n  the  t o t a l  ash i s  about 84 percent,  so t h a t  severe f o u l i n g  

can be expected ( the  h igh  percentage o f  K2S04; 83.22 percent  by weight, 

i s  due t o  seed add i t ion) .  Steam tubes (most ly loca ted  i n  the  

superheater, made up o f  SA-213, 304, o r  equivalent)  operat ing w i t h  a 

maximum ex terna l  wa l l  temperature o f  1 2 0 0 ~ ~  (922'~) w i l l  a c t  as a c o l d  

t r a p  f o r  t he  potassium and sodium compounds. These cons t i tuents  w i l l  

condense on f l y  ash p a r t i c l e s  and remain as l i q u i d  on the  Keat t r a n s f e r  

surfaces. They w i l l  r e a c t  chemical ly  w i t h  f l y  ash, f l u e  gas, and o ther  

deposi ts  t o  form bonded deposits r e s u l t i n g  i n  add i t i ona l  heat t r a n s f e r  

res is tance.  I n  the  superheater, seed condensation w i l l  be 

s u b s t a n t i a l l y  complete, and i n i t i a l  depos i t ion  on the  tubes w i l l  form a 



TABLE 4 

METAL LOSS IN THICKNESS OF CORROSION SPECIMENS I N  COMBUSTION GAS 
WITH UNSEEDED COAL AND IN  COMBUSTION GAS WITH COAL SEEDED WITH 

POTASSIUM CARBONATE (REF. 6) 

Metal Loss (c) 
Metal Flue Gas While Burning 
Tgmp. , T ~ P .  Unseeded Coal 

Mater i  a1 F F ARadius i n  i n .  

Carbon s tee l  ( A  106) 800 
Croloy 2-1/4 800 
Croloy 5 800 

446 SS 
406 SS 
316 SS 
310 SS 
310 SS 
N icke l  
Inconel 
Haynes 25 

(a) Cool ing a i r  f a i l u r e  caused loss  o f  specimen. 
(b) Completely ox id ized a f t e r  50 hours. 
(c )  Durat ion o f  t e s t :  83 hours. 
(d) Durat ion o f  t e s t :  100 hours. 

Metal Loss (d) 
While Burning 
Seeded Coal, 
ARadius i n  i n .  



s o l i d  coat ing. Any subsequent depos i t ion  w i l l  be i n  the  form o f  low 

v i s c o s i t y  1 i q u i d  seed w i t h  an i n t e r f a c e  temperature around 1905 '~  

(1315'~). 

I n  t he  MHD system, the  presence o f  potassium ch lo r i de  (KC1) i s  l ess  

than 0.02 percent by weight (no t  s i g n i f i c a n t  t o  the  me l t i ng  p o i n t  o f  

s lag).  However, t he  p i t t i n g  e f f e c t  due t o  the  format ion o f  potassium 

s u l f a t e  (K2S04) i s  s t rong ly  dependent upon the  amount o f  KC1 present.  

The f o l l o w i n g  reac t ions  are p red i c ted  over the  range o f  temperature: 

2KC1 + SO2 + 1/2 O2 + H 0 +K . SO + 2HC1 2 2 4  
(on ly  a t  1 ow temperature) 

This c h l o r i d e  then reac ts  w i t h  the  tube metal as f o l  lows: 

A1 though elemental c h l o r i n e  has n o t  been recorded i n  the  MHD CEC run 

(Ref. 14), i t  may p l a y  a r o l e  i n  the  cor ros ion  react ion.  Metal oxides 

(Fe202) on the  tube surface may ca ta lyze  the  react ion:  

Under a reducing atmosphere, Fe203 w i l l  probably be converted t o  Fe304. 

The mixed oxide and molten s a l t  l aye rs  l i m i t  the  a v a i l a b i l i t y  o f  oxygen 

and r e t a i n  c h l o r i n e  and s u l f u r  w i t h i n  the  adherent scale. The 

cor ros ion  ra tes  o f  carbon s tee l  i n  the  presence o f  c h l o r i n e  and 

hydroch lor ic  a c i d  are shown i n  F igure 3. 

The me l t i ng  po in t s  o f  potassium pyrosu l fa tes  (K2S2:7) and potassium 

b i s u l f a t e  (KHS04) are 5 7 5 ' ~  (575'~) and 4 1 5 ' ~  (486 K) ,  respect ive ly ,  . 

and, even a t  h igh  temperatures, the  f o l  1  owing electrochemical reac t ions  

are predic ted:  
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Fe203 + 3K S 0 + 2K3Fe (S04)3 (potassium-i  r on  t r i s u l f a t e s )  
2 2 7  

These complex su l f a tes ,  which form c o r r o s i v e  depos i ts ,  then  r e a c t  w i t h  

t h e  tube  metal  as f o l l ows :  - 

2K3Fe (S04)3 + 6Fe + 3/2 FeS + 3/2 Fe304 + Fe203 + 3/iS02. 
. .. .. 



SECTION .3.0 

. .. 
BLACK LIQUOR RECOVERY BOILERS 

. - . -- . - . . - . . . - . . . 

RECOVERY PROCESS 

Figures 4  and 5  are simp1 i f i e d  process f l ow  diagrams o f  t y p i c a l  K r a f t  

( s u l f a t e )  pu lp  and paper m i l  1  processes. The f u n c t i o n  o f  the  recovery 

u n i t  i s  the  reduct ion  o f  sodium s u l f a t e  (Na2S04) i n  the  b lack  l i q u o r  t o  

sodium s u l f i d e  (Na2S) i n  t he  furnace. I n  the  recovery furnace, heat 

obtained from the  combustion o f  the  organic l i q u o r  cons t i tuents  

d issolved from the  wood i s  used f o r  t he  product ion  o f  steam, and the  

inorgan ic  sodium const i tuents  i n  t he  l i q u o r  a re  recovered as molten 

smelt. 

The 1  ogs en te r i ng  the  K r a f t  pu lp  and paper m i  11 are  f i r s t  debarked (I), 

reduced t o  chips (2), and charged i n t o  a  d iges te r  ( 3 ) ,  where they are 

cooked under pressure i n  a  steam-heated, aqueous, d iges t i on  s o l u t i o n  o f  

sodi urn hydroxide (NaOH) and sodi um su l  f i d e  (Na2S), known as "wh i te  

l i q u o r "  o r  "cooking l i q u o r . "  In .  t he  cooking operat ion,  t he  l i g n i n  t h a t  

binds the. c e l l  u lose f i b e r s  o f  the  wood i s  dissolved. 

A f t e r  cool ing,  t he  c e l l u l o s e  f i b e r s ,  now c a l l e d  pu lp  o r  brown stock, 

are separated from the  spent cooking l i q u o r  i n  the  pu lp  washers (4). 

The pu lp  may go through several f i b e r  r e f i n i n g  and b leaching processes 

before being sent t o  the  paper machine. The spent cooking l i q u o r  

conta in ing  the  l i g n i n  i s  c a l l e d  b lack  l i q u o r .  As the  d i l u t e  o r  weak 

b lack  l i q u o r  (15-18 percent  d isso lved so l i ds )  comes from the  washers, 

i t  i s  concentrated (45-50 percent  d isso lved so l  i ds )  i n  a  m u l t i p l e  

e f f e c t  evaporator (5) by the  use o f  steam. The concentrated o r  

"strong" b lack  l i q u o r  then passes t o  the  recovery u n i t  (6,7, and 8). 

It i s  f u r t h e r  concentrated t o  "heavy" b lack  1  i quo r  i n  a  d i r e c t  contac t  

evaporator (6) us ing  t h e  sens ib le  heat o f  t he  f l u e  gas (62-65 percent  

d isso lved so l ids) .  The heavy b lack  l i q u o r  then goes t o  the  mix 



PULP AND PAPER M I L L  (REF. 7 )  

i 

FIGURE 4 
I PROCESS FLOW .DlAGRAM OF A TYPICAL KRAFT I 
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tank  (7) where sodium s u l f a t e  ( s a l t  cake) i s  mixed w i t h  the  l i q u o r  t o  

make up fo.r t he  chemical losses i n  the system. Chemical ash recovered 

from the  b o i l e r  hoppers and the  fume c o l l e c t o r  f o l l o w i n g  the  d i r e c t  

contac t  evaporator a re  re turned t o  the  1 iquor  cyc le.  The heavy b lack  

1 i quo r  w i t h  i t s  s a l t  cake burden' i s  heated t o  lower i t s  v i s c o s i t y  and 

pumped t o  the  recovery furnace. (8). I n  the  furnace, the  heavy b lack  

l i q u o r  i s  sprayed on the. w a l l s  f o r  dehydrat ion p r i o r  t o  f i n a l  

combustion o f  the  d r i e d  char. Sodium s u l f i d e  (Na2S) i s  tapped from the  

furnace and d isso lved i n  water i n  the  d i s s o l v i n g  tank (9) t o  form 

"green l i q u o r . "  The green l i q u o r  i s  subjected t o  a c a u s t i c i z i n g  

treatment (10) w i t h  slaked l ime Ca(OHj2 , t o  conver t  the  sodium 

carbonate t o  sodi um hydroxide. The sodi um su l  f i d e  remai ns unchanged. 

The 1 iquor ,  now known again as wh i te  1 iquor ,  i s  then ready f o r  reuse as 

cooking l i q u o r  i n  t he  d iges te r  (3). 

3.2 BOILER DESIGN 

I n  b lack  1 iquor ,  organic s u l f u r  compounds are  present  i n  combination 

w i t h  sodium s u l f i d e ,  sodium carbonate, sodi.um su l fa te ,  s a l t ,  s i l i c a ,  

t races  o f  l ime,  i r o n  oxide, alumina, and potash. An approximate 

ana lys is  o f  a t y p i c a l  b lack  l i q u o r  i s  shown i n  Table 5. 

TABLE 5 

E l  ement 

N a 
S 
C 
H 
0 

; N 
I 

To ta l  

ANALYSIS 

Inorganic 

: TYPICAL BLACK LIQUOR 

Tota l  Black L iquor  
Sol i d s  

Gross Heating Value = 6,600 Btu/ lb .  
I 



0 The b lack  l i q u o r  a t  (200 F) and combustion a i r  (15 percent  excess a i r  
0 a t  280 F) are f i r e d  i n  the  furnace a t  an approximate r a t i o  o f  1 t o  5.3 

by weight. The t o t a l  a i r  . is  d i s t r i b u t e d  as 40 percent pr imary a i r , .  30 

percent  secondary a i r ,  and 30 percent t e r t i a r y  a i r  (B&W design) o r  50 

t o  60 percent  o f  t he  t o t a l  a i r  as pr imary a i r  and the  balance as 

secondary a i r  (CE 'design). Typical  recovery u n i t  chemical reac t ions  

and t h e i r  p o i n t s  o f  occurrence. a re  shown i n  ~ i ~ u r e  6. The reac t ions  

l i s t e d  occur simul'taneously i n  each o f  the zones. 

I n  t he  recovery furnace, a d ry ing  zone i s  requi red,  so t h a t  the 

res idua l  water i n  the  b lack  l i q u o r  can be evaporated as the  f i r s t  step 

i n  t he  d ry ing  process. The c o n t r o l l e d  reducing atmosphere a t  the  

hear th burns dehydrated char f a l l i n g  from the  w a l l s  t o  e f f e c t  a maximum 

reduct ion  o f  sodium s u l f a t e  t o  s u l f i d e  i n  the  smelt. Typical  gas 

temperatures (OF) a t  var ious p o i n t s  i n  t he  u n i t  are: 

Locat ion 

Primary A i r  Por t  Level 

Secondary A i r  Po r t  Level 

T e r t i a r y  A i r  Po r t  Level 

Superheater I n l e t  

B o i l e r  Bank I n l e t  

B o i l e r  Bank O u t l e t  

Economizer O u t l e t  

Cyclone Evaporator O u t l e t  

OF 

1800 - 2200 

2500 - 2800 

. 2500 - 2800 

1700 - 1750 

1150 - 1300 

700 - 800 

550 - 600 

325 
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FIGURE 6 
TYPICAL RECOVERY U N I T  SHOWING CHEMICAL REACTIONS AND WHERE THEY OCCUR (REP. 8 )  



V e l o c i t i e s  ( feet/sec. ) through the  u n i t  are i n  t he  order  o f :  

The d r i e d  b lack  l i q u o r  c o l l e c t s  as char on the  hearth, forming a p i l e  ' 

t o  which a c o n t r o l l e d  amount o f  a i r  (pr imary a i r )  i s  suppl ied. This  

determines the  amount o f  heat released i n  t h i s  sec t ion  and the  

composit ion o f  the  gas atmosphere. S u f f i c i e n t  heat must be released t o  

main ta in  an incandescent char bed, f u r n i s h  the  heat requ i red  f o r  

endothermic react ions,  smelt  the  inorgan ic  chemicals, supply heat t o  

the  d ry ing  process, and a l l ow  f o r  the  heat absorbed by the  furnace 

wa l ls .  The water cooled furnace w a l l s  f ab r i ca ted  from carbon s tee l s  

(SA-192 o r  SA- 226) are pro tec ted  from cor ros ion  as described i n  

Sect ion 3.6, "Heating Surface Protect ion."  Under steady s t a t e  

cond i t ions ,  the  furnace wa l l  tube mean metal temperature w i l l  be about 

1 0 0 ' ~  (55'~) h igher  than the  i n s i d e  water temperature. 

Locat ion 

Furnace 

Superheater 

B o i l e r  Bank 

Economizer 

Black l i q u o r  i s  an extremely poor f u e l  because o f  i t s  h igh  ash content  

and 1 ow ash fus ion  temperature (approximately 1450'~). Large furnaces 

produce the  low gas temperature (approximately 1700'~) needed i n  the  

superheater. This  low gas temperature weakens the  cor ros ion  a t tack ,  

reduces the  f l y  ash carryover ,  and f a c i l i t a t e s  the  operat ion o f  the  

soot blower. Superheaters are normal ly  arranged f o r  para1 l e l  f l ow  o f  

gas and steam. When steam temperatures are above 8 2 5 ' ~ ~  the  

superheater r e q i r e s  a l l o y s ,  such as SA-209, T-1 and SA-213, T-11. 

Feet per  sec 

' . 20 

10 

15- 20 

20-35 



Superheaters supply ing lower temperature steam u t i l i z e  carbon s tee l  

tubes such as SA-192 and SA-226. The p a r a l l e l  f l ow  superheater 

arrangement keeps the  h o t t e s t  gas i n  contac t  w i t h  the  coo les t  metal ,  

reducing metal wastage due t o  corros ion.  

The economizers are v e r t i c a l  , bare tube, modul a r  type, b a f f l e d  t o  

e s t a b l i s h  cross- f low o f  gases. To avo id  external  cor ros ion  (due t o  

format ion o f  s u l f u r i c  ac id,  H2SO4),the e f fec t iveness  o f  the  economizer 

i s  kept  low. For h igh  s u l f u r  (3.6 percent  by weight) b lack  l i q u o r ,  t he  

mean metal temperature i s  l i m i t e d  t o  about 250'~. 

Retractable steam soot blowers are cont inuously  i n  use when a modern 

recovery u n i t  i s  operated a t  o r  near r a t e d  capaci ty ,  and, consequently, 

no hand l anc ing  i s  requ i red  t o  keep gas passages open. However, as 

load increases from p a r t i a l  load t o  f u l l  load on a u n i t ,  mechanical 

entrainment o f  ash and subl imat ion o f  sodium compounds increase and 

i n v a r i a b l y  lead t o  c lean ing  problems. I n  a d d i t i o n  t o  excessive 

q u a n t i t i e s  o f  ash i n  the  f l u e  gas, v e l o c i t i e s  and temperatures a t  a l l  

p o i n t s  i n  the  u n i t  are increased, and ash deposits become more 

d i f f i c u l t  t o  remove. A l l  the  furnace designs incorporate a s lop ing  

f l o o r  t o  minimize smelt  pool formation. (Ref. 2 ) . 
3.3 CORROSION 

Corrosion i n  the  b lack  l i q u o r  b o i l e r  occurs i n  the  furnace a t  t he  

"hearth" zone (0.03 i n / y r  o r  0.76 mm/yr) near the  window face o f  t he  

fur.nace wa l l '  tubes and a t  t he  upper p a r t s  o f  the  furnace (0.01 i n / y r  o r  

0.25 mm/yr). F igure 7 char ts  these cor ros ion  rates.  Since f l u e  gas 

temperature e n t e r i  ng the  superheater i s 1 i m i  t e d  t o  1700°F, cor ros ion  

ra tes  i n  t he  convect ion surface zones' ( t he  superheater and b o i l e r  bank) ' 

are minimum. The cor ros ion  ra tes  measured on carbon s tee l  (SA-192) 

samples a t  7 0 0 ' ~  ( w i t h  both syn the t i c  smelt and actual  u n i t  smelt) 





obtained from a  u n i t  opera t ing  w i t h  22 percent  sodium ch lo r i de  i1.1 

var ious furnace atmospheres, i . e . ,  a i r ,  n i t rogen,  and carbon d iox ide  

are 1  i s t e d  below: 

TABLE 6  

CORROSION RATES ON SA-192 AT 700°F (REF. .1 ) 

Corrosion r a t e  i s  s t r o n g l y  a f f e c t e d  by s k i n  metal temperature, type o f  

A t m .  

N2 

A i r  

C02 

atmosphere ( r e d u c i n g . o r  ox id i z ing ) ,  gas cons t i tuents ,  and tube metal 

composit ion. It i s  f u r t h e r  complicated by operat ing pressures, h igh  

Synthet ic  Smelt 
(Weight loss/week) 

2  28.7 x 1 b / i  n  (2.0 mg/cm2) 

30.9 x  1  b / in2  (2 .1  mg/cm2) 

29.4 x  1  b / i  n2 (10 mg/cm2) 

v e l o c i t i e s ,  and eros ive  p a r t i c l e  impingement. The cor ros ive  gases and 

Actual U n i t  Smelt 
(Weight loss/week) 

52.9 x  1  b / i  n2 (3.7 mg/cm2) 

2  50.7 x  1  b / i n  (3.5 mg/cm2) 

2  
90.5 x  1  b / i  n2 (6.3 mg/cm ) 

s a l t s  conta in  low me l t i ng  NaCl and s u l f u r  compounds such as sodium 

s u l f a t e  (Na2S04), sodium th iosu lphate  (Na2S03), and sodium pyrosulphate 

(N?S2O7). Gases, such as s u l f u r  d iox ide  (SO2), s u l f u r  t r i o x i d e  (SO3), 

hydroch lor ic  a c i d  (HCI), and ch lo r i ne  (C12), p l a y  a  major r o l e  i n  the 

cor ros ion  process. Appendix B contains a  de ta i  1  ed descr i -pt ion o f  

cor ros ion  i n  b lack  1  i quo r  b o i l e r s .  

3.3.1 ' Mater ia l  Test Results 

Laboratory t e s t  r e s u l t s  o f  t he  wastage o f  a  carbon s tee l  (SA-192) 

sample (1-1/2 x  1-1/2 bar) kept a t  700° F (644 K) f o r  one week are 

tabu1 ated be1 ow: 



TABLE 7  

WASTAGE ON SA-192 AT 700°F (REF. 1) 

Carbon s t e e l  tubes ( a t  t he  pr imary zone) 0.03 i n/yr  (0.76 mm/yr) 
Carbon s t e e l  tubes (1 i q u i d  spray gun area) 0.01 i n / y r  (0.25 mm/yr) 
Carbon s t e e l  w i t h  chromium no measurable wastage 
Carbon s t e e l  w i t h  chromium + aluminum no measurable wastage 
Compound tubes (304 S.S. over carbon s t e e l )  0.0026 i n / y r  (0..066 mm/yr) 
410 s t a i n l e s s  s tee l  0.0026 i n / y r  (0.066 mm/yr) 
Weld over lay  tubes* 0.039 i n/yr  (0.99 mm/yr) 

*Tubes w i t h  e x t r a  weld ing ma te r i a l  on the  surface. 

I n  a  si 'mulated recovery furnace, co r ros ion  r a t e  versus metal 

temperature da ta  f o r .  carbon s t e e l  (SA- 226) i s  shown i n  F igu re '8 .  

Type 304 s t a i n l e s s  s tee l  has e x h i b i t e d  the  bes t  res is tance t o  co r ros ion  

and i s  v i r t u a l l y  co r ros ion - f ree  i n  t h e  range o f  110'~ (316'~) t o  9 5 0 ' ~  

(783OK), as shown i n  Figures 9  and 10. Type 304 s t a i n l e s s  s t e e l  

p rov ides .  s a t i s f a c t o r y  p r o t e c t i o n  from gas and smelt  cor ros ion  due t o  

t he  format ion o f  a  t i g h t  and f i r m  sur face f i l m  con ta in ing  s u l f i d e s  and 

oxides o f  i r o n ,  chromium, and n i c k e l .  Firmness o f  t he  f i l m  i s  

s u f f i c i e n t  t o  r a s i s t  mechanical ac t ions  w i t h i n  the  furnace, and 

t i gh tness  o f  t he  f i l m  i s  adequate t o  minimize d i f f u s i o n  o f  corrodents 

through t h e  f i l m ,  thus l i m i t i n g  the  cor ros ion  r a t e  t o  a  low value o f  1 

t o  1.5 m i l l s  pe r  year.  Higher a l l o y e d  s t e e l s  o f f e r  no b e t t e r  

p r o t e c t i o n  aga ins t  f i r e s i d e  corros ion.  

Type 309 s t a i n l e s s  s t e e l  app l i ed  as a  flame sprayed p r o t e c t i o n  l a y e r  

does n o t  have the  necessary mechanical s t reng th  t o  stand up t o  t he  

s t resses used by f i r e b o x  and temperature cyc l i ng .  Type 309 s t a i n l e s s  

s t e e l  i s  app l i ed  as a  weld over lay  on a  carbon s tee l  tube and forms a  

m a r t e n s i t i c  zone. Th is  zone, w i t h  i t s  associated hardness peaks, ac t s  

as a  s t ress  r a i s e r .  These hardness peaks are shown i n  F igure  11 

(Ref. 10). 
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FIGURE 8 
CORROS 1 ON RATE VS . METAL TEMPERATURE 

FOR CARBON STEEL (SA-226)  ( R E F .  3 )  
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FIELD OPERATION AND EXPERIENCE 

Several paper companies were contacted t o  determine user experience i n  

t he  f i e l d .  The major problem areas were cor ros ion  o f  t he  waterwal l  

tubes i n  the  lower p a r t  o f  the  furnace and f o u l i n g  i n  the  superheater 

sect ions. The p o s s i b i l i t y  o f  explosions occur r ing  due t o  smelt/water 

reac t ions  caused by tube leakage i n  the  lower furnace d i c t a t e s  f requent  

b o i l e r  inspect ions.  The m a j o r i t y  o f  users inspect  b o i l e r s  tw ice  

annual ly,  w i t h  one company i nspec t i ng  th ree  times annual ly.  Inspect ion  

shutdowns requ i re  th ree  t o  f o u r  days (minimum) f o r  inspect ion  alone. 

During the  shutdown water/steam tubes are inspected u t i l i z i n g  

u l t r a s o n i c  and radiographic techniques. Occasional ly,  t he  f r o n t  rows 

o f  superheater tubes requ i re  c lean ing  due t o  the  bu i ldup o f  hard 

deposi ts  formed by mol t en /s t i cky  s a l t s  dur ing  load f l uc tua t i ons .  Most 

users keep superheater s lag  screen entrance temperatures i n  the  1400- 

1600 '~  range t o  1 i m i  t bu i ldup problems, b u t  occasional shutdowns are 

required. (The i n l e t  gas temperatures t o  the superheater a re  no t  

monitored, bu t  s e t t i n g s  are es tab l ished by mon i to r ing  superheater e x i t  

gas temperatures. ) 

I n  con t ras t  t o  t he  p r a c t i c e  fo l lowed by most users, the  Hudson Pulp & 

Paper ' Company (Palatka, F lo r i da )  has a r e l a t i v e l y  new CE b o i l e r  

(1250 p s i ,  900°F steam) tha.t i s  operated a t  ra ted  1 oad con t i nua l l y .  A t  

1 oad cond i t ions ,  s lag '  screen entrance ' temperature i s  1900°F, and 

superheater entrance temperature i s  1650°F (CE design va l  ues). The 

b o i l e r  was aperated from December 1976 t o  December 1977 w i t h  no 

shutdowns. During the  inspect ion  per iod,  hard deposi t  l aye rs  were 

removed from the  s lag  screen and the  i n i t i a l  bank o f  superheater tubes, 

which would i n d i c a t e  t h a t '  l i q u i d  smelt  had been present  on the  tubes 

dur ing  operat ion. 'No f o u l i n g  problems were encountered dur ing  the  one 

year  operat ional  per iod,  b u t  the  reason t h i s  cou ld  no t  be determined 

from t h e  users o r  from the  manufacturer. The superheater and soot 

blower design does no t  d i f f e r  markedly from o lde r  .designs t h a t  

repo r ted l y  have f o u l  i ng problems. 



To minimize furnace waterwal l  tube corros ion,  the  i ndus t r y  f e e l s  t h a t  

duplex tube conf igura t ions  are necessary f o r  steam pressures i n  excess 

o f  850 p s i .  The "Sandvi k" dual wa l l  tube i s  the  i ndus t r y  choice; the 

"Sandvik" tube cons is ts  o f  a  carbon s tee l  i n s i d e  tube f o r  pressure 

c a r r y i n g  and a  316 s ta in less  s tee l  ou ts ide  s h e l l  f o r  cor ros ion  

res is tance.  

BOILER EXPLOSION 

The smelt/water chemical reac t ions  i n  the  unique environment o f  the  

recovery b o i l e r  produce r a p i d  generat ion o f  steam and are p o t e n t l a l  l y  

explosive. The sequence o f  chemical reac t ions  r e s u l t i n g  i n  

ca tas t roph ic  explosions i s  no t  y e t  known. 

The var ious .causes o f  smel t /water  explosions are (Ref. 11): 

o f i r i n g  weak b lack  l i q u o r  o r  chemical so lu t ions  

o  us ing water i n  an unsafe manner 

o  overheat i  ng pressure p a r t s  

o  adding heavy b lack  l i q u o r  t o  smelt bed 

o  us ing a i r  lances improper ly  

o  cor ros ion  and eros ion 

o  leak ing  smelt  

o  l eak ing  water cooled p a r t s  

To prevent  explosion, the  f o l l o w i n g  precaut ions are recommended 

(Ref. 12): 

o  mai ntenance o f  oxygen and combusti b l  e  analyzers 

o  proper use o f  a i r  lances 

o  thorough p e r i o d i c  checking o f  t he  furnace from the standpoint  o f  

eros ion and cor ros ion  

o  monitored a u x i l i a r y  f u e l  burners 

o  a p p l i c a t i o n  o f - b o i l e r  feedwater treatment system 



o maintenance o f  l i q u o r  pump and standby pump, so t h a t  the  load can 

be immediately p icked up (otherwise condensate i s  formed i n  a  

d i r e c t  contact  secondary l i q u o r  heater) 

o  accurate measurement o f  percent  so l  i d s  f i r e d  

o  ensuring t h a t  the  smelt  bed i s  adequately cooled before water 

washing o f  b o i l e r  t o  f a c i  1 i t a t e  f i r e s i d e  inspect ion  o r  r e p a i r  

o  use o f  an a u x i l i a r y  f u e l  f i r i n g  f a c i l i t y  

o  design o f  good c o n t r o l  and ins t rumenta t ion  systems t o  r a p i d l y  

d r a i n  the  recovery b o i l e r  under emergency cond i t ions  t o  a  l e v e l  8  

f e e t  above the  bottom (8 f e e t  depth o f  water w i l l  avoid the  

overheat ing and thermal stresses s e t  up i n  d ry  ho t  Lubes due t o  

the  ho t  char and the  smelt  bed) 

o  opening o f  a  vent valve, f o l l o w i n g  a  t ime delay o f  2 minutes 

longer than the  t ime t o  d r a i n  t o  the  8  f e e t  l e v e l  as described 

above ( the  o b j e c t i v e  o f  t h i s  p recaut ion  i s  t o  reduce the  f l ow  o f  

water i n  the  event there  i s  a  pressure p a r t  f a i l u r e  below the  

8  f e e t  l eve l . )  

HEATING SURFACE PROTECTION 

The commercial methods o f  water cooled wa l l  cons t ruc t ion  t o  p r o t e c t  it 

from cor ros ion  are as fo l lows:  

o  A s a c r i f i c i a l ,  p i n  studded tube (up t o  t e r t i a r y  windbox l.eve1) i s  

used t o  reduce the  p o t e n t i a l ,  f o r  cor ros ion  by r e t a i n i n g  a  

s o l i d i f i e d  l a y e r  o f  smelt  adjacent t o  the  tube. This  provides a  

p o s i t i o n  b a r r i e r  t o  t he  f i u i d  smelt, elemental s u l f u r ,  and 

cor ros ive  gases o f  t he  hear th zone. Sometimes, B&W PC0 

"KROMIGHT-GUN" r e f r a c t o r i e s  ( a t  1500°~,  r e f r a c t o r y '  s average 

temperature, thermal conduc t i v i t y ,  12 Btu/sq. f t, h r   OF/^ n) are a1 so 

appl ied.  

o  M e t a l l i c  coat ings w i t h  chrome s tee l  (13.5 percent  C r )  are app l ied  

t o  sand b las ted  tube w a l l  s. 



o App l i ca t i on  o f  m u l t i p l e  coats o f  flame spraying w i t h  n i cke l  

a1 uminide (Ni3A14), 300 ser ies  s ta in less  s tee l  and a1 uminum 

( respec t i ve l y  from i n s i d e  t o  ou ts ide  layers) .  

o  Spray coat ing  w i t h  chromium n i cke l  t i t a n i d e  plasma. 

o App l i ca t i on  o f  d i f f u s i o n  coat ings o f  chromium and aluminum 

chromi um. 

o Prov id ing  hard face welding p r o t e c t i o n  over the  lower 6 t o  9 f e e t  

hear th zone. 

o The use o f  "SANDVIK" b i m e t a l l i c  compound tubes, f ab r i ca ted  from 

carbon s tee l  i n s i d e  f o r  pressure ca r ry ing  and 315 s ta in less  s tee l  

ou ts ide  f o r  NaCl cor ros ion  res is tance;  approximate thickness r a t i o  

o f  carbon s tee l  t o  s ta in less  s tee l  requ i red  i s  4-to-1, especial  l y  

when the  steam pressures are i n  excess o f  850 ps ig.  

The success' o f  each o f  the  above methods depends upon opera t ing  . 

cond i t ions  and qua1 i t y  o f  t he  manufacturing process. 

To c o n t r o l  f o u l i n g  and cor ros ion  i n  t he  superheater surface, a p l a t e n  

type ( "penc i l "  weld) sur face w i t h  wide l a t e r a l  tube spacing (minimum 

12 inches) i s  adopted by a l l  the  manufacturers. The technique o f  

tangent tube cons t ruc t i on  minimizes the  p ro jec ted  surface area 

perpendicular  t o - the  gas f l ow  and, as a r e s u l t ,  reduces the  f o u l i n g  and 

eros ion/corros ion problem. (Ref. 1). The p l a t e n  type tube sur face 

prevents the  c i r c u l a r  (360') format ion o f  s lag  (keying) and, thus, 

makes i t  eas ier  t o  remove s lag  by soot blowers. 
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BABCOCK & WILCOX CO. 
BLACK LIQUOR UNITS WITH CYCLONE EVAPORATORS 

Contracts 

5-9906 
5-9950 
5-9952 
PR-35 
PR-42 

.PR-49 
PR-55 
PR-56 
PR-57 
PR-67 
PA-77 
PR-83 
PR-84 
PR-85 
PR-86 
PR-87 
PR-88 
PR-89 
.PR-90 
PR-91 
PR-92 
PR-93 
PR-94 
PR-97 
PR-105 
PR-108 
PR-112 
PR-113 
PR-114 
PR-115 
PR-116 

Customer 

Hudson Pulp & Paper Co., Palatka, Fla. 
W. Va. Pulp & Paper, Charleston, S.C. 
Crown Zel lerback Corp., Camas, Wash. 
Packaging Corp. o f  America, F i l e r  C i t y ,  Mich. 
W. Va. Pulp & Paper co. , Luke, Md. 
Bowaters Carol ina Corp., Catawba, S.C. 
Continental Can Co. Nixon, Ga. 
Rayonier Corp., Hoquiam, Wash. 
Fibreboard Paper Products, Antioch, Cal. 
Downingtown Mfg. Co. fo r :  Seshasayee Pulp & Paper Ltd.,  I n d i a  
Spruce F a l l s  Pwr. & Paper Co., Kapuskasing, Ont. 
O l i n  Mathieson Chemical Corp., W. Monroe, La. 
Crown Zel lerbach Corp. , Bogalusa, La. 
Crown Zel lerbach Corp., S t .  F ranc isv i l l e ,  La. 
Scott  Paper Co.. Mobile, Ala. 
Champion Papers, Inc.,  Canton, N.C. 
Georgia P a c i f i c  Corp., Woodland, Me. 
Continental Can Co., Nixon, Ga. 
Crown Zellerback Corp., Eureka, Cal. 
Bowaters Carol ina Corp., Catawba, S.C. 
Weyerhaeuser Co., Cosmopolis, Wash. 
Crown Zellerbach Corp., Wauna, Ore. 
Celulose B i l l e ruds .  Portugal 
Alabama K r a f t  Co:, Mahrt, Ala. 
I n t .  Paper Co., Vicksburg, Miss. 
Owens-I l l inois, Orange, Texas 
I n t .  Paper Co., Bastrop, La. 
I n t .  Paper Co., Pine B l u f f ,  Ark. 
I n t .  Paper Co., Georgetown, S.C. 
I n t .  Paper Co., Spr ingh i l l ,  La. 
I n t .  Paper Co. , Camden, Ark. 

No. o f  
Units, 

Sold - 
B&W Ton 

Rating 

250 
360 
350 
300 
500 
450 
400 
550 
400 

66 
200 (MgO) 
450 
800 
600 
450 
900 
350 
400 
800 
600 
196 (MgO) 
800 
350 
900 

1000 
550 

1100 
1100 , 

900 ' 

700 
500 

Oper. 
Press 
(Psig) 

460 
1525 
400 
600 

1525 
850 
87 5 
620 
600 
150 
100. 
640 
450 
600 
575 
450 
875 
875 
600 
850 
860 
600 

Temp. '' F 

725 
880 
700 
750 
880 
825 
900 
750 
715 . . 
Sat. 
560 
750 
730 
730 
750 
725 
850 
900 
750 
900 
825 
750 
896 
825 
900 
835. 
925 
925 
825 
825 
825 



Contracts 

PR-118 
PR-122 
PR-123 
PR-124 
PR-127 
PR-128 
PR-130 
PR-140 
PR-141 
PR-144 
PR-146 
PR-148 
PR-158 
.PR-169 
PR-170 
PR-176 
PR-179 
PR- 180 
PR-186 
PR-193 

BABCOCK & WILCOX CO. 
BLACK LIQUOR UNITS WITH CYCLONE EVAPORATORS 

(continued) 

Customer 

Boise Cascade Corp:, St. Helens. Ore. 
Siam K r a f t  Paper Co., Bangkok, Thailand 
Kimberly Clark de Mexico, Orizaba, Mexico 
Great Northern Paper Co., M i l l i nocke t ,  Me. 
Publishers Paper Co., Oregon C i ty ,  Ore. 
U.S. Plywood-Champ. Papers, Inc.,  Courtland, Ala. 
Boise Cascade Corp., OeRidder, La. 
Southwest f o r e s t  Indust r ies.  Snowflake, Ariz.  
Kopparfors A/B, Gavle, Sweden 
I n t .  Paper Co., Texarkana, Texas 
U.S. Plywood-Champion Papers, Canton, N.C. 
I n t .  Paper Co., Mobile, Ala. 
U.S. Plywood-Champion Papers, Pasadena, Tex. 
Champion Celulose, S.A., Mogi Guacu, B r a z i l  
In te rna t iona l  Paper Co., Spr ingh i l l ,  La. 
Gulf States Paper Corp., Demopolis, Ala. 
Western K r a f t ,  Hawesvil le, Kentucky 
Champion In te rna t iona l ,  Courtland, Alabama 
In te rna t iona l  Paper, Texarkana, TX . 
Gul f  States Paper, Tuscaloosa, AL 

NO. o f  
Uni ts  
Sold 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1. 
1 
1 
1 

B&W Ton 
Rating 

450 
66 
95 (Soda) 

600 (MgO) 
200 (MgO) 
600 

1000 
500 
300 
750 
900 
700 
550 
575 
700 
600 
300 

1000 
1200 
700 

Oper. 
Press T e m p . 0 ~  

250 725 
600 750 
250 Sat. 

1275 855 
635 750 
450 550 
900 825 

1225 850 
854 842 
700 750 
425 750 ' 

1475 925 
400 725 
450 644 
450 765 
600 750 
250 530 
450 550 

1075 935 
875 ( fb t )  925 ( f u t )  

Cyclone Evaporators: 

The cyclone evaporator i s  a v e r t i c a l  c y l i n d r i c a l  vessel w i t h  a conical bottom. The strong b lack- l iquo? (45 t o  50% s o l i d s j  from the storage tank 
enters the cyclone evaporator and i s  d r ied  by f l ue  gas ( t o  62 t o  65% sol ids) .  The f l u e  gas i s  admitted through a tangent ia l  i n l e t  near the bottom. 
Black l i q u o r  i s  sprayed from the top across the gas o u t l e t  t o  obta in contact of l i q u o r  w i t h  gas. 





Contracts 

5-9905 
5-9912 
5-9915 
5-9925 
S-9930 
5-9931 
5-9932 
5-9958 
PA- 34 
PR- 36 
PR-37 
PR-38 
PR-40 
PR-41 

' PR-43 
PR-44 
PR-45 
PR-48 
PR-52 
PR-58 
PR-59 
PH-60 
PR-63 
PR-64 
PR-65 
PR-66 
PR-69 
PR-73 
PR-74 
PR-75 
PR-76 
PR-81 
PR-82 
PR-89 
PR-95 
PR-96 
PR-98 
PR-99 
PR-100 

Customer 

BABCOCK & WILCOX CO. 
BLACK LIQUOR UNITS WITH VENTURI SCRUBBER - EVAPORATORS 

Western K r a f t  Corp., Mi l lersburg,  Ore. 
Pot la tch Forests Inc. ,  Lewiston, Idaho 
I n t .  Paper Co. , So. K r a f t ,  Natchez, Miss. 
Waterv l ie t  Paper Co., Waterv l ie t ,  Mich. 
Owens Ill. Glass Co., B ig  Island, Va. 
I n t .  Paper Co. , So. Kra f t ,  Mobile, Ala. 
Northwest Paper Co., Cloquet, Minn. 
Mead Corp., Lynchburg, Va. 
Gul f  States Paper Corp., Demopolis, Ala. 
I n t .  Paper Co., So. Kra f t ,  Panama C i ty ,  Fla. 
I n t .  Paper Co., So. Kra f t ,  Pine B l u f f ,  Ark. 
Western K r a f t  Corp.. Mi l lersburg,  Ore. 
Buckeye Cel lulose Corp., Foley, Fla. 
American Can Co., Naheola, Ala. 
Eastern Corp., Lincoln, Me. 
Hoerner-Waldorf Corp., Mfssoula, Mont. 
Champion I n t .  Paper, Lawrence, Mass. 
I n t .  .Paper Co. , Ticonderoga, N. Y. 
Boise Cascade Corp., Walla Walla, Wash. 
Hoerner-Waldorf Corp., Missoula, Mont. 
American Can Co., Naheola, Ala. 
I n t .  Paper Co., So. K r a f t ,  Pine B l u f f ,  Ark. 
Thilmany Pulp & Paper Co., Kaukauna, Wisc. 
Boise Cascade Corp., Wallula, Wash. 
Bengal Paper 'Co., Calcutta, Ind ia  
Southwest Forest Products, Snowflake, Ar iz .  
D. M. Bare Paper Co., Roaring Springs, Pa. 
Kimberly-Clark Corp.; Anderson, Cal. 
I n t .  Paper Co., S p r i n g h i l l ,  La. 
South Carol ina Indust r ies,  Florence, S.C. 
S.O.  Warren Co., Cumberland M i l l s ,  Me. 
I n t .  Paper Co.. Georgetown, S .C .  
I n t .  Paper Co., Natchez, Miss. 
Continental Can Co:, Nixon. Ga. 
Green Bay Pulp & Paper Co., Opello, Ark. 
Owens-I l l inois Glass Co., B ig  Is land,  Va. 
Hammermill Paper Co. , Riverdale, Ala.. 
TJK Corp., Riceboro, Ga. 
Western K r a f t  Corp., Albany, Ore. 

No. o f  
Uni ts  &&W Ton 
Sold Rating 

250 
30 T. Smelter 
40 C. Smelter 

360 ea. 
300 
108 (NSSC) 
330 
360 

2 390 ea. 
1 165 

550 
390 
165 
300 
66 

150 
165 
300 
390 
390 
390 
250 
94 

250 
122 
150 
500 
4 10 
250 
900 
600 
400 
250 
40 (NSSC) 

4 50 
450 
165 

Oper. 
Press 

250 
600 
650 
120 
185 
450 
600 
600 
600 

1275 
1275 
250 
600 
875 
635 
600 
400 
425 
250 
600 
875 

1275 
620 
260 
475 

1200 
615 
600 
870 
650 
570 

1020 
1250 
875 
250 
185 
650 
650 
250 

Temp. OF 

Sat. 
750 
750 
Sat. 
Sat. 
725 
750 
750 
750 
900 
900 
580 
750 
825 
650 
750 
600 
700 
580 
-750 
825 
900 
825 
580 
725 
900 
730 
600 
825 
760 
720 
825 
925 
900 
Sat. 
Sat. 
760 
760 
580 



Contracts 

PA- 102 
' PR-104 
PR-106 
PR-107 
PR-109 
PR-110 
PA-111 
PR-129 
PR-152 
PR- 164 
PR-173 

BABCOCK & WILCOX CO. 
BLACK LIQUOR UNITS WITH VENTURI SCRUBBER - EVAPORATORS 

Customer 

Hoerner-Waldorf Corp., Missoula, Mont. 
Central Pulp M i l l s ,  Poona, Ind ia  
American Can Co., Naheola, Ala. 
Brown Co. , Ber l in ,  N.H. 
O l i n  K r a f t ,  Canoas, B r a z i l  
Georgia P a c i f i c  Corp. , Port  Hudson, La. 
Container Corp. o f  America, Ca l i ,  Colombia 
Western K r a f t  Corp., Hawesvil le, Ky. 
Rigesa S.A., Tres Barras. B r a z i l  
Punalur Paper, Kerala, I n d i a  
Container Corp. o f  America, Ca l i ,  Colombia, S.A. 

No. o f  
Uni ts  
Sold 

1 
1 
1 
1 
1 
1 
1 
i' 
1 
1 
1 

B&W Ton 
Rating 

Oper. 
Press 

600 
625 
875 
850 
600 
875 
700 
250 
600 
500 
250 

Venturi  Scrubber - Evaporators: 

The ventur i  evaporator-scrubber i s  a device t h a t  c o l l e c t s  the fume from the waste gas and also provides contact o f  the gases w i t h  the b lack 
l i q u o r  f o r  concentrat ion by evaporation. Thas scrubber depends on the c o l l i s i o n  o f  fume p a r t i c l e s  w i t h  l i q u i d  droplets. The l i q u o r  i s  
concentrated by cool ing the gas t o  about 180 F. The l i q u o r  i s  rec i rcu la ted  from the cyclone separator sump t o  the Venturi th roa t  nozzles a t  a 

? concentrat ion o f  60-70% sol ids.  Fume c o l l e c t i o n  coef f ic ienc ies o f  90 t o  94% are continuously maintained. 



WE recovery unit orders 

CASCADE EVAPORATOR SYSTEMS 
DRY SOLIDS DRY SOLIDS 

CUSTOMER NAME CAPACITY PRESSURE - PSI CUSTOMER NAME CAPACITY PRESSURE - PSI 
LOCATION LBSIDAY S HO. TEMP. 'F LOCATION LBSIDAY S. HO. TEMP. "F 

Allied Paper 
Jackson. Ata 

Canadian Cellulose 
Prince Rupert. B.C. 2.640.000 6251650 

Canadian International Paper 
La Tuque, Oue. 3,000,000 4001500 

Eastex, Inc. 
Evadale. Texas 3.300.000 625l i50 

Chesapeak Corp. o l  Virginia 
West Po~nt .  Va. 2.700.000 1.2251900 

Cl~urchi l l  Forest Industries 
Maniloba. Canada 1.450.000 7751825 

- ppppp -- -~ 

Comp. Portuguesa De Celulosa 
Cacia. Portugal 8?0.000 9101797 

~onsol idated Paper'Co. 
LV~sconsin Rapids. Wisc. 1,200,000 1.2751900 

.- 

Crown Zellerbach 
Camas. W ~ s h .  . 1.980.000 4151525 

Hudson Pulp & Paper 
Palataka. Fla. 

Kimberly-Clark Corp. 
, Coosa Pines. Ala. 

Kimberly-Clark Corp. 
01 Canada 
lerrace Bay. Ontario 2.400.000 8751900 

.- -- 
Northwestern Pulp & Paper 
Hinton. Alberla 2,400.000 6251750 

Federal Paperboard 
Riegetwood. N C. 

Westvaco Corp. 
Cuv~nglon. VA Proctor and Gamble 

Grand Prairie. Alberta 
Westvaco Corp. 
Luke. MO Scoll Paper Co. 

Skowhegan. Me - - - -- -- - 

Georgia-Pac~lic Corp. 
Port Hudson LA 3.000.000 9001825 
- - - -. . - Sociedade Industrial 

Oe Cullulose 
Setubul. Portugal Great Lakes Paper Co. 

lhurlder 8 d b .  Ontario - 

Weyerhaeuser Co. 
Everett, Wash. 1,000,000 62017 10 

Weyerhaeuser Co. 
Plymoulh. N.C 4.500.000 8751825 

International Paper Co. 
N;~icriez. f41ss 

lr~lernational Paper Co. 
I P r l ~ ~ ~ ~ n a  C I I~ .  Fla. 

2.700.000 4501450 
(2 unils) 

- p-p - - - - 

' Longview Fibre 
1 l oilgvicw. VVash.. 3.300.000 8501750 
+ ..... .. _ _- 
. New Zealand Forest Products 
! K ~ ~ ~ l e i l h .  N Z 2.500.000 3501490 

LAMINAIRE AIR HEATER ** 
.......... 

CUSTOMER NAME CAPACITY PRESSURE-PSI 
LOCATION LBSlDAY S. HO. TEMP. 'F 

i SI. Joe Paper Co 
i Pol l  St. Joe. Fla. Boise Cascade 

St. Helens. Ore 
: Union Canip Corp. 
! S;~~.II I I I~~~~. c;l Boise Cascade 

W;~llul;~, Orc 2.100.000 -100i750 

1 EXTENDED ECONOMIZER SYSTEMS* 
Continental Can 
Itudgu.' La. 

i DRY SOLIDS 
CUSTOMER NAME CAPACITY PRESSURE - PSI 

LOCATION LBSIDAY S. HO. TEMP. 'F 
St. Regis 
Tacoma. Wash. 2.590.000 4501725 

Weyerhaeuser Co. 
Valliant. Okla. 4,500.000 1 300:925 Arkansas Kralt 

I Murr~lton. Ark. 2.000.000 6151735 

* See following page for note. 
** See following page for note. 

iish Forest Products 
3.000.000 6251750 



* . EXTENDED ECONOMIZER SYSTEMS: 

The types o f  extended surfaces are  cas t  i r o n  o r  aluminum g i l l  

r i n g s ,  s p i r a l  f i n s  and small metal studs welded t o  the  tubes. The 

extended surface economizers have economic advantages over bare 

tube surface i n  lower f i r s t  cos t  and smal ler  space requ i red  f o r  

i n s t a l l a t i o n .  Extended surface tubes are  normal ly i n s t a l l e d  

h o r i z o n t a l l y  i n  a staggered pat te rn .  They are s u i t e d  f o r  u n i t s  

w i thou t  a i r  heaters. 

** LAMINAIRE A I R  HEATER: 

L his regenerat ive type a i r  heater i s  o f  two types: . (1) r o t a t i n g  

p l a t e  and (2) r o t a t i n g  duct  connections. I n  t he  r o t a t i n g  p l a t e  

type regenerat ive a i r  heater,  heat s torage,  p l a t e  elements are 

heated progress ive ly  i n  a f l ow ing  gas stream, and then 

progress ive ly  r o t a t e d  by mechanical means i n t o  a f l ow ing  a i r  

stream where the  s to red heat i s  released t o  the  a i r  before the  

p l a t e s  are re turned t o  the  gas stream. . I n  t he  r o t a t i n g  duct  

connections p la tes  are  stat ionary. Depending upon the  gas and a i r  

i n l e t  and o u t l e t  temperatures, two o r  th ree  types o f  heat ing  

surface metals w i t h  ceramic coat ing  a;e used. 



NO. - 
1 

COPELAND SYSTEMS INCORPORATED 
(SUBSIDIARY OF FOSTER WHEELER DEVELOPMENT CORPORATION) 

BLACK LIQUOR UNITS WITH DIRECT CONTACT 
EVAPORATORS 

PURCHASER, LOCATION, YEAR OF 
OPERATION MATERIAL PROCESSED' TECHNOLOGY START-UP 

Domtar F ine  Papers 200 t p d  equ i va len t  K r a f t  1975 
Ltd.  K r a f t  b l  ack l i quor over1 oad 
Cornwal l  , On ta r i o  w i t h  chemical recovery by 
600 t p d  bleached recovery (Na?SO,,- f 1 u i  d i  zed bed 
K r a f t  board and 3 4 % / ~ a ~ ~ 0 ~ - 6 6 % )  combustion a t  
spec ia l  t i e s  32% l i q u o r  

s o l i d s  w i t h  
60,000 l b s / h r  
steam 
genera t ion  a t  
250 ps ig /Sat .  

DIRECT CONTACT EVAPORATORS: 

I n  t h e  d i r e c t  c o n t a c t  .evaporator ,  t h e  1 i q u o r  and f l u e  gas a re  brought  

i n t o  i n t i m a t e  phys i ca l  con tac t ,  and t h e r e  i s  a mass t r a n s f e r  o f  ,water 

vapor f rom t h e  l i q u o r  t o  t h e  gas across ' the  l i quo r -gas  i n t e r f a c e .  

The d i r e c t  con tac t  evaporator  used i n  t he  recovery u n i t  i s  o f  t h e  

cycl.one, cascade o r  Ven tu r i  t ype  which were descr ibed p rev ious l y .  



APPENDIX B 

CORROSION IN BLACK LIQUOR BOILERS 

The cor ros ion  r a t e  i s  s t rong ly  a f f e c t e d  by s k i n  metal temperature, type 

o f  atmosphere (reducing o r  ox id i z ing ) ,  gas cons t i tuents ,  and tube metal 

composition. It i s  f u r t h e r  complicated by operat ing pressures, h igh  

v e l o c i t i e s ,  and eros ive  p a r t i c l e  impingement. Cyc l i c  operat ion a l so  

increases the  p o t e n t i a l  f o r  cor ros ion ,  due t o  accelerated e x f o l i a t i o n  

o f  semiprotected scale. Corrosion fo l l ows  a pa rabo l i c  r e l a t i o n s h i p  

w i t h  t ime, i . e .  cor ros ion  tends t o  "drown" i n  i t s  own waste products 

unless they are removed by s p a l l i n g  due t o  thermal c y c l i n g  o r  o ther  

causes. 

Knowledge o f  t h e  a c t i o n  o f  the  gas cons t i tuents  on the  p r i n c i p a l  and 

m i  no r .  e l  emen.ts o f  the  tube metal , a1 ong w i t h  the  re1 a t i  ve thermodynamic 

s t a b i l i t y  o f  the  var ious metal compounds t h a t  could be formed, are 

necessary t o  determine corros ion.  The gas cons t i tuents  may be 

o x i d i z i n g  (H20, CO, C02), ca rbu r i z i ng  (CO, C O Z Y  CH4), s u l f i d i z i n g  (SO2, 

H2S, CO'S), o r  n i t r i d i n g  (N2, NH3). The tube metal i s  p r i n c i p a l  l y  

composed o f  Fe, Ni  , o r  C r ,  w i t h  minor addi t i .ons o f  S i  , Mn, Cu, T i ,  'A1 , 
Mo, etc.  The metal compounds t h a t  could be formed are oxides, 

s u l f i d e s ,  carbides, and n i t r i d e s ,  simple o r  complex. As a r e s u l t  o f  

chemical react ions,  new species, i n c l u d i n g  S2, 02, C, HS, COS, and SO3, 

w i l l  be formed. A t  any g iven pressure and temperature, the  gas w i l l  

s h i f t  composit ion t o  approach equi l ibr i .um. The r a d i a n t  furnace zone, 

espec ia l l y  a t  the  hear th area, i ncu rs  extensive cor ros ion  compared t o  

the  convect ion surface zones (superheater and b o i l e r  bank). (Ref. 13) 

A t  h igher  opera t ing  pressures, s u l f u r  and oxygen p a r t i a l  pressures are 

s i m i l a r ,  b u t  carbon a c t i v i t y  ' increases s i g n i f i c a n t l y .  Depending upon 

changes i n  s u l f u r  and oxygen a c t i v i t y  through the  predominant scale, 

o ther  reac t i on  products may f o r m .  I f  the  s u l f u r  a c t i v i t y  a t  the  

i n t e r f a c e  o f  a chromium oxide (Cr203) scale surface f a l l s  below the  

value a t  whi.ch the  s u l f i d e  i s  i n  equ i l i b r i um w i t h  the  metal, on ly  the  



oxide w i l l  form, and the  s u l f i d e s  w i l l  no t  grow beneath the scale. The 

penet ra t ion  o f  any p r o t e c t i v e  oxide scale system by s u l f u r  i s  

i nev i tab le ,  and, eventua l ly ,  t h a t  scale w i l l  be destroyed by the  

undergrowth o r  i n t e r n a l  format ion o f  su l  f ides. 

The equi 1 i b r i um mix ture  changes s i g n i f i c a n t l y  when the  pressure i s  

changed. As f o r  example, when the  pressure i s  changed from one atm. t o  

68 atm. , s u l f u r  and oxygen pressures are  s i m i l a r ,  b u t  carbon a c t i v i ' t y  

i s  increased by a f a c t o r  o f  over 50. A s h i f t  toward equ i l i b r i um f o r  

CO/C02 may be establ  ished i n  seconds, where as the  CH JH2 equi 1 i b r i um 

s h i f t  has a h a l f  l i f e  o f  over seven minutes. That i s ,  the '  methane 

content  w i l l  be reduced t o  h a l f  i t s  i n i t i a l  value i n  t h i s  t ime span. 

Nickel-NiS slags are  '1 i q u i d  above 1193 '~  (918 K) wh i l e  Fe-FeS-FeO slags 

are l i q u i d  above 1697 '~  (1198 K). Me l t i ng  o f  Fe-FeS-FeO slags on 

Fe-Al-Cr i s  a t  temperatures as low as 1 6 5 g ~  (1172' K). S u l f i d e  me1 t i ng 

temperature i s  o f  major importance i n  determining the  use o f  s ta in less  

s tee l s  and h igh  temperature a1 loys.  (Ref. 13) 

I n  b lack  l i q u o r  b o i l e r s ,  the  phenomenon o f  cor ros ion  has been observed 

a t  t he  f o l l o w i n g  1.ocations: 

o The window face o f  the  furnace w a l l  tubes. The a t tack  i s  1 i m i  t e d  

t.0 an area between the  pr imary a i r  p o r t s  from s i x  t o  e i g h t  inches 

above and below the  po r t s .  This  h igh  heat re lase  area (s ince the  

heat absorpt ion r a t e  i s  near ly  tw ice  (40,000 Btu /hr /sq . f t . )  as 

h igh  as the  average r a t e  f o r  (conta in ing  l o c a l i z e d  concentrat ions 

o f  C02, O2 and S compounds) a re  major reasons f o r  a t tack .  Under 

the  furnace cond i t ions ,  t he  gases always generate sodium hydroxide 

(NaOH) vapor by the  f o l l o w i n g  react ion:  

NaOH 

This NaOH vapor penetrates the  porous wa l l  s t r u c t u r e  i n t o  the  

small c losed space. Here, t he  vapor condenses due t o  the  



considerably coo le r  tube surface. This causes a vacuum which 

draws add i t i ona l  NaOH vapor. The add i t i ona l  components such as 

Na2C03 and Na2S04, lower the me l t i ng  p o i n t  o f  NaOH s t i l l  f u r the r .  

Thus, t he  NaOH appears as a smelt  a t  h igher  b o i l e r .  pressure. This  

molten NaOH reac ts  w i t h  ox id i zed  s tee l  ( f e r r i c  oxide-Fe203) 

forrni ng sodi um hypo fe r r i  t e  (NaFe02) as. f o l  1 ows: 

I f  removed, t he  generated NaFe02 exposes the  unattacked tube metal 

(Fe) f o r  f u r t h e r  cor ros ion  a t t a c k  by concentrated NaOH. NaFe02 i n  

the  presence o f  O2 t ransforms t o  sodium f e r r a t e  (Na2Fe04). 

o I n  the  reducing atmosphere i n  whjch sodium s u l f i d e  (Na2S) along 

w i t h  h igh  metal temperatures r e s u l t s  i n  a f i r e  s ide  cor ros ion  o f  

t he  f l a t  studs (cor ros ion  s t a r t s  a t  5 7 0 ' ~  and maximizes above the  

750'~). Burn-through o f  the  f l a t  s tud  b a r r i e r  above and below the  

pr imary a i r  p o r t s  accelerates the  penet ra t ion  and deposi t  o f  

a1 kal  i n e  s a l t s  i n  back o f  the  furnace wa l l  tubes. 

o A t  the  upper p a r t s  o f  the  furnace (above the  furnace zone), due t o  

the  f o l  lowing react ions,  elemental S i s  generated: 

H2S + 1/2 d2 + H20 + S 

(known as " s u l f i d e "  corros ion)  

2Na2S + 3 SO2 + 2Na2S03 + 3s 

The p r i n c i p a l  cor ros ion  product  i s  formed by. the reac t ion :  

Fe + S + FeS 



The format ion o f  i r o n  s u l f i d e  (FeS) i n  the  cor ros ion  s c a l e ,  

suggests t h a t  the  oxygen pressure beneath the  scale may be i n  the  

order  o f  10'14 atmospheres. ~t higher  SO2 o r  O2 pressures, i r o n  

oxides form, and, i n  the  presence o f  oxides on i r o n  surfaces, 

h igher  s u l f u r  pressures and moistures are needed t o  form i r o n  

s u l f i d e  (FeS). (Ref. 14) 

The cor ros ion  caused by the  furnace gases i s  dependent on the  

vary ing  r a t i o  between H2S and O2 due t o  l a c k  o f  combustion a i r ,  

over loading o f  the  b o i l e r ,  h igh  s u l f i d i t y ,  and s u l f u r  losses. The 

cor ros ion  i s  diminished by p ropo r t i ona l  increase o f  oxygen as we l l  

as by an increase o f  water vapor and SO2. I n  t he  area near the  

tube wa l l s  below the  pr imary a i r  po r t s ,  the  furnace gas ana lys is  

i n  recovery u n i t s  show la rge  amounts o f  carbon d iox ide  (7 t o  

9 percent) and small amounts o f  s u l f u r  d iox ide  (0.05 percent  o r  

less) .  The e f f e c t  o f  concentrat ions o f  C02 on the  cor ros ion  r a t e  

i s  shown i n  F igure 12. 

o A t  the  smelt  l e v e l ,  the corrosiveness o f  t h e .  smelt  depends 

p r i m a r i l y  the  amount o f  sodium s u l f a t e  (Na2S04) and sodium 

c h l o r i d e  (NaCl) present. The r e s u l t i n g  cor ros ion  can be so severe 

t h a t  a bare s t a i n l e s s  s tee l  tube cannot stand a steam pressure 

h igher  than 1200 psig.  

As shown i n  Fi.gure 13, the  me l t i ng  p o i n t  o f  the  smelt (most ly 

Naps) decreases as the  concentrat ion o f  sodium c h l o r i d e  (NaC1) 

increases. Based on ho t  cor ros ion  screening t e s t s  f o r  two 

mixtures o f  NaCl and Na2S04, cor ros ion  ra tes  on IN- 738 and 

UDIMET-500 are p l o t t e d  i n  Figu.res 14 and 15. Chlor ide s t ress  

cor ros ion  has cracked the  s o l i d  s ta in less  s tee l  tubing. It i s  

advisable t o  r e t a i n  a carbon s tee l  tube as the  pressure-bearing 

-tube. Chlor ide s t ress  co r ros ion .  cond i t ions  may a r i s e  i n  the  

furnace dur ing  shutdown and waterwash operat ion i n  the  b o i l e r .  

The o r i g i n  o f  ch lo r ides  may be e i t h e r  sea water o r  bleach p l a n t  
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FIGURE 12 
EFFECT OF FURNACE GAS COMPOSl T I  ON ON CORROS l ON (REF. 8 )  
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FIGURE 13 
EFFECT OF SbDlUM CHLORIDE ON THE MELT lNG POINT OF SMELT (REF. 8 )  
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FIGURE 1 4  . 
COMPARISON OF SUPERALLOY PERFORMANCE I N  90 PERCENT Na2S04 
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recyc le  water. R e l a t i v e l y  lower me1 t i n g  p o i n t s  o f  sodium 

th iosu lphate  (Na2S03) and sodium pyrosulphate (Na2S207) r e s u l t  i n  

h igh  cor ros ion  ra tes .  The expected reac t i on  i s :  

Sodium s u l f i d e  . (Naps) i s  cor ros ive  i n  a i r ,  and sodium t h i o s u l  f a t e  

(Na2S03) i s  extremely cor ros ive  i n  n i t rogen.  The sodi um su l  f i de 

i s  much more cor ros ive  than the t h i o s u l f a t e  i n  the  furnace gas 

atmosphere. Above 950°F (738 K), cor ros ion  o f .  studs has been 

recorded due t o  po lysu l  f i d e s  and ch lo r ides  i n  the  sme I t .  
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ABSTRACT 

Current conceptual designs of ~lagnetohydrodynamic (MHD) Electrical Power Genera- 

ting Stations are open cycle systems which include the use of a Rankine cycle 

bottoming system iq combination with the MHD loop. The high temperatures and 

presence of significant amounts of alkali metal compounds are items of concern 

for the Rankine cycle equipment. In this report, currently available commercial 

boiler systems and cyclone separations are reviewed. The applicability of 

this technology to an MHD system is assessed, and development requirements 

identified. This report is divided into three sections: 1.0 Black Liquor 

Boilers, 2.0 Slag Tap Boilers, and 3.0 Cyclone Separators. 

. . 
iii 
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1 . 0  BLACK LIQUOR RECOVERY BOILERS 

1.1 I n t r o d u c t i o n  

. . -  Glack l i q u o r  r ecovery  b o i l e r s  u t i l i k e d  i n  t h e  paper, i n d u s t r y  o p e r a t e  w i t h  s i g -  

n i f i c a n t  q u a n t i t i e s  o f ' s o d i u m  s u l f a t e  (Na SO ) ,  which is chemica l ly  s i m i l a r  t o  
. . 2 4 

potass ium s u l f a t e  compoun'ds t h a t . w i l l  be encountered i n  t h e  PMD system. Foul- 
. . .  

i n g  and c o r r o s i o n  problems encountered i n  t h e  Black Liquor System a r e  i n d i c a t o r s  

of  t h e  problems t o  be  expec ted  i n , t h e  MHD system. Techniques t o  minimize t h e s e  
. . problems i n  b l a c k  l i q u o r  b o i l e r s  and t h e i r  a p p l i c a b i l i t y  t o  MHD a r e  examined 
I 

i 
i n  t h i s  sect i o n .  

1 . 2  Summary and Conclus ions  

There a r e  c e r t a i n  f e a t u r e s  employed i n  b l a c k  l i q u v r  b o i l e r s  which have m e r i t  

r e g a r d i n g  a p p l i c a b i l i t y  t o  t h e  MHD steam tube  banks.  Designs by major manu- 

f a c t u r e r s  i n c o r p o r a t e  wide l a t e r a l  s p a c i n g  i n  t h e  tube  banks t o  minimize 

p lugg ing  due t o  f o u l i n g .  Spacings  s i m i l a r  t o  b l a c k  l i q u o r  r ecovery  b o i l e r  

p r a c t i c e s  a r e  d e s i r a b l e  f o r  t h e  MHD system. The t echn ique  of t a n g e n t  

tube  c o n s t r u c t i o n  i n  t h e  s u p e r h e a t e r  r e g i o n  t o  minimize t h e  p r o j e c t e d  s u r f a c e  

a r e a  p e r p e n d i c u l a r  t o , t h e  g a s  f low should  reduce  f o u l i n g  and c o r r o s i o n / e r o s i o n  

problems. Tube rows i n  t h e  b l a c k  l i q u o r  s u p e r h e a t e r s  a r e  i n  l i n e  (no t  s t a g g e r e d ) ,  

t o  s i n i i l a r l y  minimize p r o j e c t e d  a r e a  p e r p e n d i c u l a r  t o  t h e  gas  f low. T h i s  tech- . 
n i q u e  shou ld  be  cons ide red  for t h e  MHD sys tem.  P a r a l l e l  f low s u p e r h e a t e r s  a r e  

used i n  b l a c k  l i q u o r  u n i t s  t o  e n s u r e  t h a t  t h e  h o t t e s t  gases  encounter  t h e  

c o o l e s t  m e t a l  t ube  t empera tu res .  Th i s  p r a c t i c e  should  a l s o  be cons ide red  f o r  

8. . 
t h e  MHD system. 

Cor ros ion  of  water-wall  t u b e s  i s  t y p i c a l l y  encountered i n  t h e  f u r n a c e  h e a r t h  
. . 

a r e a .  The s e v e r i t y  i s  a p p a r e n t l y . l i t t l e  a f f e c t e d  by a p p l i c a t i o n  of r e f r a c t o r y  

c o a t i n g  i n  t h i s  a r e a ,  b u t  r a t h e r  i s  minimized by main ta in ing  low tube  w a l l  
k. .. t empera tu res .  

! One m a n u f a c t u r e r ' s  d e s i g n ,  Combustion Engineer ing,  (CE) p e r m i t s  s u p e r h e a t e r  

s c r e e n  i n l e t  t empera tu res  i n  t h e  rarige of 1900°F (1040°C). A t  t h e s e  temper- 

- - a t u r e s ,  molten sodium compounds would be p r e s e n t  on t h e  t u b e s  a t  t h e  f r o n t  



of the superheater, and "sticky" deposits would occur further into the tube 

banks. Operation under these conditions apparently does not markedly effect 

either tube corrosion .or fouling problems. The Babcock and Willcox design 

on the other hand, is based on a 1700°F superheater screen inlet temperature 

to minimize liquidlsticky deposits. Similar operating conditions are con- 

templated for the MHD superheaterlreheater components. 

The most critical concerns of the MHD system relative to the black liquor 

boiler are: 

Higher gas side and steam temperatures as envisioned in the ECAS and 

ETF studies. The possibility for corrosion, especially during 

transient periods of unbalanced steamlgas flow operation, is increased. 

a The presence of coal slag constituencies also increases corrosion 

potential. 

a 'Increased particulate loading. Fouling problems will be more 

severe due to loading on the order of 5 times higher in the MHD 

system. 

a Presence of molten and sticky seed on the superheater tubes. 

Corrosion potential is enhanced with liquid seed, and fouling 

problems become more severe with "sticky" seed. 

The following.recommendations are made to increase the probability of success 

of the superheater-reheater-low' temperature MHD component' designs. 

a Conduct small scale tests in a simulated MHD atmosphere. 

a Continue the search for improved materials. . ~nvesti~ate the feature o.f gas quenching to eliminate either 

molten seed, or "sticky" seed problems as an alternative approach 

to current conceptual designs. 

a Consider alternate means of seed removal, otller than deposition 

on heat exchanger surfaces. 

a Consider steam temperatures and pressures lower than.RCAS and ETF 

levels for initial test train evaluation. 



These recommendations p o i n t  t o  t h e  need f o r  a  g r e a t l y  expanded d a t a  base  f o r  

t h e  MID h e a t  r ecovery  equipment. T e s t i n g  conducted t o  d a t e  has  n o t  d u p l i c a t e d  
. . 

t h e  a c t u a l  MHD o p e r a t i n g  c o n d i t i o n s ;  hence,  ve ry  l i t t l e  m a t e r i a l s  d a t a  and 

e s s e n t i a l l y  no f o u l i n g  in fo rmat ion  i s  a v a i l a b l e .  I t  is  important  t h a t  such 

..... in£ormat ion  b e  o b t a i n e d  a s  soon a s  p r a c t i c a l ,  u t i l i z i n g  such f a c i l i t i e s  a s  

1 . Argonne N a t i o n a l  L a b o r a t o r y ' s  TCTDF [ I 2 ]  t e s t  f a c i l i t y ,  UTSI and M i s s i s s i p p i  

,. . S t a t e  U n i v e r s i t y  T e s t  Programs, and t h e  c o a l  combustor development f a c i l i t y  

a t  P i t t s b u r g h  Research Cen te r .  

1 . 3  Discuss ion  

1 . 3 . 1  Black Liquor  P r o c e s s  D e s c r i p t i o n  [ I 1  

Black l i q u o r  is  t h e  s o l u t i o n  r e s u l t i n g  i n  t h e  s u l f a t e  pu lp ing  p rocess  from 

: 1 '- 

d i s s o l v i n g  t h e  l i g p i n  b i n d e r  which molds t h e  c e l l u l o s e  f i b e r s  t o g e t h e r  i a  wood 
. . . c h i p s .  The wood c h i p s  a r e  "cooked" under p r e s s u r e  w i t h  s team,  sodium hydroxide ,  

i .' 
and sodium s u l f i d e .  During t h i s  cooking p r o c e s s ,  t h e - l i g n i n  is d i s s o l v e d  i n  

, . t h e  cooking s o l u t i o n ,  which i s  then  known a s  b l a c k  l i q u o r .  The b l a c k  l i q u o r  

is  then  r e c y c l e d  f o r  r e p e a t  use  a s  a  cooking l i q u o r  through s e v e r a l  p r o c e s s e s  

I-: . ' 
shown i n  t h e  schemat ic  i n  F i g u r e  1-1. The b o i l e r  s e r v e s  r o  burn o f f . t h e  o r g a n i c  

I - compounds i n  t h e  b l a c k  l i q u o r  and conver t  t h e  sodium s u l f a t e  (Na SO ) t o  sodium 
8 .  

2  4 

( .  
c a r b o n a t e  (Na CO ) and sodi.um su l f i .de  (Na S ) .  

2 3 2  

,. - 
! The b a s i c  p r i n c i p l e s  of  o p e r a t i o n  of a  t y p i c a l  b o i l e r  a r e  d e p i c t e d  i n  F igure  1-2. 

[ 2  I 
? ... 

Black l i q u o r  (65 p e r c e n t  s o l i d s )  i s  sprayed on t h e  f u r n a c e  w a l l  f o r  d r y i n g  t o  

e v a p o r a t e  t h e  wa te r  remaining i n  t h e  s o l u t i o n .  The d r i e d  s o l i d s  f a l l  t o  t h e  

h e a r t h  a r e a  o f  t h e  f u r n a c e  f o r  combustion.  A r educ ing  atmosphere i s  mainta ined 

i n  t h e  h e a r t h ' a r e a  t o  accomplish convers ion  t o  sodium s u l f i d e .  A d d i t i o n a l  a i r  

i s  added i n  o t h e r  s e c t i o n s  above t h e  h e a r t h  i n  d i f f e r e n t  l o c a t i o n s  t o  complete 

combustion and promote d r y i n g  of t h e  b l a c k  l i q u o r  sprayed o n t o  t h e  f u r n a c e  

w a l l s .  The chemical .  r e a c t i o n s  t h a t  occur  i n  g iven a r e a s  a r e  a l s o  shown i n  

F i g u r e  .I-2. 

1 .3 .2  Design F e a t u r e s  

1 . 3 . 2 . 1  'Furnace .  There a r e  s e v e r a l  d i f f e r e n t  p h i l o s o p h i e s  u t i l i z e d  f o r  t h e  

recovery  b o i l e r  f u r n a c e  d e s i g n .  The Yoster-Wheeler Copeland Systems des ign  [ 3 1  



Fig. 1-1 Kraft Recovery Process 
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co + 112 02 - C02 
H2 + 112 02 -Hz0 
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Fig. 1-2 Typical Recovery Unit Showing Reactions and Where They Occur, 
Reference [13] 





A l l  d e s i g n s  i n c o r p o r a t e  a  s l o p i n g  f l o o r  to .min imize  smel t  pool  f o r r u a ~ i o n .  

1.3.2.2 Tube Banks. The d i f f e r e n t  d e s i g n  f e a t u r e s  a r e  shown below i n  Table  2-2. . '; 
TABLE 1-2 

S  /H 12"/3" 
(Spacing,  L a t e r a l l F o r e  & A f t )  

B o i l e r  Bank 6"/4" 

Economizer ~ ! I / ~ I I  

Steam Flow 

Temperature i n  : 

12"/0 
( t a n g e n t  tube)  

9"/5 112' '  

4"/7 112" f inned  

S u p e r h e a t e r  (S lag  Screen)  1700 

B o i l e r  Bank 1300 

Economizer 750 

P a r a l l e l  P a r a l l e l  

S i m i l a r  wide l a t e r a l  s p a c i n g s  a r e  used i n  t h e  s u p e r h e a t e r  d e s i g n s  by bo th  man- 

u f a c t u r e r s  t o  minimize t h e  p o s s i b i l i t y  of  f v u l i n g  when ash d e p o s i t s  b ~ i i l d  up. 

The CE s u p e r h e a t e r  d e s i g n  i n c o r p o r a t e s  a t a n g e n t  tub$ c o n s t r u c t i o n  ( t u b e  w a l l  

s u r f a c e s  i n  c o n t a c t  i n  t h e  d i r e c t i o n  of g a s  flow2 t o  minimize p r o j e c t e d  s u r f a c e  

a r e a  p e r p e n d i c u l a r  t o  t h e  g a s  f low. ,Th i s  phi losophy was chosen because  t h e  

most s e v e r e  a s h  d e p o s i t i o n  u s u a l l y  o c c u r s  on s u r f a c e s  p e r p e n d i c u l a r  t o  t h e  g a s  

f l o w ' d u e  t o  impingement. Gas v e l o c i t i e s  through t h e  s u p e r h e a t e r  a r e  on t h e  

o r d e r  of 10  f t / s e c . f o r  a l l  d e s i g n s .  The most s i g n i f i c a n t  d e s i g n  f e a t u r e  of  

t h e  CE u n i t  is t h e  s u p e r h e a t e r  i n l e t  t empera tu re  l e v e l .  A t  t h e  1900°F i n l e t  

t empera tu re ,  d e p o s i t s  on t h e  i n i t i a l  sows of  t h e  s u p e r h e a t e r  s l a g  s c r e e n  t u b e s  

a r e  l i q u i d .  (The tube  w a l l  t empera tu res  a r e  o n , t h e . o r d e r  of 700-800°F s o  t h a t ,  

l a t e r ,  a s o l i d  a s h  is main ta ined  a d j a c e n t  t o  t h e  t u b e  s u r f a c e . )  F u r t h e r  i n t o  

t h e  s u p e r h e a t e r  .bank, t h e  gas  t empera tu re  p a s s e s  through t h e  a s h  s o l i d i f i c a t i o n  

t empera tu re  of  % 1600°F. For s e v e r a l  rows t h e r e a f t e i ; s t i c k y  a s h  d e p o s i t s  r e s u l t .  

The d e p o s i t s  a p p a r e n t l y  do tend t o  f a l l  o f f  (wi th  s o o t  blower a s s i s t a n c e )  b e f o r e  

f o u l i n g  o c c u r s .  The s o o t  blowers a c t t ~ a l l y  blow upstream t o  enhance removal of 

t h e  d e p o s i t s .  . I n  t h e  economizer bank,  t h e  CE d e s i g n  i n c o r p o r a t e s  f inned  tubes  

( i n  t h e  gas  f low d i r e c t i o n )  t o , d i r e c t  t h e  f low and min imize ,ash  d e p o s i t i o n .  

The 'gap  between f i n s  is  approximate ly  112 inch .  [4  I 



. . .. 
-1.3.3 F i e l d  Opera t ion  and Exper ience  

C 
S e v e r a l  paper  companies w e r e ' c o n t a c t e d  ( s e e  References  13-18) t o  d e t ~ r m i n e  u s e r  

e x p e r i e n c e  i n  t h e  f i e l d .  The major problem a r e a s  were c o r r o s i o n  of  t h e  water-  

w a l l  t u b e s  i n  t h e  lower p a r t  of  t h e  f u r n a c e  and f o u l i n g  i n  t h e  s u p e r h e a t e r  
.. . 
i s e c t i o n s .  The p o s s i b i l i t y  of e x p l o s i o n s  o c c u r r i n g ,  due t o  s m e l t / w a t e r  r eac -  

i t i o n s  caused by t u b e  l eakage  i n  t h e  lower f u r n a c e ,  d i c t a t e s  t h a t  f r e q u e n t  

,. . . b o i l e r  i n s p e c t i o n s  be  made. The m a j o r i t y  of u s e r s  i n s p e c t  b o i l e r s  twice  
I 

i a n n u a l l y ,  w i t h  Crown-Zellerbach i n s p e c t i n g  t h r i c e  a n n u a l l y  on major h o l i d a y s .  

I " 

I n s p e c t i o n  shutdowns r e q u i r e  t h r e e  t o  f o u r  days  (minimum) f o r  inspecti011 a l o n e .  
I 
t A l l  wa te r / s t eam t u b e s  a r e  i n s p e c t e d  d u r i n g  t h e  shutdown, u t i l i z i n g  u l t r a s o n i c  
\ 

and r a d i o g r a p h i c  t echn iques .  Occas iona l ly  t h e  f r o n t  rvws of s u p e r h e a t e r  tubes  

. i '  . 
I r e q u i r e  c l e a n i n g  d u r i n g  shutdown due t o  bu i ldup  of hard  d e p o s i t s  formed by 
\ .  . 

m o l t e n / s t i c k y  salts  d u r i n g  l o a d  f l u c t u a t i o n s .  Most u s e r s  a t t e m p t  t o  keep super -  

h e a t e r  s l a g  s c r e e n  e n t r a n c e  t empera tu res  i n  t h e  1400-1600°F range  t o  avoid  

such  problems b u t  o c c a s i o n a l  load  f l u c t u a t i o n s  cause  h i g h e r  i n l e t  t empera tu res  

i " '  

and o c c a s i o n a l  shutdowns a r e  r e q u i r e d  due t o  f o u l i n g .  ( I t  shou ld  be noted t h a t  

1 
,, . . t h e  i n l e t  t empera tu res  t o  t h e  s u p e r h e a t e r  a r e  n o t  moni tored,  b u t  s e t t i n g s  a r e  

e s t a b l i s h e d  v i a  moni to r ing  s u p e r h e a t e r  e x i t  t empera tu res . )  
4. - -  

i 
I n  t h e  c o n t r a s t  t o  t h e  p r a c t i c e  fo l lowed by most u s e r s ,  t h e  Hudson Pu lp  & Paper 

I 

i Company ( P a l a t k a ,  F l o r i d a )  h a s  a  r e l a t i v e l y  new CE b o i l e r  (1250 p s i ,  900°F steam) 
.. - 

t h a t  i s  o p e r a t e d  a t  r a t e d  l o a d  c o n t i n u a l l y .  A t  r a t e d  l o a d  c o n d i t i o n s ,  s l a g  s c r e e n  

I e n t r a n c e  t empera tu re  i s  1900°F, and s u p e r h e a t e r  e n t r a n c e  t empera tu re  i s  1650°F 
! 

(CE d e s i g n  v a l u e s ) .  The b o i l e r  was o p e r a t e d  from December 1976 t o  December 1977 
. -.. w i t h  no shutdowns. During t h e  i n s p e c t i o n  p e r i o d ,  ha rd  d e p o s i t  l a y e r s  were removed 

1 
\. . from t h e  s l a g  s c r e e n  and i n i t i a l  bank of  s u p e r h e a t e r  t u b e s ,  which would i n d i c a t e  

t h a t  l i q u i d  s m e l t  had been p r e s e n t  on t h e  t u b e s  d u r i n g  oper . a t ion .  No f o u l i n g  

( ... . . problems were encountered d'uring t h e  one y e a r  o p e r a t i o n a l  p e r i o d .  

1 The r e a s o n  f o r  t h e  d i f f e r e n c e  i n  f o u l i a g  e x p e r i e n c e  w i t h  t h i s  b o i l e r ,  r e l a t i v e  
'. - .' 

t o  o t h e r  b o i l e r s ,  could  n o t  be  determined from t h e  u s e r s  o r  from t h e  mznufac tu re r .  

i: : The s u p e r h e a t e r  and s o o t  blower d e s i g n  does  not  d i f f e r  markedly from o l d e r  d e s i g n s  

t h a t  r e p o r t e d l y  have f o u l i n g  problems. A more d e t a i l e d  i n v e s t i g a t i o n  i n t o  s p e c i f i c  

b o i l e r  and s o o t  blower o p e r a t i o n a l  p rocedures  would be  r e q u i r e d  t o  f e r r e t  o u t  
i ', .. t h e  d i f f e r e n c e s .  



Insofar as furnace water-wall tube corrosion is concerned, the industry feels 

that duplex tube configurations are necessary for stcam pressures in excess 

of 850 psi. The Sandvik tube would be selected by the industry for these 

conditions. It consists of a carbon steel inside tube for pressure carrying 

and a 316 stainless steel outside shell for corrosion resistance. 

1.3.4 MHD Requirements 

The principal differences between the Black.Liquor Recovery Boiler Systems 

and the contemplated MHD designs are listed in Table 1-3 below and discussed 

in the following paragraphs. 

TABLE 1-3 

i 
i. .. 

Item - 

I Steam ~emperature/~ressure 
.. _. 

Primary Ash/Cocstituents 
Slag 

%. . . 
Maximum Gas Temperature 

i .' Gas Temperature to Steam 
Tubes 

Black Liquor MHD Steam Cycle (ETFIECRS) 

to 925"F/1500 psi 1000°F/3700 psi 

Na Compounds 

2800°F 

K compounds and 
coal slag 

Particulate Loading into S/H 
~rains/ft~/sec 

18 

Melting Point OF Na2 C03-1563 K2C03-1645 

Na SO4-1625 K SO -1955 
2 4 

The increased steam requirements for the MHD system create concern for steam 

tube corrosion in the superheater region. The- limited available data indicate 

that corrosion of tube materials at metal temperatures 'in.excess of 1100°F 

in the presence of smelt, similar to that anticipated in the MHD system, could 

be extremely severe r7 y  " 9 y  lo' ll'. Any transient unbalances which either 

increase the heat load to the steam tubes, or decrease the heat transfer rate 

on the steam side, will increase corrosion potential. The higher gas temperature 

also 'increases the potential for corrosion during temporary steam side imbalances. 

i 
i: The presence of coal slag in the MHD system, in addition to the potassium com- 

pounds, adds further complexity to the corrosion problems due to several factors 

!.- . such as effects on the potassium compound melting temperatures and presence of 



additional trace elements i l l  the system. 'l'here is a meager data base available 

to.understand and predict the reaction of tube materials in the MHD environment 
. . 

for lengthy exposures and with cyclic effects caused by startup and shutdown 

that would be expected in the operation of the system. 

. . 
I 

! 
1 Superheater fouling problems in the MHD system can be expected to be more 

severe than those encountered in black liquor boiler opqration. The particu- 

I late loading in the MHD system is anticipated to be much higher than the black 

liquor boiler, as noted in Table 1-3. Although the fouling tendencies of 

I K SO -K CO are not clearly defined, again due to lack of data, it is ex- 
\ 2 4 2 3  

pected that it will exhibit tendencies similar to the deposits in the Black 
. . .  

I Liquor Systems. Experiences in the Russian MHD effort and at the Pittsburgh 
i. Energy Research Center have indicated that severe fouling problems can be 

'i anticipated. ['I In addition to the quantity of ash, the temperature range of 
i . . the gas in the superheaterlreheater banks will result in formation of molten 

and "sticky1' deposits as the gas temperature falls through the K2S04-K2C03 
i 
i solidification temperature. .. . 

I 

I 1.3.5 Technology Voids and Development Requirements 

There are several areas where technology advancements or alternate approaches 
/ 

i may be required for the MHD system, namely: (1) new materials, (2) deposit 
c 

removal techniques, (3) recycle gas mixing systems, and (4) development of alter- 

I nate seed removal techniques other than by deposition on steam tube surfaces. It 
\ 

would appear that scaled tests should be conducted at the earliest possible 

time to confirm or deny the need for these development items. 

From the standpoint of materials corrosion in the steam tube banks, the data 
I 
\ can be accumulated, prior to the testing of a full steam train system, by 

, ' 

utilizing facilities at the Pittsburgh Energy Research Center (PERC) currently 
1 being used for the.development of an MHD coal combustor. Tube material sample i. , 

tests have 'been conducted in the past in this Eacility, and could again be 
. . 

conducted as an add-on item to.the current program. The test component and :- . tecllnology development facility at Argonne National Laboratory ANL, currently 

under construction, is targeted to conduct tests of tube type heat exchangers 
\ 
(. . in simulated EMD atmosphere in the near future. Early sample testing in the 

i 
PERC facility could provide guidance to the ANL program. 

\-- : 



As an alternate to the current conceptual design approach with liquid and 

sticky seed deposits in the steam tube banks, it is recommended that the 

concept of recycle gas mixing be pursued. In the event that corrosion and 
i 

deposit removal in the sticky form are severe problems, gas quenching tempera- 

tures on the order of 1700°F could provide relief. Conceptual development 
i 
$ of a quenching process utilizing recycled stack gas should include an economic 

. - assessment to evaluate additional power requirements, increase in heat exchanger 

I I. surface requirements, and overall cycle effects. 

I 
\ 

An additional alternate approach to the seed deposition problem would be via 

removal of seed by techniques that do not involve the use of heat exchanger 
. . .. 

I tube materials. Conceptual designs could be developed to .utilize devices such 
b .  as 'cyclones, expansion wave techniques, or moving bed filters. The applicability 
. . 

I 
of any of these approaches ,is dependent on characterization of the deposit and 

-. . _ agairi emphasizes the need for testing at an early date. The economics of the 

, . .. alternate removal techniques, as in the case of gas quenching, must also be 
i. 
..._ 

assessed. 
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2.0 SLAG TAP BOILERS 

... - - 
'! 

2.1  I n t r o d u c t i o n  

i 
S l a g  t a p  b o i l e r s  a r e  c o a l - f i r e d  sys tems which o p e r a t e  w i t h  l i q u i d  s l a g  i n  

t h e  f u r n a c e .  L iqu id  c o a l  s l a g  w i l l  a l s o  b e  p r e s e n t ' i n  t h e  r a d i a n t  b o i l e r  
i < s e c t i o n  o f  t h e  MHD Downstream Heat Recovery System. A review o f  e x i s t i n g  

,- . s l a g  t a p  b o i l e r s  was conducted t o  d e f i n e  c u r r e n t  problem a r e a s ,  and i d e n t i f y  

technology requ i rements  f o r  t h e  MHD r a d i a n t  b o i l e r .  

2.2 Summary and Conclus ions  

S l a g  t a p  b o i l e r s  o p e r a t e  s u c c e s s f u l l y  i n  u t i l i t y  atmospheres w i t h  a one-year 

o p e r a t i o n a l  p e r i o d  between shutdowns. The combustion gas  i n  t h e  MHD System, 

however, is  expec ted  t o  b e  more c o r r o s i v e  and may r e q u i r e  more f r e q u e n t  

shutdowns. Based on i n d u s t r y  e x p e r i e n c e  and m a t e r i a l s  t e s t i n g ,  i t  i s  a n t i c -  

i p a t e d  t h a t  c o r r o s i o n  problems can be  minimized by c o n t r o l  of w a t e r w a l l  tube  

t empera tu res  through s team c y c l e  s e l e c t i o n .  Exper imenta l  t e s t i n g  shou ld  b e  

conducted t o  a s c e r t a i n  t h e  magnitude o f  t h e  c o r r o s i o n  problem. S l a g  t a p  

i ' * ' -  

boi1.er c o n s t r u c t i o n / d e s i g n  t echn iques  t h a t  shou ld  b e  r e t a i n e d  f o r  t h e  MHD 

System are s l o p i n g  f u r n a c e  f l o o r  and s tudded  w a l l  c o n s t r u c t i o n .  

2 .3  Discuss  i o n  

2.3.1 Furnace Design 

There  a r e  two b a s i c  t y p e s  o f  s l a g  t a p  b o i l e r s  - pulver ized-coa l - f i r ed  and 

cyclone f u r n a c e s .  These two d e s i g n s  a r e  d i s c u s s e d  i n  . t h e  fo l lowing  paragraphs .  

2 .3 .1 .1  Pulverized-Coal-Fired B o i l e r s .  [1'21 The concept  of c o a l  p u l v e r i z a -  

t i o n  w a s  i n i t i a t e d  w i t h  t h e  d e s i r e  t o  promote a  more r a p i d ,  f u l l y  mixed 

combustion p r o c e s s  than  t h a t  normal ly  o b t a i n e d  i n  g r a t e - f i r e d ,  crushed-coal  

f u r n a c e s .  The c o a l  i s  p u l v e r i z e d  t o  a  f i n e  "dust"  and pneumat ica l ly  i n j e c t e d  

i n t o  t h e  f u r n a c e ,  w i t h  t h e  f i n e r  c o a l  p a r t i c l e  s i z e  and t u r b u l e n c e  c r e a t e d  

by i n j e c t i o n ,  enhancing t h e  combustion p r o c e s s .  The fo rmat ion  of a  l i q u i d  

s l a g  pool  i n  t h e  fu rnace  occur red  a s  a n  i n c i d e n t a l  r e s u l t  of t h i s  d e s i g n ,  due 

t o  t h e  h i g h e r  combustion t empera tu res  o b t a i n e d .  I t  was d i scovered  t h a t  t h e  

l i q u i d  s l a g  pool  was d e s i r a b l e  a s  a r e s u l t  of  r e d u c t i o n  of  a s h  ca r ry -over  t o  



t h e  e x h a u s t  s t a c k  (40-50 p e r c e n t  f o r  t h e  p u l v e r i z e d  c o a l  f u r n a c e  c u ~ i ~ p a r e d  

t o  80 p e r c e n t  f o r  t y p i c a l  dry-ash b o i l e r s ) .  New f u r n a c e  problems a r o s e ,  

I however, w i t h  t h e  fo rmat ion  of a l i q u i d  s l a g  poo l :  1 )  i n c r e a s e d  c o r r o s i o n  

r e s u l t e d  i n  t h e  h e a r t h  a r e a ,  and 2) t e c h n i q u e s  had t o  be  developed t o  a c h i e v e  

e f f e c t i v e  l i q u i d  s l a g  removal.  The problem o f  c o r r o s i o n  s t i l l  e x i s t s  b u t  i s  
,i 

minimized through use  o f  s a c r i f i c i a l  s t u d  w a l l s ,  r e f r a c t o r y  c o a t i n g s  and 

maintenance of  tube  w a l l  t empera tu res  i n  t h e  a r e a  of  600°F. S l a g  removal 
! 
$ problems have been dec reased  by t h e  use  of  a s l o p i n g  f l o o r  i n  t h e  fu rnace ,  

e n l a r g e d  s l a g  t a p s ,  and l o c a t i o n  o f  t h e  pu lve r ized-coa l  i n j e c t o r s  s o  t h a t  t h e  
I 
i c o a l  is f i r e d  d i r e c t l y  a t  t h e  s l a g  t a p  h o l e .  Th i s  las t  t echn ique  e n s u r e s  

t h a t  t h e  maximum f u r n a c e  temperacure uccurs  a t  t h e  t a p  t o  p rov ide  t h e  lowes t  

i p o s s i b l e  s l a g  v i s c o s i t y  f o r  .removal purposes .  Even w i t h  t h e s e  p r e c a u t i o n s ,  

o c c a s i o n a l  t a p  h o l e  p lugg ing  o c c u r s  w i t h  h igh-s lagg ing  c o a l s .  I n  t h e  f i n a l  

1 a n a l y s i s ,  t h e  pu lve r ized-coa l - f i r ed  f u r n a c e  s u f f e r e d  from two u n d e s i r a b l e  
. .  f e a t u r e s  - t a p  h o l e  p lugg ing  and use  o f  a  s u b s t a n t i a l  amount o f  power r e q u i r e d  

. . t o  p u l v e r i z e  t h e  c o a l ,  the reby  degrad ing  o v e r a l l  s t a t i o n  e f f i c i e n c y .  These 
I 
I 
,. two drawbacks l e d  t o  t h e  development o f  t h e  cyc lone  f u r n a c e  d i s c u s s e d  i n  t h e  

.. . f o l l o w i n g  paragraph.  With t h e  cyc lone  f u r n a c e  s u c c e s s f u l l y  developed,  p r o d u c t i o n  
i of  pu lve r ized-coa l  f u r n a c e s  was t e r m i n a t e d .  S e v e r a l  of  t h e s e  f u r n a c e s  a r e  

, . 

s t i l l  i n  s e r v i c e  a t  . p r e s e n t .  ,. . 

I 
< 

2.3.1.2 Cyclone Furnace.  [192931  The cyc lone  f u r n a c e  was c o n c e i v e d  t o  over-  

i .  come two d e f i c i t s  of t h e  p u l v e r i z e d  c o a l  . furnace:  1 )  t o  e l i m i n a t e  t h e  need 
%. . 

f o r  p u l v e r i z a t i o n ,  and 2) t o  p rov ide  b e t t e r  s l a g  removal.  The cyc lone  f u r n a c e  

o p e r a t e s  w i t h  crushed c o a l ,  t h e r e b y  reduc ing  t h e  c o a l . s i z i n g  power r e q u i r e -  
I 

i* > .  ments. Inc reased  f a n  power is  r e q u i r e d ,  however, w i t h  t h e  r e s u l t a n t  a u x i l i a r y  

. . n e t  power abou t  e q u a l  t o  t h a t  of pu lve r ized-coa l  f u r n a c e s .  The d e s i g n  of t h e  

cyc lone  f u r n a c e  is  i l l u s t r a t e d  c o n c e p t u a l l y  i n  F i g u r e  2-1. Coal i s  i n j e c t e d  

t a n g e n t i a l l y  a t  t h e  head of t h e  f u r n a c e ,  a long  w i t h  combustion a i r .  S w i r l  

and t u r b u l e n c e  i n  t h e  cyc lone  f u r n a c e  promote e f f e c t i v e  mixing and r e s u l t  

i n  h i g h e r  combustion t empera tu res  than  t h o s e  o b t a i n e d  i n  t h e  pu lve r ized-coa l  

f u r n a c e s .  A l i q u i d  s l a g  poo l  i s  formed i n  t h e  cyc lone  and r u n s  o f f  i n t o  t h e  

main b o i l e r ,  a s  shown i n  F i g u r e  2-1. The cyc lone  is  c o n s t r u c t e d  w i t h  water-  

cooled w a l l s , . a n d  u t i l i z e s  a  ceramic  wear l i n e r  f o r  p r o t e c t i o n .  Both c o r r o s i o n ,  

due t o  l i q u i d  s l a g ,  and e r o s i o n ,  due t o  c o a l  p a r t i c l e  a b r a s i o n ,  a r e  exper ienced  



PRIMARY AIR 
'.. A N D  COAL 

' SECONDARY 

~ i ~ .  2-1 Cyclone Furnace Design 



in the cyclone. The wear liner is designed for a continuous one-year furnace 

operational period. During the annual shutdown/maintenance interval, the liner 

is simply replaced. The main boiler section experiences corrosion problems 

similar to those encountered with the pulverized-coal furnaces. Here again, 

studded wall construction is used and refractory linings are applied. The 

cyclone furnace operates with approximately 10 percent excess air overall. 

Locally, however, under the slag layer, the atmosphere is reducing. 1 4 ]  ~ e v -  

eral utility companies have experimented with various refractory coatings to 

enhance corrosion resistance, but all have found that the lining is completely 

consumed in the one-year operating period. Regardless of lining consumption, 

the unit does normally operate for one year without shutdowns. The waterwall 

tube corrosion is mainly controlled by sacrificial studs and maintenance of 

.-600°F maximum tubewall temperatures, as for the pulverized-coal furnaces. [51 

The temperatures encountered in the cyclone furnace are usually on the order 

of ' 3 2 0 0 ~ ~  in the cyclone and 3000°F+ in the boiler furnace. It should be 

noted here that, although these temperatures are somewhat higher than those 

encountered in the pulverized-coal furnaces, the overall corrosion effects 

are similar. The materials of cons.truction for both furnaces are the same, 

and both units operate for one year be.tween shutdoms. 

2.3.1.3 Convection Passage Design Philosophy. In coal-fired furnaces of all 

types, the ground rule used for the boiler design is to lower the radiant (water- 

walled) furnace gas temperature to a level below the initial deformation tempera- 

ture of the particular coal being burned. There are two reasons for this 

approach.' First is the concern for heat exchanger surface fouling. Reducti0.n 

of the gas temperature below the.initia1 deformation temperature of the coal 

ash is desirable, so that the ash deposited on the tube banks will be non-sticky 

and, hence, easier to remove. Secondly, there is concern for corrosion with the 

presence of fluid ash on heat exchanger surfaces at elevated temperatures. [5,7,81 

Experience has.indicated that presence of liquid slag on heat exchanger metallic 

surfaces, at temperatures in excess of 1000°F, causes corrosion severe enough 

that this practice is avoided in commercial installations. 



2 . 3 . 2  MHD Requirements 

Cur ren t  concep tua l  desigris  f o r  t h e  MHD Heat Recovery System c a l l  f o r  a 
. .- . . 

r a d i a n t  b o i l e r  s e c t i o n  immediately downstream o f  t h e  MHD Channel-Diffuser 

E x i t .  The c o n d i t i o n s  o f  t h e  combustion s t r e a m  a t  t h i s  p o i n t  a r e  more s e v e r e  

than  normal ly  encountered i n  e x i s t i n g  commerc ia l ' coa l - f i r ed  b o i l e r  sys tems.  

The major concerns  are: 1 )  h i g h e r  t empera tu res ,  and 2 )  a more complex and 

c o r r o s i v e  s l a g .  The MHD r a d i a n t  b o i l e r  e n t r a n c e  temperatures  a r e  expected t o  

be on t h e  o r d e r  of 3700°F, 600-700°F h o t t e r  than  cyclone b o i l e r  f u r n a c e  tem- 

p e r a t u r e s .  The atmosphere i n  t h e  b o i l e r  w i l l  be reduc ing ,  s i m i l a r  t o  c o n d i t i o n s  

under t h e  s l a g  l a y e r  i n  t h e  cyclone fu rnace .  However, t h e  i n c r e a s e d  potassium 

sal t  c o n t e n t  of t h e  gas  s t ream i s  of concern from t h e  c o r r o s i o n  s t a n d p o i n t .  

The planned MHD steam c o n d i t i o n s  of 3800 p s i a  -and 1005°F w i l l ,  r e q u i r e  steam 

tempera tu res  of 800°F a t  e x i t  from t h e  r a d i a n t  b o i l e r .  [ 6 1  This  w i l l  r e s u l t  i n  

wa te rwal l  tube  m e t a l  s u r f a c e  t empera tu res  i n  excess  of 800°F. Experience has  

i n d i c a t e d  t h a t  c o r r o s i o n  of carbon s t e e l  t u b e s  a t  t h i s  t empera tu re  w i l l  be  

.. . a problem, and r a i s e s  concerns  r e l a t i v e  t o  l i f e  c h a r a c t . e r i s t i c s  ,of t h e  MHD 
i 
i 
i. System. 

i Based 'on i n d u s t r y  exper ience  w i t h  e x i s t i n g  systems, i t  seems a d v i s a b l e  t o  
\ .  

adopt  t echn iques  which have been proven s u c c e s s f u l  commercially.  The concept  
I ' 

! of s tudded w a l l  c o n s t r u c t i o n  shou ld  b e  mainta ined t o  minimize t h e  amount of 
... 

c o r r o s i o n  exper ienced on tube w a t e r w a l l s ,  u t i l i z i n g  t h e  s t u d s  a s  s a c r i f i c i a l  

i -  m a t e r i a l .  The s l o p i n g  f l o o r  concept  should  ' a l s o  be  mainta ined t o  enhance s l a g  

(. .. dra inage  and p reven t  s lag-pool  bu i ldup .  F i n a l l y ,  i n d u s t r y  wa te rwal l  tube  

I c o r r o s i o n  e x p e r i e n c e  as a f u n c t i o n  o f  s team c y c l e  s e l e c t i o n  shou ld  be  reviewed, 
i' --. 

0 and t h e  MHD d e s i r e d  c o n d i t i o n s  a s  env i s ioned  i n  t h e  ECAS s t u d i e s  should be  

r e v i s e d  as n e c e s s a r y , a s  development p r o g r e s s e s  t o  ensure  s u c c e s s f u l  MHD System 

i 
i . ... commercial l i f e .  

I 2 . 3 . 3  Technology Voids and Development Requirements 
i-. . 

The technology v o i d s  i d e n t i f i a b l e  f o r  t h e  MHD r a d i a n t  b o i l e r  s e c t i o n ,  compared 

i t o  c u r r e n t  c o a l - f i r e d  b o i l e r s ,  a r e  c o r r o s i o n  o r i e n t e d .  M a t e r i a l s  and c o a t i n g s  
\... : 

w i t h  i n c r e a s e d  c o r r o s i o n  r e s i s t a n c e  a r e  d e s i r a b l e  f o r  t h e  MHD System. A s  noted 

f ,  e a r l i e r  i n  t h i s  r e p o r t ,  t h e  c o r r o s i o n  a n t i c i p a t e d  f o r  t h e  MHD r a d i a n t  b o i l e r  i s  
i . .  expected t o  be e s s e n t i a l l y  a f u n c t i o n  of t h e  s e l e c t e d  steam c o n d i t i o n s .  To 

a s c e r t a i n  t h i s ,  i t  i s  recommended t h a t  t e s t s  be conducted a s  e a r l y  a s  p o s s i b l e  

:_ _ . 
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to guide the overall MHD program. Tests planncd at UTSL, Mississippi State, 

and Argonne National Laboratory are expected to provide this needed information. 
. . 

Additional data could be obtained utilizing the coal combustor development 

!. facility at the Pittsburgh Energy Technology Center. 

I ., There are additional, unique requirements for the MHD radiant boiler that are 

not addressed in current boilers. .High NOx concentrations are anticipated in 
i ' '  

the MHD System, and current conceptual designs utilize the radiant boiler to 

decompose NO through controlled cooling rates. Preliminary data from tests 
X 

i at UTSI indicate that NO emissions are controllable in this manner; however, 
X 

additional testing would be helpful to determine the effect of variables such 

i as scaling, stoichiometry, and combustion temperatures. The attainment of slag 
\ 

removal and seed separation in the boiler through temperature control is also 
. . 

t a concern. Economic studies have indicated that on. the order of 95 percent of 
i, the seed material must be recovered for recycling purposes. Testing must be 

. . conducted to verify that this. separation can be achieved. 
i 

. , 
i. 
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3.0 CYCLONE SEPARATORS 

3 . 1  I n t r o d u c t i o n  

T h i s  r e p o r t  is  a  survey of cyc lone  equipment f e a s i b i l i t y  f o r  l i q u i d  and 

s o l i d s  removal i n  t h e  MHD steam bottoming p l a n t .  Cyclone theory  is reviewed,  

p o t e n t i a l  u s e s  f o r  cyc lones  a r e  d i s c u s s e d ,  t h e  c a p a b i l i t i e s  of e u r r e n c l y  

a v a i l a b l e  equipment a r e  a s s e s s e d ,  and recommendations f o r  development a r e  

p resen ted .  

3.'2 Summary and Conclus ions  

Standard cyc lones  l a c k  c a p a b i l i t y  t o  e f f e c t i v e l y  s e p a r a t e  p a r t i c u l a t e  m a t t e r  

w i t h  p a r t i c l e  s i z e s  of f i v e  microns o r  l e s s .  Development of modif ied  cyc lones  

t h a t  u t i l i z e  aerodynamic o r  mechanical  means of s e p a r a t i o n  enhancement could  

be  of i n t e r e s t  t o  t h e  MHD sys tem i n  two a r e a s ,  (1)  seed s e p a r a t i o n  p r i o r  t o  

s u p e r h e a t e r  e n t r a n c e ,  and (2)  f l y a s h l s e e d  s e p a r a t i o n  a t  t h e  econometer e x i t .  

Seed s e p a r a t i o n  a t  t h e  s u p e r h e a t e r  e n t r a n c e  could  be  a t t r a c t i v e  t o , d e c r e a s e  

s u p e r h e a t e r  t u b e  plugging.  However, t h e  e l e v a t e d  t empera tu res ,  c o r r o s i v e  

a tmosphere ,  and s m a l l  p a r t i c u l a t e  s i z e s  a n t i c i p a t e d  would i n d i c a t e  t h a t  

e x t e n s i v e  development would b e  r e q u i r e d .  Development of improved e f f i c i e n c y  

c o l l e c t o r s  f o r  f l y a s h l s e e d  c o l l e c t i o n  a t  t h e  economizer o u t l e t  could  be  

h e l p f u l  i n  r educ ing  t h e  load  on e l e c t r o s t a t i c  p r e c i p i t a t o r s .  The economic . . .. . . .... 

impact  of t h e s e  d e v i c e s  should  be  a s s e s s e d  i f . d e v e l o p m e n t  is contemplated.  

. . 

3 .3  General  Cyclone Theory 

The b a s i c  p r i n c i p l e  of  o p e r a t i o n  of cyc lones  i s  t o  impar t  a  s p i n  t o  t h e  g a s  

s t r eam,  c r e a t i n g  a  v o r t e x  t o  s e p a r a t e  s o l i d s  by c e n t r i f u g a l  f o r c e .  A s k e t c h  

of a t y p i c a l  cyc lone  is shown i n  F i g u r e  3-1. 

Air e n t e r s  through t h e  t a n g e n t i a l  i n l e t ,  s p i r a l s  downward, and e x i t s  upward 

through t h e  d i s c h a r g e  d u c t  i n  a s t r o n g  v o r t e x .  P a r t i c l e  s e p a r a t i o n  t h a t  

can be achieved i n  a  cyc lone  is  dependent p r i m a r i l y  on t h e  foilowi*g f a c t o r s :  

P a r t i c l e  s i z e  

P a r t i c l e  d e n s i t y  

. e  Gas v i s c o s i t y  

Vortex s p i n  speed 



D i r t y  Gas 

C lean  Gas 

S o l i d s  C o l l e c t i o n  Hopper 

F i g .  3-1 T y p i c a l  Cyclone  ~ o n f i g u r a t  i o n  



T h e o r e t i c a l l y ,  f o r  a g iven  cyc lone  d e s i g n  w i t h  a  f i x e d  p a r t i c l e  d e n s i t y ,  g a s  

i .  d e n s i t y ,  and g a s  v i s c o s i t y ,  t h e r e  is a  minimum p a r t i c l e  s i z e  ( r e f e r r e d  t o  a s  

t t h e " c u t 1 '  s i z e )  t h a t  can be c o l l e c t e d .  The "cut"  s i z e  is determined by c a l -  

. . c u l a t i n g  v i s c o u s  d r a g  and c e n t r i f u g a l  f o r c e s  a c t i n g  on t h e  p a r t i c l e s ,  and 

i de te rmin ing  t h e  p a r t i c l e  s i z e  a t  which t h e s e  f o r c e s  a r e  equa l .  A l l  s m a l l e r  

p a r t i c l e s  w i l l  d r i f t  inward w i t h  t h e  g a s  f low and w i l l  e scape ,  whereas a l l  
1' ' . 
i l a r g e r  p a r t i c l e s  w i l l  be  s e p a r a t e d .  The "cut" s i z e  c a l c u l a t i o n  is  i l l u s t r a t e d  

below: 

1 Spin  Speed: The c e n t r i f u g a l  f o r c e  g e n e r a t e d  i n  a cyc lone  is  a  f u n c t i o n  
, 

of t h e  s p i n  speed ,  which is  i n  t u r n  a  f u n c t i o n  of throughput  mass f low,  

I and cyc lone  geometry. For a  s e l e c t e d  geometry,  and f low r a t e ,  t h e  
i 
\ cyc lone  s p i n  speed h a s  been e x p e r i m e n t a l l y  determined t o  be r e p r e s e n t e d  

I by two d i f f e r e n t  r e l a t i o n s h i p s  a s  shown i n  F igure  3-2. 

\ 

Spin Velocity 

I l 

Fig .  3-2 Cyclone Spin  Speed 



The i n n e r  c o r e  gas  s p i n s  a t  c o n s t a n t  a n g u l a r  v e l o c i t y ,  and t h e  o u t e r  
2  

gas  accord ing  t o  t h e  r e l a t i o n s h i p  U R = Constant .  

1 .2 

. . u~ Centrifugal - The c e n t r i f u g a l  f o r c e  genera ted  = - , and is  a  
R 

maximum a t  R/2. 
I 

i '  
I Inward D r i f t  Ve loc i ty  ' -  The inward d r i f t  v e l o c i t y  is  a  f u n c t i o n  'of 
' ... 

mass-flow r a t e  'and cyc lone  geometry, and i s  c a l c u l a t e d  a s  f o l l o w s :  

I '  
Cut S i z e  C a l c u l a t i o n  - A t  t h e  l o c a t i o n  where maximum c e n t r i f u g a l  f o r c e  

I. is  g e n e r a t e d ,  (R/2 i n  t h e  preceding f i g u r e )  t h e ' d r a g  f o r c e  on t h e  "cut" 

s i z e  p a r t i c l e , d u e  . to  t h e  inward d r i f t , w i l l  be e x a c t l y  e q u a l  and o p p o s i t e  

t o  t h e  c e n t r i f u g a l  f o r c e .  The s i t u a t i 0 n . i ~  analogous.  t o  one wherein a  
. . 

d r a g  f o r c e  coun te rba lances  a  g r a v i t a t i o n a l  f i e l d  of magnitud>:quivalent 

t o  t h e  c e n t r i f u g a l  f o r c e .  The c u t  s i z e  p a r t i c l e ,  t h e n ,  i n  ,& l d f i e l d  
V ~ n w a r d  u . . \  

would f r e e  f a l l  a t  t h e  v e 1 o c i t y . V  = 
. .  , 
: , :d. 

FF Cent Force(gs)  .-.A G 
.?hj. 



A t  . f r e e  f a l l  c o n d i t i o n s  (V=K) 

..., 
Drag = G r a v i t a t i o n a l  Force  

i 
3 

6npr = m a  = p i n r  a  
I P  3 P  

I T h e r e f o r e ,  f o r  a  g iven  p a r t i c u l a r  d e n s i t y ,  t h e  "cut"  s i z e  i s  determined.  The 

t h e o r e t i c a l  s e p a r a t i o n  shou ld  then  be  100 p e r c e n t  f o r  a l l  l a r g e r  p a r t i c l e s  

i and 0  p e r c e n t  f o r  a l l  s m a l l e r  p a r t i c l e s .  Due t o  p a r t i c l e  c o l l i s i o n s  and 

agg lomera t ions ,  however, some s m a l l e r  p a r t i c l e s  w i l l  be  c o l l e c t e d ,  and 

I 
I 

c o n v e r s e l y ,  due t o  secondary f low f i e l d s  and w a l l  bounce e f f e c t s ,  some l a r g e r  

\ p a r t i c l e s  w i l l  e scape .  The r e s u l t a n t  c o l l e c t i o n  e f f i c i e n c y  curve ,  then ,  is 

shown t y p i c a l l y  i n  F i g u r e  3-3. 

P a r t i c l e  S i z e  - Microns 79b55 

\ 
I Fig.' 3-3 Cyclone F r a c t i o n a l  C o l l e c t i o n  E f f i c i e n c y  
i. 

i 
I .  The e f f e c t  of v a r i o u s  d e s i g n  pa ramete r s  on t h e  c o l l e c t i o n  e f f i c i e n c y  c u r v e  is  
\ - 

presen ted  q u a l i t a t i v e l y  i n  T a b l e . 3 - 1 .  
. . 

! TABLE 3-1 

Paramete r  I n c r e a s e  

P a r t i c l e  Densi ty  

Cyclone Diameter 

Gas V i s c o s i t y  

I n l e t  V e l o c i t y  

E f f i c i e n c y  

I n c r e a s e s  

Decreases  

Decreases  L 

I n c r e a s e  then Decrease 



3.4 Cyclone Applications in the MHD Syseem 

3.4.1 Summary 

There are several requirements for liquid and solid material separation 
i -  
I in the MHD System. These requirements and the probable application of 

cyclones are summarized in Table 3-2 and are discussed. in detail in the 

i .  . following sections. 

TABLE 3-2 

MHD SEPARATION REQUIREMENTS 
- .  

Separation Temperature Range 
Requirement 

Slag (ligufd) 3000-3700 

Seed (liquid) 2060-3200 

Seed (solid) -1700°F 

Emission 
Control 

Coal 200°F 

Cyclone Potential 

Yes 

Yes 

Yes 

Problem Areas 

No cyclones available 
for this temperature. 

No cyclones available 
for this temperature. 

Particle size 

Particle size 

Particle size 

I .  .. 3.4.1.1 Slag Separation - The criteria of separate slag and seed recovery 
,. . dictates that slag removal must be accomplished at temperatures above the 

i: point where the seed vapors begin to condense. Current MHD system conceptual 

# - 
designs utilize a radiant boiler at the MHD channel exhaust to condense and 

1 remove the coal slag carried over from the'combustor. 
1 .  . 

I .  
I Use of a cyclone to achieve slag separation at this location presents several 
!..- . 

problems. First, the MHD channel exhaust temperatures currently contemplated 

[ . ' '  are in the order of 3600-3800°F. At this temperature, as much as 20 percent 

.. . of the coal slag carried over into the radiant boiler "]could still be vaporized 

. I (Figure 3-4) and would not be separated; therefore, this approach is considered 

i .- . impractical. Alternatively, the gas temperature.could be reduced to '3000°F, by 

quenching, to achieve slag condensation while leaving the seed in the vapor state. 
: 
I 
L. . 
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E q u i l i b r i u m  T e m p e r a t u r e ,  O F  

F i g .  3-4 P e r c e n t  S l a g  C a r r y o v e r  a s  Vapor  
a s  a F u n c t  ion c7f T e m p e r a t u r e  



However, 'NO control is achievcd in current design cnncppts r=.hrnugh decomposition 
X 

with residence times of 2-3 seconds at temperatures in excess of 3000°F. Quenching 

i "' 

to 3000°F would not allow the required residence times and would result in NO 
X 

i 
i control problems. 

i ~ 

i If NO control could be achieved by other means, such as utilization of a 
'. X 

decomposition chamber prior to radiant boiler entry, then quenching to 3000°F 

! could be accomplished to promote slag condensation. However, there are no 

state-of-the art cyclones capable of operating at 3000°F. Development would 

be required in the event that this approach is used. 

It is concluded that the use of cyclones for slag separation in MHD systems 

is not practical for currently contemplated MHD systems. Alternate methods of 

NO control and cyclone development for temperatures of 3000°F would be required. 
X 

3.4.1.2 Seed Separation - Seed separation/removal from the gas stream is 
currently contemplated in both liquid and solid forms in the downstream sections 

of the stream bottoming plant (superheater, reheater, and low temperature air 

lieatcr units). It is anticipated that removal of the deposited seed from the 

heat exchanger surfaces may be difficult and that corrosion may be a concern. 

Removal of seed by use of cylcones would reduce potential heat exchanger 

fouling problems and provide potentially easier-to-clean surfaces. 

With base line plant operation at radiant boiler exit .temperatures in the 

range of 2500-3000°F, the combustion gas exiting the boiler will be essen- 

tially slag-free but wili contain seed in the vapor state. The gas then 

must be quenched to get the seed into a liquid or solid form for separation. 

A temperature of -2000°F would be required to condense the seed vapor in a 

liquid form, and a temperature of '1700°F would be required to sub-cool the 

particles in a solid state to the point where tackiness would not be a problem. 

Rapid gas quenching, however, may produce sub-micron, fume-like particles 

which would be difficult to separate. In addition, with quenching, the heat 

eucllnugcr surEace requirements arc inc.rcasc.d, but this approach may be attractive 

if heat exchanger see'd removal is a serious problem. 

The use of cyclones in this temperature range appears to be feasible. Several 
t 
i manufacturers have built cyclones for unique applications at temperatures -1800- 
?. 



1900°F. However, i t  is  p r e d i c t e d  t h a t  seed  p a r t i c l e s  w i l l  l ~ e  s m a l l  and c o l l e c -  

t i o n  w i l l  be  d i f f i c u l t .  

3 .4 .1 .3  Exhaust  S tack  Cleanup - For some p l a n t  d e s i g n s ,  [ 6 9 7 1  t h e  f l u e  gas  

e x i t i n g  t h e  economizer s e c t i o n  of t h e  b o i l e r  i s  exhausted d i r e c t l y  t o  t h e  
. . 

atmosphere.  The f l u e  g a s  w i l l  c o n t a i n  both  f l y a s h  and seed p a r t i c l e s  which 

must b e  removed from t h e  g a s  s t r eam t o  e n a b l e  e f f e c t i v e  seed recovery  and 

reduce  exhaus t  s t a c k  emiss ions .  Here a g a i n ,  a s  i n  t h e  c a s e  of seed  removal 

f u r t h e r  upst ream,  t h e  p a r t i c u l a t e  s i z e  and l o a d i n g  is  a s  y e t  undetermined,  

b u t  it  is thought  t h a t  t h e  l o a d i n g  w i l l  be  q u i t e ' h e a v y ,  w i t h  small-to-medium 

s ize  p a r t i c l e s  (50 p g r c e n t  1 2 - 1 . 5 ~ ) [ ~ ]  o r  (50 p e r c e n t  3 - 1 0 ~ )  [ 5 1 .  With EPA 

s t a n d a r d s  p e r m i t t i n g  a .maximum of .1 l b  p a r t i c u l a t e  emiss ions  p e r  1 m Btu 

f u e l  i n p u t ,  c o l l e c t i o n  e f f i c i e n c i e s  on t h e  o r d e r  of 99 p e r c e n t  w i l l  be 

r e q u i r e d .  A cyc lone  a l o n e  cannot  p rov ide  s u f f i c i e n t  removal t o  meet t h e  

s t a n d a r d s ,  b u t  i t  could  be  used t o  r educe  t h e  load  on t h e  prime c o l l e c t i o n  

mechanism (ESP o r  baghouse) .  

Other  d e s i g n s  [ 2 '  6 7  'I u t i l i z e  t h e  s t a c k  gas  e x i t i n g  t h e  economizer f o r  c o a l  

d r y i n g  and t r a n s p o r t .  I n  t h i s  c a s e ,  f lyas i : / seed must be  removed a t  t h e  econ- 

omizer e x i t ,  end c o a l  p a r t i c l e s  must b e  s e p a r a t e d  from t h e  f l u e  gas  a f t e r  drying.  

The f l y a s h l s e e d  s e p a r a t i o n  problem remains  unchznged i n  t h i s  concep t .  The 

s e p a r a t i o n  of c o a l  p a r t i c l e s  p r e s e n t s  an  a d d i t i o n a l  p r o c e s s  r equ i rement .  The 

p a r t i c u l t e  l o a d i n g  w i l l  be  ve ry  heavy and p a r t i c l e  s i z e s  r e l a t i v e l y  l a r g e .  'TO 

s e p a r a t e  a s  much of  t h e  c o a l  a s  p o s s i b l e ,  a  cyc lone  i n  s e r i e s  w i t h  a baghouse 

w i l l  most l i k e l y  be  used.  Th i s  approach is  a t t r a c t i v e  because  most of t h e  c o a l  

is removed i n  t h e  cyc lone ,  minimizing maintenance requ i rements  a s s o c i a t e d  w i t h  

baghouse o p e r a t i o n s .  

3 .5  E x i s t i n g  Cyclone C a p a b i l i t y  

3 .5 .1  Cyclones and Mul t i -C lones  

The p r i n c i p l e  of cyc lone  s e p a r a t i o n  is dependent overwhelmingly on t h e  

ba lance  between v i s c o u s  a n d . c e n t r i f u g a 1 .  f o r c e s .  , Convent ional  cyclone d e s i g n s  

t h a t  u t i l i z e  t a n g e n t i a l  e n t r y ,  r e v e r s e  f low,  and c e n t e r  tube  d i s c h a r g e  do 

no t  v a r y  markedly i n  c o l l e c t i o n  e f f i c i e n c y ,  r e g a r d l e s s  of d e s i g n  d e t a i l s  

s u c h ' a s  t a i l o r e d  i n l e t  s c r o l l  passages ,  cone a n g l e s ,  e t c .  For throughput  



sixes on the order of 20,000 ACFM, collection efficiencies on the order of 

80-90 percent can be achieved for particles sizes of five microns. Several 

manufacturers utilize a multi-clone design to enhance separation of fi~er 

particles. This concept consists of clustering several small cyclones (tube 

diameters generally less than one foot) in a common enclosure. Both tangential 

and vertical inflow with swirler vanes are utilized. Units of this size are 

prone to plugging in the collection vessel area with sticky and/or large particles. 

Generally, the collection efficiency improvements with these configurations (rel- 

ative to standard cyclones), at particle sizes of 2 microns or less, is minimal. 

Illustrated on Figure 3-5 are fractional collection efficiencies from several 

sources. A general assessment of collection efficiency is provided by "typical" 

curves from references 3 and 4. Also presented on the curve are manufacturers1 

quotes for a range of throughput sizes. As would be anticipated, the smallest 

unit has the highest collection efficiency. The efficiency differences be- 

tween units is probably due to pressure drop allowances and minor design 

differences. For all units, however, the effectiveness drops off rapidly 

below 5 micron particle size. It can be concluded that standard cyclones are 

effective for stack cleanup only when particle sizes are expected to be in 

excess of 5 microns. 

3.5.2 Modified Cyclones I 
1 Four modified cyclones were identified in the industry survey conducted. . Both 

i aerodynamic and mechanical enhancement techniques have been utilized. The per- 

( .  formance quoted for these units is presented in Figure 3-6, compared to the range 

of standard cyclone performance presented on Figure 3-5. In all cases, the quoted 
! 
i ', efficiencies exceed that of the standard cyclones. The four units'are discussed 

in the following subsections. 

i . . 

i . - 
3.5.2.1 Aerodyne "SV" Collector - The SV collector utilizes a secondary gas flow 

i 
I to augment the inlet (dirty) gas flow as indicated in Figure 3-7. The manufac- 
1. turer claims collection efficiencies of 100 percent at 6 microns and 92 percent 

. , at 2 microns. Westinghouse has tested the unit under cold flow conditions and 

I .  Il;is haeu unable to verify these claims; measuring collection efficiencies on the 

order of 50 percent at five microns. General Electric has planned to utilize an 

i aerodyne unit in a combined gas turbine/fluidized bed combustor unit, using part 

of the bed exit gas for the secondary inlet. Tests at one atmosphere and low 
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t empera tu re  have i n d i c a t e d  p0o.r c o l l e c t i o n  e f f i c i e n c i e s  (60 p e r c e n t ) .  P a r t i c l e  

s i z e  d i s t r i b u t i o n  of 0-100 mic rons ,  w i t h  a  mean p a r t i c l e  s i z e  of 30-35 micron?, 

was u t i l i z e d  i n  t h i s  t e s t .  It has  been noted t h a t  many l a r g e  p a r t i c l e s  e scape  

from t h e  c o l l e c t o r  and t h a t  no measurable  improvement i s . e v i d e n t  a t  t h e  s m a l l e r  

p a r t i c l e  d i a m e t e r s .  

3.5.2.2 Donaldson T a n j e t  - The t a n j e t  u t i l i z e s  a  h igh energy t a n g e n t i a l  

i n j e c t i o n  sys tem on t h e  O . D .  of  t h e  i n n e r  c o l l e c t o r  t u b e .  Th i s  t a n g e n t i a l  

i n j e c t i o n  enhances t h e  v o r t e x  s t r e n g t h  and ,  i n  theory  shou ld  improve sep-  

a r a t i o n  c a p a b i l i t y .  The v o r t e x  t h u s  c r e a t e d  is  s t r o n g  enough s o  t h a t  

t a n g e n t i a l  in f low is n o t  r e q u i r e d .  Development work on t h e  t a n j e t  was 

suspended due t o  a l a c k  of market  p o t e n t i a l ,  r e s u l t i n g  from t h e  power 

requ i rements  a s s o c i a t e d  w i t h  t h e  secondary a i r  s o u r c e  supp ly .  Also ,  

problems were encountered w i t h  re -en t ra inment  of p a r t i c l e s  due t o  t h e  

v o r t e x  s t r e n g t h .  It is  c u r r e n t l y  planned t o  c o n t i n u e  t h e  development 

program s t a r t e d  i n  August 1978. 

3.5.2.3 MTI C y c l o c e n t r i f u g e  - The c y c l o c e n t r i f u g e  u t i l i z e s  a r o t a t i n g ,  

b laded c e n t e r  tube  t o  enhance v o r t e x  s t r e n g t h  ( F i g u r e  3-8). The p r e d i c t e d  

c o l l e c t i o n  e f f i c i e n c y  is approximate ly  94 p e r c e n t  a t  2  microns f o r  125,260 

SCFM a t  250 p s i a  and 1000°F i n l e t  t empera tu re .  T h i s  d e v i c e  is i n  t h e  

development s t a g e  wi th  i n i t i a l  co ld  f low t e s t s  scheduled t o  begin  i n  J u l y  

1978, w i t h  subsequent  follow-on h o t  t e s t i n g  a t  Morgantown Energy Research 

Cen te r .  

3.5.2.4 Dynatherm S o l i d s  S e p a r a t o r  - The Dynatherm S o l i d s  S e p a r a t o r ,  

F igure  3-9, i n c o r p o r a t e s  s e v e r a l  d e s i g n  f e a t u r e s  t h a t  a r e  a  d e p a r t u r e  

from t h e  s t a n d a r d  cyc lone  des ign .  The i n i t i a l  f low is  upward, a  s e p a r a t o r  

element is  added t o  . the  c e n t e r  t u b e ,  and a t h i r d  tube  is added f o r  c l e a n  g a s  

e x i t .  E f f i c i e n c y  c l a i m s  s t a t e  t h a t  1 0 0 ' p e r c e n t  c o l l e c t i o n  w i l l  be  achieved 
, 

a t  p a r t i c l e  s i z e s  of f i v e  microns and l a r g e r ,  and t h a t  90 t o  95 p e r c e n t  of 

p a r t i c l e s ,  1 micron i n  s i z e  o r  l a r g e r  would be  removed. S e v e r a l  u n i t s  a r e  

c u r r ' e n t l y . i n  o p e r a t i o n  a t  c a t a l y t i c  c r a c k i n g  f a c i l i t i e s  a t  t empera tu res  

up t o  950°F. A , v i s i t  was made t o  t h e  Dyna-Therm Corpora t ion  t o  examine 

t h e  d e s i g n  and i n v e s t i g a t e  t h e  c o l l e c t i o n  e f f i c i e n c y  c la ims .  The "Whirl- 

Away" s e p a r a t i o n  e lement  is  t y p i c a l l y  a  stamped louver  u n i t  claimed t o  
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d i r e c t  t h e  incoming g a s  f low a long  t h e  i n n e r  c o l l e c t o r  tube  o u t e r  w a l l .  

C o l l e c t i o n  e f f i c i e n c y  c l a i m s  could  n o t  b e  documented by t h e  Dyna-Therm 

Corpora t ion ,a l though  i t  is  claimed t h a t  U n i v e r s i t y  of F l o r i d a  t e s t s  were 

used t o  de te rmine  c o l l e c t i o n  e f f i c i e n c y  l e v e l s .  The Dyna-Therm Corpora t ion  

does  n o t  b u i l d  hardware nor  do they  have f a c i l i t i e s  t o  t e s t  t h e i r  p roduc t .  
i 
I It i s  recommended t h a t  t h i s  d e v i c e  be  t e s t e d  t o  v e r i f y  o r  d i s p u t e  t h e  
L 

e f f i c i e n c y  c l a i m s .  

3 . 6  Technology Voids and.Developmen't Requirements 

Cur ren t  s t a n d a r d  cyc lone  d e v i c e s  l a c k  t h e  p o t e n t i a l  t o  a c h i e v e  e f f e c t i v e  

p a r t i c u l a t e  s e p a r a t i o n  f o r  p a r t i c l e  s i z e s  of l e s s  t h a n  f i v e  microns .  It is  

conce ivab le  t h a t  modif ied  cyc lone  d e v i c e s  could  be developed and used t o  reduce 

f o u l i n g  t e n d e n c i e s  i n  t h e  s u p e r h e a t e r l r e h e a t e r  s e c t i o n s  and a l s o  t o  r educe  par-  

t i c u l a t e  l o a d i n g  on t h e  exhaus t  c l eznup  sys tem p r i o r  t o  c o a l  d y r i n g .  There  

a r e  two prime a r e a s  which must be  addressed .  F i r s t ,  i n  t h e  s u p e r h e a t e r  r e g i o n ,  

c o r r o s i o n  problems can be a n t i c i p a t e d .  M a t e r i a l s  development (meta l s  and re-  

f r a c t o r y  c o a t i n g s )  would be r e q u i r e d  t o  a c h i e v e  s u c c e s s f u l  s u s t a i n e d  o p e r a t i o n .  

Second, f o r  s t a c k  c leanup o r  f o r  removal of f l y a s h  and seed  m a t e r i a l ,  p r i o r  t o  

c o a l  d r y i n g ,  t h e  prime development requirement  is t o  enhance c o l l e c t i o u  e f f i c i e n c y  

of  s m a l l  p a r t i c l e s .  For t h e  s e p a r a t i o n  of p u l v e r i z e d  c o a l  a f t e r  t h e  c o a l  d r y i n g  

p r o c e s s ,  s t a n d a r d  cyc lones  would appear  t o  p rov ide  s u f f i c i e n t  c o l l e c t i o n  c a p a b i l i t y  

due t o  t h e  expected l a r g e  p a r t i c l e  s i z e .  
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