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OPT//-IIZATION OF COAL CONVE!~ION PROCESSES 
PROGRESS REPORT :~0. 64 

JA~\~JAEY 1973 

to 

The U, S. Office of Coal Ecsearch 
Contract ~-;o. 14-01-0001-497 

Conversion of Coal =o iow-Btu Gas 

The mass bal'ance calculation models for the (coal)-to-(iow-~,tu 

gas)-to-(electriea! ?ower) conversion process have been eompleted~ both 

for a siu~le-stage coal gasification reactor system and for a rwo-s~age 

pyrolysis-gasificat&on system. The two-stage system has the higher 

thermal efficieucy; ho'.:ever, because this process arraugement requires 

two reactors in-series, the capital equipmznt cost will likely be higher 

than the single-stage arrangement. To determine if th~s proba'sle higher 

equipment cost ~ be offset by the better process thermal efficiency, 

The indi~id'~ual subsystems in ~he overall process must be size-desiEned ~1 

determiulu~ the capital cost of the plant. A major .portion of the capital 
l 

expenditure ~ 5e that of the coal-gasification reactors. The emphasis 

of the work in T/~s ne~¢ month will be directed at utili~'n E the kinetics- 

reactor design model t:o desiEn and determine the estimated construction 

c o s t s  f o r  these  r e a c t o r s .  A f t e r  these  c o s t  r e l a t i o n s h i p s  "have 'been 

obta.'i'ned~, the entire coal-to-electTicity syst.em ~ be optimized using 

the lowest electrical power generation cost as the o~jeetive function. 

Conversion of Coal Into L~quids and Subsequent Coal-Char Utilization 

The emphasis of this project is directed at the profitable 

utilization of the char produce~ in a coal-to-liquid fuel conversio~ 

plant similar to the COED Process" (F.H.C. Corporation). This last 



month was devoted to reviek'ing the previous work in char utilization 

and in formulating the constraints and alternatives to be used in t h i s  

pro joe= study. 

Initially studied ~,ill be a plant processing 500 billion Btu 

per day of raw coal. This coal-feed rate roughly corresponds to 6.3 

million tons per year (90Z stream factor) of a bit-umi~ous coal averaging 

13,000 Btu/pound and represents the maximum production ]/mit of a 

single large cool mlne in the Appa/aehinn region. This conceptual plant 

is also in thc coal utilization size-range of the "standardized" high 

Btu plant producing 250 ~ill~on cubic feet per day. It was also decided 

that the initial study should concen~rnt~ on ~he processing of the medium 

or high sulfur coals since the chars from these coals will present the 

most troublesome disposal amd/or ur_il/za~/on problems. 

The plant must be self-sustaining ~:ith regard to electrical power 

and steam generation. Se~e_~al alternatives for the profitable utillzar/on 

of the large amounts of produced char (representing 55-60Z of the ray coal 

fed to the process) are; 

(a) Conversion to low-Btu gas for electrical power generation, 

(I>) Conversion t O  h/gh-Btu pipel/ne quality gas, 

(c) A combination of (a) and'- Co) 

During the next month, these three potent/al produc-.-d/stribution alternar_ives 

be more thoroughly evaluated. Also, the alternative processes for 

gasifying the char will be examined in greater detail. 

C. Y.~, Project Director 
y 



OPTIMIZATION OF COAL CONVERSION PROCESSES 

PROG~S REPORT NO. 65 

FEBRU.~X 1973 

to 

The U. S. Office of Coal Research 

Contract -~o. I~-01-0001-497 

Conversion of Coal to Low-Btu Gas 

Efforts du_~_~g this ~zst month in the study of electrical power 

generation via the coal conversion to low-Btu gas have been directe~ ~t 

reviewing and correcting the heat and ~_ass balance re!~tionshiws in each 

subsystem of the ~rccess, in ~re~aration for the cost estimation an~ 

mathematical o~timlz~tion evaluat ions which ~ be conducte~ next. Several 

design and o_merating ~arameters have been foun~ to affect the overall thermal 

efficiency of the ~rocess significantly, an~ the sensitivity of these 

~arameter %clues will ~e studied iu greater ~etai! after the optimization 

has been completed. The study comparing the e~f-iciaucy of the t~c-stage 

pyrolymar-gasifier l~TOCasS ~th that of the sing!e-stage coal gasification 

o~eration is being u~d~ted. 

Duz~ng this next month, ~e will concentrate on "initiating the 

reaction desig~ and cost estimation l~rtion of the study. Also, the gas 

~urific~tion an~ sulfur-recovery subsystem?. ~ust be eymnine~ in greater 

~eta!l. 



Conversion of Coal Into Liauids a~d Subsecuent Coal-Char Utilization 

This study is directed at evaluating the several altermatives 

for effieiemtly utilizing the large amounts of char produced im a coal- 

pyro~vsiz operation such as the "COED Process" (F.M.C. Corporatiom). It 

was decided that, initially, the study would concentrate on the processimg 

of char ~ high-sulphur coals since this s ~u!fur-cont ~a!ning char would 

present many problems in conversicn to useable products, or even in its 

pollution-free 6i~__osa! ~ not u~'~l!ized. 

In the past month, the various tech_uiques to gasify the char, 

either ~-ith air to form a low-Btu gas for subsequemt conversion to 

electrical power or ~th ox~gau to form a synthesis fuel gas to be upgraded 

~o pio~Liue ga~ qu la!ity, have beau studied aud reviewed. As the !ow-Btu 

gas generation-combined cycle electrical po~-er plant study is nearly 

completed, the "CO-eD Process" will now be integrated with ~his low-Bt'u 

gas generation scheme. The several char-~ilization altermatlves will also 

be studied and ramked, amd the systems ap_Dearimg potemtially ~he most 

at-tractive will be evaluated in ~ea~er detail. 

C. Y. ~en, Project Director 



OPTIMIZA~ION OF COAL COIIVERSION PROCESSES 

PROGRESS REPORT NO. 66 

M~c~ 19~ 

to 

The U. S- 0ffioe of Coal Research 

Contra~t No. lh-01-000!-h97 

In the past month the study of the processes converting coal into 

electrical ~ower via the production of a low-Bin gas has been devotei 

to the revision of the paper "Production of Low B%u Gas Involving Coal 

i 

Pyrolysis an~ Gasification", ~hieh is being presente~ at the A.C.S. National 

Meeting in Dallas, Texas, on A_~ril 9th. A copy of the original ~a~er ~as 

sent to 0.C.R. in December 1972 and pe_~aission to present the pa~er ~as 

grante~ at that time. Later develo!~ments in our study necessitatei a 

revision an~ up-dating of certain l~z-~ions of the manuscri_~t, sgecifically 

to include consideration of the gas purification ste_~. 

The study of processes converting coa l  to Io~-B%11 gas to electTiC!~i 

and the s~udy into ~ays to utilize pyrolysis char (urmeacte~ solids from 

the "Fro~ect COED") ~ he combine~ %rith the objective of preparing a re_Doz~c 

summarizing our study results an~ conclusions ~ith re~ar~ to the a/r-blown 

gasiZication of coal and char. Certainly, one alternative useage of the 

v~st ~ounts of char from the "COED Process" is the on-site genez-ation of 

electricity. A significant problem i~ using the pyrolysis char is assoclate~ 

~rith its high sulTur content, the char having almost the same su!fur content 

~alue as in the o r i g i n a l  coa l .  ~hus, the processes converting chat i n t o  

electricity ~ he ham~ere~ By the same problem as the coal-Tx>-eleetrici%~r 



(2) 

schemes, that of removing the sulfureous compounds either from the synthesis 

fuel gas before the final combtlStlon step or from the combustion gases in 

& tail-end scrubbing stage. Since the gasification of the char to low- 

Btu gas will utilize almost the same flowscheme as that of coal gasification 

and is co~osed of the sa~e process subsys~ens, a coor~inatecl study for the 

processing of both feedstock types is warranted. 

The proposed report will include comsideration of all s~eps fr~ 

the feeding of the coal or char into the gasification snbsystem to the 

t~tims.te power generation by cc==]:):Lued cycle t-u.rb~.-,e arr-~-m~nt, and in- 

cluding the purification of the gas to remove sulfur and solid par~icu/~tes. 

The objective of the study report will be directed at recogm/zing the bes ~ - 

~rocess paths leading to maximum ener~,-ut'~lizatiom efficiency, prior to 

considering eu_u/pment costs and o~e_~"~tiug expenses. The economic evaiuatioms 

of the most efficient process schemes will be unde_~aken after completing the 

efficiency optimization study. 

April will be devoted to the _~reparazion of -~his ~roposed re_mo.-t. 

/ 

C. Y./gen, Project Direc%or 

/ 



O~TI~.ZATION 0~" CO~T~. CONVERSION ~EOCESSES 

PROGRESS It~OET NO. 67 

AI~R.TL- 3UNE 1973 

to 

The U./S.  Office of Coal Research 

Contract No. i~-01-0001-497 

In  r~e l a s t  t h r ee  mouths the study of the processes  to convezt coa l  

t o  e l e c t r i c a l  enezgy v i a  l~a-Btu gas gene~a~on was iuvolved in  ~rft_tug 

a majo~ =epoct t i t l e d  "~oduc t~on  of Elect~c-%ty Via coal  and Coal-Cha~ 

Gas~-tcat ton".  This 81-page zepor~ was sen t  to the  Of f i ce  of coal  Eeseazch 

on 3une i5 .  1973. :~he =esults and cencl,sfous of the study, as summ~zed 

• n the  zepot t ,  a re  at~ached to  ~ p r o ~ e s s  r e p o r t .  

• n a d d i s o n  to  the  ~ s ~ c a ~ o n  of raw coal ,  a medium-sulfur p ~ o l y s ~  

cha~ was considezed i n  t he  repor ted  study as an ~ t e ~ a ~ t v e  feed-~ue-I f o r  

an a ~ - b l o ~ u  ~ a s ~ c a t £ o n  r e a c t o r ,  f o l ~ a e d  by a Eas p u r l ~ c a t t o u  s ta~e 

and convecs:l.on of t h e  lo~-Btu gas tuCo elect~-~city by an advanced combined 

and steam t~zbine p~aez cyc le .  Th~s feed  cha~ ~ s  assumed to have 

t h e  pzopez~es  of a t ~ p i c a l  s o l i d  residu~e fzom ~he "Pro jec t  COED" la~ocatory  

s tud ies  (F.M.C. Corpo=a~on) .  I n  ~ s  next  ~ n t h ,  we in tend  to study 

a l t e r n a t i v e  ways of  comb~miug t h i s  chaz- to-e~ec~- ic~ty  conversion p=ocess 

w i t h  the c a p a b i l ~ e s  o f  t h e  " t~o jec t  CO~D" ~owschem% to produce e l e c t r i c i t y  

as v e ~  as  a s y n t h e t i c  crude o i l  and ~ghC hydrocarbon ~l~qu~ds, 

Because th~s overa l l  process scheme ("1~o~]ecl: COED" plus e l ec t r i ca l  

~owe.r senezat:iou) w i l l  y i e l d  sevezai  ma~or produc ts ,  a s tudy w i l l  a l so  be  

~nde_~aken d e a l ~ g  %rlth t he  development of  methods to  e c o n o ~ c a l l y  eva lua te  

a process scheme which produces severa l  major products  and to determine,  



i n  a manner hope_~ally f r e e  of  b i a s  and p r i o r  p r e j u d i c e ,  the cos t  o~ producing 

ehe i~44~r£dual p~oducts.  Such a c o s t  computatLon tec lmlque i s  necessary  

i n  evalua~Lng a = u l t i - p r o d u c t  p rocess  to s e l e c t  i t s  most o p ~ a l  apportionment 

of produc t  q u a n t i t y  d i s t r i b u t i o n  ~rfth regard  to max~n~n ene rgy -u~ .~zae~on  

e ~ £ ~ d e n c y  or  ~t~h~un p roduc t ion  c o s t .  

C. Y. Wen, P ro j ec t  O~ecto= 



PRODUCTION OF ELECTRICITY 
VIA COAL AUD COAL-CHAR GAS~ZCATION 

Repor~ Submi t t ed . to  the  Office of Coal Resea rch ,  ~uue 15, 1973 

Pertinent Results and Conclusions 

This r e p o r t  concerns  t he  f i r s t  phase  of  t h e  s tudy  o f  p o t e n t i a l  p r o c e s s  
a l t e r n a t i v e s  conve r t i uE  coa l  or  c o a l - c h a r  i n t o  e l e c t r £ c i t y ,  v i a  t he  p r o d u c t i o n  
o f  low-BL'u gas f o r  combust ion i n  an advanced combined gas -and-s team t u r b i u e  
~owe~ c y c l e .  This s t u d y  has  c o n c e n ~ a t e d  on r ecogn iz ing  t he  optimum equipment 
arrangement  and o p e r a t i n g  c o n d i ~ o n s  w i t h  r ega rd  t o  m a ~ m £ z ~ g  ~he eue rgy -  
conservation e~f icfency of  the overa l l  c o a l - t o - e l e c t r i c i t y  process. Cost 
v a l u e s  p r e s e n t e d  he re  app ly  to  uhese p r o c e s s e s  o p e r a t / u g  a t  t h e i r  
eneZSy-consezvation e f f i c iency  and may or ~ay not represent the lowest cap i ta l  
investment or cheapest power product ion cost.  For convenience, the conclusions 
of  t h l s  s t u d y  a~e I t e ~ z e d .  

(a) The c h o i c e  of  rdmoving the  suq@ur by e i t h e ~  a t a b - e n d  SO 2 removal  
system or by coal Easification to low-Btu gas offers s1~g~t difference 
i n  c o s t  i f  b o t h  p r o c e s s  a l t e r n a L i v e s  use  a conven t i ona l  steam-t~n:bine 
cycle tO generate .the.electricity, The low-B~u gas geneTa~io~ pa-~h might 
o~e~ some savings in capi~=al invest~ant, but the electrical power pro- 
ductlon cost ~ likely be higher because of the lower ene~Ey-conversion 
e~:~c_tency of the coal-gasificatlon process. 

~) If the low-Btu sas generation and purlficatlon can be integrated with 
an optlmal-designed comb!na~£on of gas-and-steam turbine power cycles, 
t h e  ~coal can b e  conver ted  to  e l e c t r i c i t y  and the  obnoxious  s u l f u r  com- 
pounds removed from t h e  sys t em- . r i t h  :I/~LIe loss in o v e r a l l ' e n e r g y -  
converslon efficiency from that occuring In today*s conventional steam- 
~u~bi~e power generation plants having no sulfur-pollutlon emlssion 
c o n ~ o ~ s .  

(C) There Is a dec/ded advantaEe in a ~ntl~1-stage coal p~Tolysip-gaslflcation 
scheme in which as much as possible of the synthe~ic fuel gas compounds 
ate a~olved from the coal-structure matrix at a rapid hea~In~ rate and 
u~deE operating conditions favoring the fozma~/on and stab111z~tlon of 
the low molecula~ weight allphan£c hydrocarbons; Cll 4, C2H 6, C2H 4, etc. 
This  leads to the generation of a synthetic fuel gas product having 
a h~he~ B~u-conten~, meaning that ~ signlflcantly smaller gas mass 
volume. ~ needed to deliver a des-~gnated amount of comBustlon-hean 
enerEy t o  the power generation cycles. A smaller gas mass flowrate 
per power ~eneration capaclt~ leads to lower capital investqnent and 
utillty demands in those systems sl~ic~utly affected by the total 
voltlme of gas p r o c e s s e d  ~acher t han  b y  t he  gas q u a l i t y .  A "Two-Stage" 
p~Tolysls-gaslficatlon scheme can  offer a 10.PZ savings i n  c a p i t a l  t ~ -  
resonant and a 5.5Y. lower per-kilowatthour electrical power production 
cost compared to t he  "Single-S~age" hlgh-temperature coal gasiflcation 
alternate. 
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(d) 

(e) 

(~) 

(~) 

~) 

The convers ion  of  a l r eady  pyro lyzed  coa l - cha r  i n t o  e l e c t r i c a l  power 
c e r t a i n l y  cauuot be achieved as e~f ic~eut~y or as cheaply  as the  cou- 
v e : s i o n  of raw coa l ;  however, the  gene ra t ion  of  e l e c t r i c a l  power from 
t h i s  h l g h - s ~  p o t e n t i a l  so] . td-waste =aCez-ial, no t  useable  i n  i t s  
present form, is still qulce feasible and potentially proflCable. A 
power plant util/ring t h i s  char as fuel would cos t  only  about 9~ more 
4~ capital investment ~han a power plant using a raw-coal feed, and the 
electrical producclon cost would be only  7X higher. This char-co- 
e l e c t r i c i t y  process  can be i n t e g r a t e d  i n t o  the "Pro~ect  COED" mulr~- 
s t a g e  p y r o l y s i s  flowscheme to r e a l i z e  a very p r o f i t a b l e  mul t i -p roduc t  
coa l - conve r s ion  complex. 

In  the  breakdown of  the  e s t ima ted  cos t  of the  proposed "advanced" coa l -  
t o - e l e c t r i c i t y  p l a n t ,  the  power-generac/ou subsystems (gas and steam 
t u r b i n e s ,  p lus  powerplauc a c c e s s o r i e s )  comprise 49X of  the  t o t a l  c a p i t a l  
invest~nenc. The coa l  preparaC/on,  ga s i f i cac~on  and gas p u r i f i c a t i o n  
subsystems form about  15~ of  the  c a p i t a l  ou t l ay .  

Raw mater ia l  (co~1 or char) compose 27Z of the product ion cost of the 
product e l e c t r i c i t y .  Capi ta l  char~es ( includin~ depreciat ion,  p r o f i t s ,  
t a x e s ,  e t c , )  a : e  r e s p o n s i b l e  f o r  41~ of t h i s  f i n a l  product  c o s t .  

On the  average ,  the  f i n a l  cos t  o f  t h e  e l e c t ~ t c i c y  w i l l  i n c r e a s e  about 
1.01 ~111s /k i~nra t thour  f o r  each 10¢ inc rease  i n  the  p e r s o n  B~u 
p r i c e  of  the  raw coa l .  

The r e l i a b i l i t y  of  the  process  to remaiu on-sCream ~ t h o u t  c o s t l y  
d m a n t ~ . s  f o r  unscheduled maintenance i s  s i S n i ~ i c a n t  i n  maiuCa~uins 
a low f i n a l  p roduc t ion  cos t  fo r  the  e l e c t r i c a l  pove~ p roduc t .  The 
c o s t  of  the  produced power w i l l  increase about 0.3 m i l l s  per  k~owaCt -  
hour f o r  each t e n  days the  p l a n t  rema/ns i n a c t i v e .  

( i )  The complete conversion of a l l  the carbon in  the feed fue l  i s  h tsh ly  
d e a ~ a b l e  i n  r e a l i z i n g  the  gceacesc overa l l  energy c o n v m i o e  e f f i c iency  
f o r  the enC~_~e c o a l - t o - e l e c t r i c i t y  p roces s .  However, most c o a l - g a s i -  
f i c a t i o n  r e a c t o r s  of a p r a c t i c a l  s i z e  wi th  reasonab le  s o l / d s  r e s idence  
C/me cannot r e a l i z e  a 100: u t i l i z a t i o n  of  the  carbon,  p a r t i c u l a r l y  i n  
the  flu/xLtzed-bed des ign  which approaches a c o m p l e t e l y ~ d  s t age  i n  
i t s  r e a c ~ o n  c h a r a c t e r i s t i c s .  B e t t e r  u ~ z a ~ o n  o f  t he  carbon i s  a 
commendable goa l  because the  t o t a l  p l a n t  ene rgy-convers ion  e f f i c i e n c y  

i n c r e a s e  about 1.5Z f o r  each 5Z ~,provement i n  the  c ~ b o n  uC£~zaC~on. 

~ )  The o v e r a l l  e~erEy e f f i c i e n c y  of  the  p rocess  w i l l  s i g n i f i c a n t l y  t~ . rove  
wi th  an i n c r e a s e  i n  the  cemperat-~es of  ~he gases e n t e r i n g  the  gas .~u:bine. 
k ~ to 2Z increase 4n overa l l  e f f i c ie~=y can be rea~Lzed fo r  each 200°F 
iucrease i n  the ~ l e t  gas temperaL~L~e tolerance. Thus, the goals of the 
~u:bine designers co increase the temperature l imi~a~ous by developing 
b e t t e r  coo l ing  c y c l e s ,  b e t t e r  conscr~cCion m a t e r i a l s  and more ox~da~4on- 
r e s i s t a n t  coa t ings  a re  w e l l  d~cected f o r  t h e i r  t o e , b u t t o n  to  improvements 
i n  the coaX- to-~ lec t~c iCy conversion process. 
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As t u r b t u e  d e s i g n  ¢s improved t o  t o l e r a t e  h i g h e r  and h~gher  t e n m e r a m = e s ,  
t he  d l f f e r e n t ~ a l  be tween t he  e f f i c / e n c y  o f  t h e  "Two-Stage" c o a l  p y r o l y s i s -  
Easlflea~on system and the efflc/ency of the "Single-Stage" high- 
temperature c o a l  gasification process tends to become larger. Therefore, 
as hIgher-~empera~Ire gas turbines are developed and end-at into commercial 
use, the advantages of the mule~-stage coal pyrolys~s-gasiflca~on sub- 
system to generate a synthesis fuel gas with a higher Btu content will 
~ecome more and more favorable. 

An ~ m p ~ t  f a c t o r  n o t  e x p l ~ c i n l y  c o n s i d e r e d  i n  ~ smaly i s  t h e  e f f e c t  
on t h e  o v e r a / l  p l a n t  c o s t  of  p o t e n t i a l l y  l a r g e  c o n c e n t r a t i o n s  o f  u n d e s i r a b l e  
~zace compounds i n  t h e  was te  s t r e a m s ,  e i t h e r  as  gaseous was tes  o r  l i q u i ~  
w a s t e s .  Of c o n s i d e r a b l e  concern  w i l l  be  w a t e r  contaminants  such as  ammonia, 
phenol and ~hlocyana~es~ air pollutants such as COS, m~TcapCans: CS 2, 
th~ophenes, NOy compounds, aromatics and others, and finally the sulfur, 
mercury and ars "e~e conte~t~ o f  t he  d iscarde~ s o l f a  char ,  ash a~d t a r s .  
]Because o f  ~.~e l a rge  s i z e  of  ~ e s e  proposed p l a n t  v e n t ~ e s  an~ the  havoc 
that an improperly des£gned facility can i~pose on a locality, all aspects 
of the terh~ ~l design musu he scud~e~ ~rith regard to  ~¢Lmum control 
over all air, water and waste d/sposal pollut~on t rea tment  methods. 
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Tb/s  l a s t  month was spent  i n  c o r r e l a t i n g  the "P~oject  COED e Process 

f o r  produc ing a s y n n h e ~ c  crude o£1 by nhe = u l t i - s t a g e  p y r o l y s i s  o f  

coa l  (uov be/ng developed by the  FJ~.C. Corporar /on)  v l ~ h  the convers ion  

o f  the p y r o l y s i s  char i n t o  e l e c u r i c i t y  v i a  uhe g a s i f i c a u l o n  o f  uhe char 

t o  f o r m  a low-Bcu g a s  and uhe subsequen=  c o ~ u s : i o n  o f  n h a t  g a s  i n  an  

a d v a n c e d  combiued s t e a m - a n d - g a s  t u r b i n e  p ~ e . ~  g e n e r a n i o n  cyc le .  A 

prel/minary flowscheme of a combined oil-and-elecr.ric/t~r producin E 

process ind/cates tha~ such a ven~are is certainly feasible. The nex~ 

month will be davoted to s e i e c t / n g  r.he mos~ opt~unum of several alter- 

native su~s~st:e~ flow paths encounuered in the o v e r a l l  combining of 

these ~wo coal convers ion  schemes. 

One genera l  problem area,  encountered now i n  combining the  " P r o j e c t  

COED" Process ~ h  the c h a r - t o - e l e c t r i c i t y  p rocess ,  i s  the  se lecn ion  

o f  t h e  mos t  opnimum m e t h o d s  t o  form ~ e  h y d r o g e n  ueeded  t o  hydrotreat 

the coa l -de r i ved  crude o i l  s tock .  Since ~he coa l - t o -hyd rogen  convers ion  

l i k e l y  be  q u i r e  i m p o r ~ a n t  i n  s e v e r a l  o£ r_he c o a l - l i q u e f a c ~ o n  

processes other chart the "Pro.~ect COED" - char gasificanion st~uly, 

i t  h a s  b e e n  d e c i d e d  t o  c o n ~ d e r  r .h is  c o a l  c o n v e r s i o n  s y s t e m  a s  a m a j o r  

s t u d y  a r e a  f o r  p r o c e s s  o p t i m i z a r / o n  and  eva lua t_~ou .  The  r e s u l L s  o f  



t h i s  ~ d y  ~ be la~ec uc~L~ed  ~n r~e s ~ d i e s  o f  the  s~er~f£c coa l  

t o  l i q u i d  fu.-1 processes.  

Work i s  c o n ~ n ~ i n  8 i n  the e v a l ~ r _ i o n  o f  cost  accoun t ing  =e~hods 

to  at:tmnpl: 1:o d e l : e ~ e  the  unbiased pro~ucl : ion cosI:s o f  r.he i u d i v ~ d u a l  

s p e c i f i c  produc~s from a ~ u l t ~ - p : o d u c t  c o a l - c o n v e ~ i o n  p r o c e s s .  A 

rev iew o£ s e v e r a l  a ccoun~ng  =e.~cbooks i n d i c a t e  ~ha~ the=e  i s  no s i n g l e  

acco~mt:Lug l~echuique f o r  ~ l o ~ . ~ n g  ~he cos1: o f  a process B a l e e n  ~ a  

s e v e r a l  ~a~or p r o d u c t s ,  an~ each  method d e s c r ~ e ~  has  s e v e r a l  ~ a j o r  

dS_~dvanr~Ses. ~I:hus, we ~ need 1:o develop or  modify  ~he k n o ~  and 

p u B ~ s h e d  account:~n~ ~echn~q~_s i u~o a new mel~od which  o f f e r s  the  be~n 

comb~at-~ou of  a d ~ c a g e s  ~o f u l f i l l  our needs i n  e v a l u a ~ g  ~.~e co-1 

convers ion  syst:e=s. 
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Saveral  key pe r sonne l  changes among the  engineers  working on 

p r o j e c t  have ~ e c e s s i t a t e d  a r e o r g a n / z a t i o n  of the  p r o j e c t  s t a f f .  

Accord iug ly ,  t h i s  p a s t  month as  w e l l  as  a po r t i on  o f  September ~ l l  

be spen t  i n  a c q u a i n t i n g  ~he new p r o j e c t  s rmff  members w i t h  the  p r o j e c t  

h i s t o r y ,  p rocedure  d e t a / / ~  and a gene ra l  unders taudlng  o f  ~he r.heory 

and a p p l i c a t i o n s  o f  ~he op -~miza t /on  ~ethods  and systems methodology 

used to  e v a l u a t e  the  numerou~ coa l -~o-gas  convers ion  schemes s t ~ I / e d  

dur ing  t h e  past= s e v e r a l  y e a r s .  The o v e r a l l  p r o j e c t  w i l l  now c o n s i s t  

of  ~-.~ee major  s tudy  d/,rec~..ons. 

One s tudy  w i l l  conce~t_ral:e on ev-aluar..~g r.hose processes wh ich  

conver t  coa l  i n t o  a ] / q u i d  f u e l  ( c o a l - o ~ )  as the  s i n g l e  p roduc t  from 

the  coal-con~-ersion p l a n t .  ~ s t u d y  w i l l  s imula te  the  proposed 

eonl - - to- l~quid  f lowsche~es (Hydrocarbon Resea rch ' s  ' ~ o j e c t  H-Coal" ,  

Conso l /da r /on  C o a l ' s  "CSF P r o j e c t " ,  P i t t s b u r g h  & H/dway's  "S.P..C. 

I~rocess " ,  U n i v e r s i t y  o f  U t a h ' s  ~ e s t e r n  Coal Hyd~ogen-Liqu~ac~Lou 

Process", r.he U. S. Bureau of Mines Coal Liquefaction Process, e~:c.), 

as well as o ~ _ r  coal-to-]/qu/d react-ion schemes which, to da~:e, have 

no~ been formally proposed but which may be found 1:o offer at~-acnive 

advantages. After simulae~on and pr~l~.~--~y study, nhese processes 

will be opnimized and r.rltically examined, following r_he previously 

developed techniques  and m~thods used ,  i n  the pasU, to  s t u d y  r.he coa l  



Easification processes and those process schemes conver~ing coal to 

low-Bin gas, which is then purified and burned co generate electc-lc/ty. 

Because Ehe raw coal is rela~vely hydrogen-deflcient and a 

suLstan~/al quao/tt~ of hydrogen Is needed to convert the coal to 

e/~her the liquid or the gaseous form,, the second portion of the 

project will evaluate the many methods of efficiently and economically 

Eenerat/nE hydrogen from a/r~ ~ater and coal. This may involve the 

• Lrect gasification of ~he coal to a synthesis gas followed by a shift 

in the gas composi~on, by reac~on ~Tith steam, to form a hydrogen- 

- rich mixture, or the produce/on method may involve the generat/on of 

methane and other lower molecular we/ght hydrocarbons, followed by 

¢he~r reforming reac~on ~o form CO Z and 1~ 2 .  After s~mula~on of ~he 

~arlous coal-no-hydrogen flowschemes, each of these schemes %~/i be 

critically evaluated by ~he use of ma~hema~cal opn~Lizat/on techniques 

and seusi~vl~y analysis mahtods. 

The t h i r d  study area deals ~riCh tb.e opC3u~al coordiuanCon of several 

slnEle-product processes to form a multi-product coal-conversion com- 

plex, in the pattern of Pittsburgh & ~l~d~-ay's "C-O-G Eeflnary" or Dr. 

~xthur Squires" "Coalplex Plant"° The i~t~al efforts ~n ¢3is study 

have been d/rected at developing a cosu-accounLing technique which can 

be used t o  de t e rmine ,  h o p e f u l l y  w~uhout b:[as ,  nhe ~nd~vidual  producn~on 

costs of ~he several ma~or produces be/us formed in such a process. 

Such a cost-determinlng metho~ is needed -if alternat/ve flow p~t/Ls, 

located interna/ly wlnhln the overall process scheme, are to be opn~zed 

with respect no lowest produce/on cost and compared. This general 

approach to  evaluat-lng mult-i-product processes is be~u~ ~ n i ~ : ~ l l y  



3 

test::d by combini~g ~he oi!-and-~as producing coal-pyrolysls step of 

th= ; : . ' . : .C.  Corp~'a~£on's "Pro_iect COED" ~ i th  the u ~ l . ~ . a ~ l o n  of the 

pyroly.~i.~ char to y, enerate electriclry, v/a the combinat ion of an 

a/r-51o~m gasific.~tion step, a gas purificatio~-desulfuriza~ion sub- 

sb, s~em and finally an advanced design gas-and-steam turbine power 

cycle. 

C. Y. ~ e n t l ~ e c t  Director 
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E ~ o r n s  a r e  be ing  made t o  s ~ d y  t h e  r e c y c l e  opeca~on  i n  t h e  dCssolucCon 

o ~  c o a l  i n  S o l v e n ~  R e f i n e d  Coal p~oce.ss. ' the ¢ecyr l e  st::~eam may cons:f,.st 

eCche¢" of  ~ J - ~ t e _ r e d  coa l  solul:Con, o r  o f  a ad.~.'uze o f  u n f i l t e r e d  c o a l  s o l u -  

¢¢o~ and d i s l ~ l l e d  ] / q u i d  producl:,  or o f  enl=Lce_ly dis~i~.led lCquCd produ=t .  

Data  ace  e x c r a ~ e d  fcom prevCous ~ c s b u r g h  and N£d~ay monthly r e p o r t ~ .  

l£acecCal ba l ance  i s  made and ~he ¢at~_ o f  dCssolul=ton ~s c a l c u l a t e d  ¢n terms 

o~E bTams o f  o rgan ic s  dCssolved ~e~ h o u r  pe~ cubic  cenl=i~eter o f  reacCo~ 

vo laae .  ~he p r ~ l ~  IcEne1:~c model ~.s 1:hen f o ~ e d  as f o l l ows=  Rate 

o~E ¢L~solul=T.on -- Cca~:e constant:) x C~'acl:Con o f  ozgan.'Ecs ~ feed s l u r r y )  

x Ccoa~Jsol~-u~).  ~I~hus ~ ¢ h  t he  above e q u a t i o n ,  a ~-acCor d e s i g n  may be 

~ade once t h e  feed ¢nfo rma~on and ¢2~e p e ~ o ~ c e  cc¢1:ecCa ace specified. 

~Ehe f o ] ~  poCn~.s aze noted f rom the  analyses and s c c e ~ g  o f  r.he 

(I) ~he subs1:i~u1~on of synr.hes/s gas for hydrogen :[.s feasible wi~.h 

o=1~ very $1~gh~ sacri~ce ~- d~;solu~on performance. 

(2) The p ~  p~essure  o f  hydrogen  has  14~. le  e-~ecn on t h e  ¢a~e o f  

dC~olul=Lon above 1400 ps~a parCCal  pressu=e.  

(3) D:L~erenl:  ash l e v e l s  ~ c o a l  f eed  have ~LL-1:le e f f e c t  on oveca 11 

¢ a C e .  ~hCs sugges t s  thai:  t h e  p roce s s  can be  used ¢o tceal :  a - ~ d e  

• ~r~et'~3" of high ~olat:Lle b:LtumCnous coa l .  



(A) The o b s e r v e d  r a t e  ~s h ighe r  f o r  a l a r g e  coa l  to  s o l v e n t  r a t i o .  

r a t e  seems to  t appe r  o f f  a t  t he  c o a l - t o - s o l v e n t  r a t i o  o f  around 

0.55 as shown ~n F igure  1. 

(5) Fo~ coa l - t o - so l~ .n t  rar-~o of  less than 0.55, the calculated ra te  

eogsl~nt ~s f a i r l y  constant and has the value of 0.56 graa/hz-cc.  

(6) A_~_hen~us p l o t  shown i n  .~£gure 2 reveals that  at t e m p e ~ - e  axound 

400*C, t h e  ac~va~Lon enezgy f o r  t he  reac=Lon i s  about  3 to  

6 ~ a J J g - m o l e .  ~ i s  sugKests  t h a t  t~a~ r a t e  i s  p r o b a b l y  cont:ro~led 

by d.-Lf~us:r.ou mechanism. 

(7) ~ l ~ e  3, ~ud£cates tha t  the a=ount of organic ~ t ~  ~ s s o l w ~ l  

• ucreases ra the r  sharply ~hen hydrogen consm~t~on is" ~[~=reased. 

Since t h e  SRC p r o c e s s  i s  i n  many r a y s  ~ to  t h e  SynthoJ. l  P r o c e s s  

deve-lope~l b y  t h e  Buze~u o f  l£tnes,  f ~ , . h e r  work w i l l  be d£zec ted  i n  c o ~ a r L u g  

t h e s e  ~ o  p r o c e s s e s  i n  an  a ~ e n p t  to  p r o v i d e  a Eenera l  model u s e f u l  f o r  

des ign  and o p ~ t z a t ~ o n  o f  coa l  d i s s o l u t i o n  p r o c e s s e s .  
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P__.~,ODUC~I0~O~' CRUDE OIL ~ ~..ECT~CI:TT VIA COED PROCF.SS 

Development of a concep tua l  commercial desiEn and econoILc evaluatLon 

o f  Cha cOED coa l  p y r o l y s i s  co produce c ~ d e  o i l  have been undecCaken £n a n  

e f f o r t  co i n t e s t a t e  the gas~f icaCion  of  the  COED char  Co produce e l e c t r i c / C 7  

V~a Lo~-Bcu gas power Kenexa~Lon system.  

The £nteKrated p l a n t  cons idered  i s  des isned  Co use a va~eCT of  

coa l s  ~nc lud ins  I l l i n o i s  No. 5 coa l  Co produce the  r e d e d  crude o i l  and 

t h e  e l e c c r t c / c y .  Since the  COED p i l o t  plane da t a  based  on L l l i u o i s  coal  

L5 a v a ~ a b l e  CF~C, 3.970), a com~ezc~al plane de s i sn  and economic e v a l u a t i o n  

o f  t h e  crude o i l  produce based on the  same coa l  has been made by ~OCO (1972). 

k c o s t  esC~RaCion on combined Eas-and-steam t u r b i n e  pc~er  genezae4on us ing  

coa l  and COED chaz was reporCed b7 Wen (1973). An inceKraCion of  t h i s  

s t udy  w i t h  the  cost  escima~Lon of  t he  COED plane  deslEned Co produce o i l ,  

K ~  znd eleccr£c:LL7 i s  ~ be ing  cons idered .  Soam of  t h e  pzocess cons~ le ra -  

t t o n  and s e l e c t i o n s  are b ~ e . ~  7 d i scussed  be lov .  

~ e r e  aze a £ew ways heat: uay be suppl ied  Co the  pyzolys-£s s c a l e s .  

(1970, 1971) sus~asced chac heac mat be  supp] /ed  b 7 b u r ~  the  pyzolTs is  

char  e~che~ w£Ch oxysen o1: wir..h a:Lc and steam i n  t he  f i n a l  few sca~es.  Since 

COED pl~uc I s  based on t h e  des£sn  of  the  py ro lys£s  s t a k e  i n  vh~ch o ~ g e n  i s  

burned,  cb~s scheme ~s ~onsideced f i c s c .  

~n the  COED p~oC p l a n e ,  the  hydrosen  gas s u p p l ~ d  Co the  hydxoCreac~S 

p~oces~ i s  of  very  h igh  p u r i t y  (above 95%). Exp~tal zesu!cs (TMC, Lq71) 

Seems ~ ind/c~Ce Chac an  i n c r e a s e  i n  hTdroEen p a r t i a l  p r e s su re  i nc r ea se s  the  

hydrogene~at=Lon Co crackln E rac~o sl/EhclT. If a small CemperaCuze difference 

i s  neElecce~,  these  exper4-~-r -1  r e s u l t s  i n d i c a t e  Chac an £~crease i n  p a r t i a l  

PZesSu~e o f  hTdzogen fou r  f o l d s  ac cons t an t  t o t a l  p r e s s u r e  i nc reases  t he  

7~eld o f  Kas produce by a f a c t o r  o f  two bun dec reases  t h e  y i e l d  of  o i l  by 

• pp rax iusce l7  1OZ. 



General ly i n  a commercial p lan t  deslgu,  about 90~ of the e x i t  gas from 

the hyd-~ot~ea~ug r e a c t o r  ~ recyc led ,  the o ther  i s  vented to  the i n c i n e r a t o r .  

The paz'r.ia.l, pressure of recycled hydrogen may be increased by using make up 

hydrogen of hlgh purity. If larger quanLity of hydrogen gas of low puri~y, 

vhlch ~ be produced by the shift reaeLion of the COED gas, is used In 

~e make up hydrogen s~ream, it can be shown that the hydrogen part/el pressure 

differs very little from that by mixing the lower purity hydrogen gas wi~h 

the zecycled gas. This ind/catas the  resulting gas and oil y i e l d  from the  

hydro~reaL%ng process does not depend singificannly upon the purity of make 

up hy~roge~ gas- Since hydrogen gas can be generated by steam reforming; 

bY pattlal oxidation of COED gas; or by shifting the synthetic gas produced 

from CO£D char  react/on with oxygen and steam, hydrogen gas of dlfferent 

purity ~s available for use in hydrogen make n~ stream. The gas and oil 

produce y i e l d  ~ y  be assumed to  be propore4onal Co the hyc!~ogen p a r ~ a l  

pressure in the design If the change in hydrogen concentTatlon is slgnlficanu. 

~he s#~am and gas ratlo for ~.he shift reaction in the hydrogen produc- 

~LQn processhas been studied and the data availaSle from previous 0CR Eeports 

by Wen (1971) can be dlrectly appl~ed. Also, hot potash process for removal 

of C02 and Amine Process for removal of H2S stud~.ed and the material pZ~seue.e~ 

in th.~e reports will be used i n  the" p~ocess calculation. 

the Low-Btu gas-po~er generation process, exhaust gas from gas t~rbl~e 

~s available a~ h~gh temperature and can be used to supply heat for coal 

~L'yl~8; process. A large amount of steam required in the gas shift reaction 

will also be supplied from the Low-Btu gas steam generated from heat exchangers. 

Dif£e~ent a ~ t ~ t i v e s  of producing hydrogen gas for the  hyd~otreatlng 

Process use will be conzldered in tb/s plant design program. ~urther economic 

e~aluatlon of some of ~he alternatives will he carried out in the future. 
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TABLE I. KINETICS OF COAL LIQUEFACTION EVALUATION OF RATE CONSTANT (RUN 62) 

kate Z n 
m/hr -e ,c ,  

0. 3136 

O. 3114 

0.2940 

o.2798 

0,2775 

0,2843 

Rato Constant ! 
k = Rate Ii T1 (Ok)-1 

Cs'(e0al/solvent') 

donvefslon - 

amt, orRanles dissolved 
amt. solid organle feed in 

0.6622 
,, --l, 

0.6542 

O. 6949 

0.6629 
L 

0;6222 

0.6367 

Ca=£raQtton Of 
orgaules in 
feed s l u r r y  

0.945 

0.9367. 
, ,  , , . ,  

0,9221 
J L  

0.9319 

0,9303 
. _ _  

0.9289 

C o a l /  
Solvent 

° 

0.6313 

0.6934 

0.6459 
j, ,, 

0,7377 

0,6215 

0.5896 

0.5256 

0.4794 

0.4936 

0.001432 

0.001422 

0.4070 

0.4799 

0.5190 

0.001443 

0.001443 

Hole of H 2 

Used per 4 hr 

8.03 

7.63 

7.72 

7.18 

0.001453 6,95 

0.001453 7.69 

Ash'level"In coal 12,5~ 
LIISV ~ i.O hr "'1 

H2 feed rate = 6.07 moles/hr, 
Hydrogen part laX pressure = 1630,5 ps ia  

i~a~.co&l"~In'return = 33Z 
Coal s ize  = -150 M. 



TABLE 2, KINETICS OF COAL LIQUEFACTION EVALUATION OF RATE CONSTANT (RUN 63) 

~ate in 
~m/hr-e.e. 

Converslon - 

0,1796 

o 1764 

smt. oreaniee  diss.olved. 
amt. so l id  organics  feed ln' 

- -  , , | 

, o. 1854 I o. s948 

0.4983 

0.5242 

0.1718 

0.1761 

O8-fract£on of 
organiea in  
feed 81urry 

0.9375 

0.9269 

0.3231 

0.1818 0.5424 0.9097 
S 

0.1770 0.5005 0.9005 
| l  . .  

0,1664 I 0.4047 0.8889 
I 

0.4556 0,8960 

0.1748 

0.1809 

0.485 

0,9169 

0.8075 

0.4836 0.8778 
| . .  , , , 

0.5144 0.8716 

Coal/r 
Solvent 

0.3005 

0.3248 

0.5954 

0.3232 

0.3381 

0.3795 

0.3547 

0.3506 

O. 3570 

0.3529 

Rate Constant 

Rate 
k'cs'(coR1/8olvent I 

0.6581 
, . H .  

0,5965 

0 . 6 1 8 3  

• 0.5813 

0.4952 

0.5405 

0.5659 

0.5577 

0.5881 

1 ~ (Ok)-1 

.00146 

.001464 

.001485 

.001~85 

.001485 

,001485 

.001485 

.001485 

.001485 

.0015 

Hole of H 2 

Used per 4 hr .  

5,76 

4.97 

4.65 

4.79 

5.93 

5.19 

7.80 

8.0 

7.38 

l S h  

6.64 

Ash level  in  ©eel - 12.5X 
Lll8V - 1 .0  hr "1 

fl 2 feed r a t e  - 6.07 mole/hr f o r  1-6 
6.3 no le /h r  for  7-10 

Hydrosen p a r t i a l  pressure  - 1430.5 pale for 1-6 
1906.6 pBle for  7-16 

Raw coal  in r e tu rn  - 20Z 



TABLE 3, KINETICS OF COAL LIQUEFACTION EVALUATION OF RATE CONSTANT (RU~I 64) 

late tn 
Bm/hr-c.e.  

con erslo.- 
~ t .  organics  dls~91v~d =~ 
u t ,  s o l l d  organics  feed in  

0,4609 
II1 I 

0.5236 

0,4520 

C s - f r a c t i o n  of 
organics  in  
feed s l u r r y  

0.9623 

i i /  
0.2568 

i _  

0,2722 

0.9484 

0.9330 

so lven t  

i i i  J i l 

0,1530 
,± 

0.1617 

0.~542 
. . . ~ m ~ , m m , . . m . m . , . . ~  

0.1319 

0,1328 

0*9097 

0,8896 

0,2562 
. . . . .  j 

0,2557 

0,2744 

0.3754 

0,3513 

Rate Constant  

Ra t .  
" k-o s" ( c o s l l s o l v e n t )  

i , m  

O, 6205 

0.6667 

0,6023 

0.3862 
I I  I 

0,4249 

1 ¥ '1  

.001485 

m, 

.001485 

:001494 

,001508 

.001524 

Holes o tH  2 

Used per  4 h r .  

5.40 

4,20 

4.06 

4.76 
I [  

4.15 

Hydrogen par t iaX p re s su re  - 1901.5 p s i a  
Raw coal  i n  r e t u r n  - 15~17,5~ 

Coal s i z e  --150 M. 

0,1408 0,3974 
i 

0.1372 0.3306 

Ash l e v e l  in  coa l  - 10,6~ ' .  
LHSV m 1,0  hr  "1 

...... Hz.fegd rate - 6.0 molee/hr~ 

o.u766 

0,8727 

0;2591 

0.2770 

0.6199 
• l l l l  • 

0.5675 

_ , i  : 

.001531 
J i . 

.001517 
,I 

5.36 

5.76 



TABLE 4. KINETICS OF COAL LIQUEFACTION EVALUATION OF RATE CONSTANT (RUN 65) 

Rstf~ In 
~m/hr-cc, 

0.1341 

0.1308 

0.1351 

conversion - 
a~t~ orRanics d lsso lved  
amt. so l id  orsanlc  feed In 

0.373 

0.344 

0.388 

Oe-f rac t ' ion  of 
orsanlce in 
feed s l u r r y  

0.8741 

0,8711 

0,8662 

coaJ,,,~" 
Solvent 

. • -  r 

O. 2638 

0.2777 

O, 2691 

Rate Constant 

• .  R a t e  

k-c ' ( c o a l / s o l v e n t )  m 

0.5815 

0.5407 

O. 5795 

I ¥ ('k) "1 

.001531 

.001508 

.001~05 

Mole of H 2 

Used per 4 h * . /  

4.44 

4.48 

4.64 

Ash leve l  in coat 10.6Z 
LItSV : 1.0 hr "1 

Gas feed ra te  - 6 moles/hr .  
(H2+CO) 

lydro$en pa r t i a l  pressure - 16'26.1 pals 
Ray coal in  r e tu rn  = 15Z 

Coat s ize  - ~150 H. 



'CABLE 5. KINETICS OF COAL LIQUEFACTION OF RATE CONSTANT (RUN 66) 

late In 
 m/llr-c, u, 

t 

0.2790 

0.2925 

0.2845 

Conversion = 
amC.,..,orgonlcs d i s so lved  _ 
smt. s o l l d  organic  feed in 

| 

0.7991 

0,8092 
i i  

0,8161 

Cs-frac ' t ion  of 
organics in  
feed s l u r r y  

Coa~,P ~- " Rato Constant 
Solvent 

0.9650, 0,5163 
i 

0,966tt 0.5157 
i i  i i i 

0,9645 0.5184 

Rate 
k-c s ' ( c o a l / s o l v e n t )  

0.5599 

0,5881 

0.5290 

Hole of H 2 

Used per  4 h r .  

6.82 
i i 

7.11 

7,34 
L 

0,2814 

0.2863 
i 

0.2839 

, i  i 

O. 8186 

0,82L2 
i , m  

0,,8189 

0.2796 0.8191 

0,2785 

0,2785 

0,2762 

0.2889 
i l l |  H l l l l  . 

0.2801 
i i  I 

0.2784 

0.8160 
I I  

0,8159 

0.8210 

O. 8287 
i 

0,8255 
i I 

0.8145 

0.9644 
i i i i i  

0.9655 

0.9647 
i i t l . m  

0,9643 
i i i  i 

0,9642 
i 

0.9645 

0,9663 

0,9665 
I I I I  

0.9674 

0.9664 

0.5173 

0.5171 

0.5164 

0,5175 

0,5175 

0,5175 

0,5177 
i 

0,5171 

0.5168 

0,5167 

0.5640 

0.5734 

0.5698 

0.5602 

0.5581 
i ,  i 

0,5579 

0,5521 

0,5780 

0.5602 
i i  

0.5575 

B 

II q W 

i 

7.53 

5.92 

6.92 
i i  

7.38 
t 

6.95 
| 

( 
i i 

8.18 
i ii l l l l  i i |  i 

8.26 

6.27 
i i  J 

7.10 

u 

lloc - -  
) a v a i l a b l e  

Ash l eve l  in  coal  10.6~ 
LHSV : 1,0 h r ,  " I  

H 2 feed r a t e  = 6 molee /h r  
Hydrogen~;pdrttal p r e s su re  - ' 1429 ,6  p s i a  

Raw coal  in  re turn  - 33Z 



~)  " 
> ¢ 

"0 

¢t 0 

e~ r , ,  

.- 
._>g 

al nl ¢ ' 

I ~ , ¢ : , M  , ,  - ' ' ®  
_ m e l ¢  

0 . . _E . ,=  Jo | . .  -':la, l a .  

e 

Reproduced by N T / S  
National Technical Information Service 
Springfield, VA 22161 

This report was printed specifically for your order 
from nearly 3 million titles available in our collection. 

For economy and efficiency, NTIS does not maintain stock of its 
vast collection of technical reports. Rather, most documents are 
custom reproduced for each order. Documents that are not in 
electronic format are reproduced from master archival copies 
and are the best possible reproductions available. 
Occasionally, older master materials may reproduce portions of 
documents that are not fully legible. If you have questions 
concerning this document or any order you have placed with 
NTIS, please call our Customer Service Department at (703) 
605-6050. 

About NTIS 

NTIS collects scientific, technical, engineering, and related 
business information - then organizes, maintains, and 
disseminates that information in a variety of formats - including 
electronic download, online access, CD-ROM, magnetic tape, 
diskette, multimedia, microfiche and paper. 

The NTIS collection ofnearly 3 million titles includes reports 
describing research conducted or sponsored by federal 
agencies and their contractors; statistical and business 
information; U.S. military publications; multimedia training 
products; computer software and electronic databases 
developed by federal agencies; and technical reports prepared 
by research organizations worldwide. 

For more information about NTIS, visit our Web site at 
http://www.ntis.cjov. 

N'r/s 
Ensuring Permanent, Easy Access to 
U.S. Government Information Assets 



U.S. DEPARTMENT OF COMMERCE 
Tech~ogy AdminisffatJon 

N~onal Technical Information Service 
S~ncjfield, VA 22161 (703) 605-6000 


