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ABSTRACT 

Major activities focused on process system properties, chemical engineering 
and economic analyses during this reporting period. 

Analysis of process system properties was continued for silicon source mat- 
erials. Primary efforts centered on data ~ollection, analysis, estimation 
and correlation. Property data for silicon tetrachloride are reported for 
critical constants (temperature, pressure, volume, compressibility factor); 
vapor pressure; heat of vaporization; gas heat capacity and liquid heat 
capacity. Silicon tetrachloride is the source material in several processes 
under consideration for solar cell grade silicon production. 

Final experimental values for gas phase thermal conductivity of the silic~;? 
source materials silane, dichlorosilane, trichlorosilane, tetrachlorosilane, 
and tetrafluorosilane are reported in the temperature range 25OC to 350°C. 
These final values reflect a refinement of previously reported preliminary 
values after complete calibration of the temperature measuring apparatus. 

Chemical engineering analysis of the Union Carbide silane process (Case C- 
Revised Process) was continued with primary efforts being devoted .to the 
preliminary process design. Status and progress are reported for base 
case conditions,process flow diagram, reaction chemistry and equipement de- 
sign. Current engineering design is in progress for the several distilla- 
tion columhs which separate the liquid chlorosilanes and provide purified 
silane product. 
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A. SILICON TETRACHLORIDE PROPERTIES 

A n a l y s i s  o f  p r o c e s s  sys tem p r o p e r t i e s  w a s  c o n t i n u e d  d u r i n g  t h i s  r e p o r t - -  
i n g  p e r i o d  f o r  s i l i c o n  s o u r c e  materials under c o n s i d e r a t i o n  f o r  s o l a r  c e l l  
g r a d e  s i l i c o n  p r o d u c t i o n .  Pr imary a c t i v i t i e s  focused  on p r o p e r t y  d a t a  f o r  
s i l i c o n  t e t r a c h l o r i d e  which i s  t h e  s o u r c e  m a t e r i a l  f o r  s i l i c o n  i n  s e v e r a l  
p r o c e s s e s .  

C r i t i c a l  P r o ~ e r t i e s  (Table  I A - 1 )  

Exper imenta l  r e s u l t s  f o r  t h e  c r i t i c a l  t e m p e r a t u r e ,  p r e s s u r e  and volume 
o f  s i l i c o n  t e t r a c h l o r i d e  a r e  a v a i l a b l e  (B5, B8, B9, B11, B32, B33, B35, B36, 
B44, B50, B56, B 5 9 ,  B82, B83).  The r e s u l t s  among t h e  s e v e r a l  i n v e s t i g a t o r s  
are i n  g e n e r a l  agreement.  D e v i a t i o n s  from t h e  s e l e c t e d  v a l u e s  are 1 .712 ,  
O.5%, and 10.8% r e s p e c t i v e l y  f o r  c r i t i c a l  t e m p e r a t u r e ,  p r e s s u r e  and volume. 

The c r i t i c a l  c o m p r e s s i b i l i t y  f a c t o r ,  Z c ,  w a s  c a l c u l a t e d  u s i n g  t h e  f o l -  
lowing e q u a t i o n :  

Also  g i v e n  i n  t h e  t a b l e  are v a l u e s  f o r  t h e  a c e n t r i c  f a c t o r ,  w which 
i s  d e f i n e d  by : 

The a c e n t r i c  f a c t o r  i s  an  i m p o r t a n t  pa ramente r  i n  g e n e r a l i z e d  thermodynamic 
c o r r e l a t i o n s  i n v o l v i n g  v i r i a l  c o e f f i c i e n t s ,  c o m p r e s s i b i l i t y  f a c t o r ,  ' e n t h a l p y  
and f u g a c i t y .  

Vapor P r e s s u r e  ( F i g u r e  I A -  1) 

Exper imenta l  vapor  p r e s s u r e  d a t a  f o r  s i l i c o n  t e t r a c h l o r i d e  are a v a i l a b l e  
(B7, B22, B24, B27, B30, B32, B43, B53, B78, B103) from s l i g h t l y  above t h e  
m e l t i n g  p o i n t  (mp) t o  b o i l i n g  p o i n t  (bp) and a t  t h e  c r i t i . c a 1  p o i n t  (cp) ' .  
A v a i l a b l e  d a t a  were e x t r a p o l a t e d  u s i n g  t h e  YSSP vapor  p r e s s u r e  c o r r e l a t i o n  
(B102) : 

B 
l o g  P v =  A + - +  C l o g  T  + DT + E T  2  

T  (IA-3) 

where 

Pv = vapor  p r e s s u r e  o f  s a t u r a t e d  l i q u i d ,  mrn o f  Hg 
\ 

A ,  B, C, D l  E  = c o r r e l a t i o n  c o n s t a n t s  f o r  chemica l  compound 

T  = t e m p e r a t u r e ,  OK 

The c o r r e l a t i o n  c o n s t a n t s  ( A ,  B, C ,  D and El  were de.termined u s i n g  a  
g e n e r a l i z e d  least s q u a r e s  computer program f o r  minimizing d e v i a t i o n  o f  



c a l c u l a t e d  and e x p e r i m e n t a l  d a t a  v a l u e s  s c r e e n e d  from t h e  l i t e r a t u r e .  Average 
a h s o l u t e  d e v i a t i o n  was a b o u t  0.7% f o r  t h e  f i ' f t y - e i g h t  d a t a  p o i n t s .  

Hea t  o f  V a p o r i z a t i o n  ( F i g u r e  IA-2) 

H e a t  o f  v a p o r i z a t i o n  d a t a  f o r  s i l i c o n  t e t r a c h l o r i d e  a r e  a v a i l a b l e  o n l y  
a t  t h e  b o i l i n g  p o i n t  (B5, B11, B22, 830 ,  B36, B65, B82, B86) .  Watson 's  
cor re la t ' ion  was u s e d  t o  e x t e n d  t h e  h e a t  o f  v a p o r i z a t i o n  o v e r  t h e  e n t i r e  l i q u i d  
phase  : 

where AII, i s  t h e  h e a t  o f  v a p o r i z a t i o n  a t  t h e  b o i l i n g  p o i n t  (T].) and n  = 0.38.  
1 

H e a t  Capac i ty  ( F i g u r c s  I A - 3  and IA-4) 

I I c s t  rapacity d a t a  f o r  s i l i c o n  t e t r a c h l o r i d e  as i d e a l  g a s  at low p r e s s u r e  
are available (B3, B10, B17, D20, B28, H32,  U34, B43, E45, b52, B67, B73, B75, 
B82, B84, B86, B91). The v a l u e s ,  whicll are p r i m a r i l y  based  on s t r u c t u r a l  and 
s p e c t r a l  measurements,  a r e  i n  c l o s e  agreement .  

The h e a t  c a p a c i t y  d a t a  f o r  t h e  g a s  p h a s e  w e r e  c o r r e l a t e d  by a  s e r i e s  ex- 
p a n s i o n  i n  t e m p e r a t u r e  

where Cp - h e a t  c a p a c i t y  o f  i d e a l  g a s  a t  low p r e s s u r e ,  ca l / (g -mol )  ( O K )  ; A ,  
B, C and D = c h a r a c t e r i s t i c  c o n s t a ~ t s  f o r  t h e  chemica l  compouns; and T = 

t e m p e r a t u r e ,  OK. Average a b s o l u t e  d e v i a t i o n  i s  about  0.6%. 

L i q u i d  h e a t  c a p a c i t y  d a t a  are ava i . l&le  (B5, B22, 1328, B30, B26, ~ 4 3 ,  ~ 5 2 ,  
~ 6 0 ,  B(55, B 7 6 ,  R77, B82, B104) i n  t h e  mp-bp t e m p e r a t u r e  i n t e r v a l .  'Yhe daLa 
w e r e  ex tended  t o  c o v e r  t h e  e n t i r e  l i q u i d  phase with t h c  rc2at.i.on; 

l i q u i d  h c a t  capacity x d e n s i t y  = c o n s t a n t  (IA-4) 

The c o n s t a n t  v a l u e  w a s  0.3054. T e s t i n g  of t h e  r e l a t i o n s h i p  w i t h  t h e  a v a i l a b l e  
d a t a  produced average  d e v i a t i o n  o f  4%. 



TABLE IA-1 CRITICAL CONSTANTS AND PHYSICAL PROPERTIES OF SILICON TETRACHLORIDE 

Identification 

Formula 

State (Std. Cond.] 

Molecular Weight, M 

Boiling Point, Tb, "C 

Melting Point, Tm, OC 

Critical Temp., T,, OC 

Critical Pressure, PC, atm 

Critical Volume, Vc, ~ m ~ / ~ r m o l  

Critical Compressibility 
Factor, 2, 

Critical Density 
PC, gr/cm 5 

Acentric Factor, 61 

Silicon Tetrachloride 

S iC14 

Liquid 

169.90 

57.3 

-69.4 

234.0 

37.0 

326.3 
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Figure IA-1 Vapor Pressure vs Temperature for Silicon Tetrachloride 
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Figure IA-2 Heat of Vaporization vs Temperature for Silicon Tetrachloride 



Figure IA-3 Gas Heat Ca2acity vs Temperature for Silicon Tetrachloride 



Figure I A - 4  Liquid Heat Capacity vs Temperature for  S i l i con  Tetrachloride 



B. THERMAL CONDUCTIVITY INVESTIGATION 

In progress reports submitted since October, 1977; pre- 
liminary experimental values for gas phase thermal conductivity 
of the silicon source materials silane (SiH4), dichlorosilane 
(SiH2C12), trichlorosilane (SiHC13) , tetrachlorosilane (SiClq) , 
and tetrafluorosilane (SiF4) have been reported. These reported 
values were in the temperature range 25OC to 400°c. The values 
reported were designated as preliminary because final calibration 
of the temperature measuring apparatus had not been completed. 
The thermocouples (type K) used to monitor the temperature of 
the thermal conductivity cell have now been calibrated using 
materials of known melting points throughout the temperature 
range of the study (2S°C to 400°C). The HMF of the thermocouples 
was measured with a Leeds and Northrup, Model 8686, millivolt 
potentiometer which was calibrated and certified at the factory. 
The temperatures now reported for the thermal conductivity values 
are considered to'be accurate to +lOc. 

Final experimental thermal conductivity values for the 
silicon source materials are now reported in the following 
tables and figures. 

Compound 

Silane (SiH4) 

Dichlorosilane (SiH2C12) 

~richlorosilane (SiHC13) 

Tetrachlorosilane (SiC14) 

Tetraf luorosilane (SiF4) 

Table Figure 

The final data reported'is not significantly different from the 
preliminary values previously reported. The principle difference 
is more accurate reporting of the temperature for each data 
point. The final data for all compounds is summarized in Figure 
IB-14. 

There have been no previously reported experimental values 
for gaseous thermal conductivity of silane, dichlorosilane, or 
trichlorosilane. There has been one report of experimental 
thermal conductivity values (ref. 42) for tetrachlorosilane in 
the temperature range 70°C to 300°C. Those values were approxirnate- 
ly 10% lower than the values determined in this study. There has 
been one previous report of experimental thermal conductivity 



values for tetrafluorosilane (ref. 40) in the temperature range 
60°c to 430'~. The experimental values determined in this study 
for tetrafluorosilane agree with the literature values to within 
2% throughout the temperature range. 



Table IB-6 Gaseo:~s Thermal conductivity Values of Silane 

Gaseous Thermal Conductivity Temperature 

-1 oK-l -1 -1 0,-1 -1 -1 oF-l mW cm Cal cm. sec BTU hr ft 
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Temperature, OC 

Pigure IB-9 Gaseous Thermal Conductivity of Silane 



Table IB-7 Gaseous Thermal Conductivity Val-lea of Dichlorosilane 

Gaseous Thermal C~nductivity Temperature 

-1 0 ~ ~ 1  -1 oC-1 -1 -1 0~4 mW cm cal cm-lsec BTU hr ft 
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Table IB-8 Gaseous Thermal Conductivity Values of Trishlorosilane 

Temperature Gaseous Thermal Conductivity 
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Table IB-9 Gaseous Tkemal Conductivity Valnes of Tetrachlorosilane 

Temperature Gaseous Thermal Conductivity 

-1 0 ~ ~ 1  -1 -1 oC- l  -1 -1 oF0l mW cm Cal cm sec BTU hr ft 



150 LOO 250 

Temperature, OC 

Figure IB-12 Gaseous Thermal Conductivity of Tetrachlorosilane 





Temperature, 'C 

' Figure IB-13 Gaseous Thermal Conductivity of Tetrzfluorosilane 



Temperature. OC 

Figure IB-14  Gaseous Thermal Conductivity of Si- 

lane and Some Halogenated Silanes 



11. CHEMICAL ENGINEERING ANALYSES (TASK 2 )  

A. SILANE PROCESS (UNION CARBIDE) 

Major e f f o r t s  were cont inued dur ing  t h i s  r e p o r t i n g  per iod  on t h e  pre-  
l imina ry  p roces s  design f o r  t h e  Union Carbide s i l a n e  process  (Case C-Revised 
P roces s ) .  The s t a t u s ,  inc luding  progress  s i n c e  t h e  l a s t  r e p o r t i n g  pe r iod ,  
f o r  t h e  process  design is given below f o r  key gu ide l ine  i tems:  

P r i o r  Current  

.Base Case Condit ions 

.Reaction Chemistry 

.Process  Flow Diagram 

.Mater ia l  Balance 

.Energy Balance 

.Proper ty  Data 

.Equipment Design 

The d e t a i l e d  s t a t u s  s h e e t  is shown i n  Table I I A - 1 . O C  i n  o r d e r  t o  p r e s e n t  
t h e  i tems  t h a t  make up t h e  pre l iminary  process  design.  The process  flow- 
s h e e t  r ece ived  from Union Carbide f o r  Case C-Revised Process  is given i n  
Figure IIA-1. OC. 

The summarized r e s u l t s  f o r  t h e  pre l iminary  p roces s  design. a r e  presented  
i n  a  t a b u l a r  format t o  make it e a s i e r  t o  l o c a t e  i tems  of  s p e c i f i c  i n t e r e s t .  
The guide f o r  t h e s e  t a b l e s  is  given below: 

.Base Case Condit ions ................ Table I I A - 1 . 1 C  

.Reaction Chemistry .................. Table IIA-1.2C 

.Red i s t r i bu t ion  Equil ibr ium .......... Figure  I I A - 1 . 1 C  

I n  c u r r e n t  a c t i v i t i e s ,  m a t e r i a l  ba lance ,  energy balance and equipment 
des ign  a r e  i n  p rog res s  f o r  t h e  mass t r a n s f e r  equipment. Th i s  i nc ludes  
engineer ing  des ign  o f  s e v e r a l  d i s t i l l a t i o n  columns which s e p a r a t e  t h e  l i q u i d  
c h l o r o s i l a n e s  f o r  r ecyc le  and provide t h e  p u r i f i e d  sil!ane product .  



CASE C 

P r e l .  P r o c e s s  Design ~ c t i v i t y  

TABLE 1:IA-1.OC CHEMICAL ENGINEERING ANALYSES: 
PRELIMINARY PROCESS DESIGN ACTIVITIES FOR S I W  PROCESS-CASE C (UNION CARBIDE) 

1. S p e c i f y  Base Case C o n d i t i o n s  
1. P l a n t  S i z e  
2 .  Produc t  S p e c i f i c s  
3.  A d d i t i o n a l  C o n d i t i o n s  

2.  Def ine  Reac t ion  Chemistry 
1. R e a c t a n t s ,  P r o d u c t s  
2 .  E q u i l i b r i u m  

3 .  Process  Flow Diagram 
1. Flow Sequence,  u n i t  O p e r a t i o n s  

N 
2 .  Process  Cond i t ions  (TI  P, etc.) 

N 3.  Environmenta l  
4 .  Company I n t e r a c t i o n  

(Technology Exchange ) 

4. M a t e r i a l  Balance C a l c u l a t i o n s  
1. Raw Materials 
2 .  Produc t s  
3 .  3y-Products  

5. Energy Balance C a l c u l a t i o n s  
1. Hea t ing  
2 .  Cool ing  
3 .  A d d i t i o n a l  

6. P r o p e r t y  Data 
1. P h y s i c a l  
2 .  Thermodynamic 
3.  A d d i t i o n a l  

S t a t u s  P r e l .  P r o c e s s  Design A c t i v i t y  

7. Equipment Design ~ a l c u l a t i o n s  
1. S t o r a g e  Vessels 
2 .  Un i t  Opera t ions  Equipment 
3.  Process  D a t a  ( P I  TI rate, etc.) 
4. A d d i t i o n c l  

8. L i s t  o f  Major P rocess  Equipment 
1. S i z e  
2. we 
3. Materiais o f  C o n s t r u c t i o n  

6a.. hla  jor Techn ica l  F a c t o r s  
(eorent i .a .1  Problem Areas ) 
1. M a t e r i a l s  C o m p a t i b i l i t y  
2 .  Process  Cond i t ions  L i m i t a t i o n s  
3.  A d d i t i o n a l  

9. h r o d u c t i o n  Labor Requ i r enen t s  
1. Process  Technology 
2.  P roduc t ion  Volume 

10. Fordard  f o r  Economic Ana lys i s  

0 P l a n  
Q I n  P r o g r e s s  
a Complete 

S t a t u s  



CASE C 

Figure I I A - 1 . O C  Process Flow Sheet fo r  Si lane Process - CASE C (Revised Process) 



CASE C 

Figure  I I A - 1 .  OC (con t inued)  



CASE C 
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Figure IIA-1.OC (Continued) 



CASE C 

F i g u r e  I I A - 1 . 3 C  ( C o n t i n u e d )  



CASE C 

TABLE IIA-1.1C 

BASE CASE CONDITIONS FOR SILANE PROCESS-CASE C (Union Carbide) 

1. Plant Size 
-Silicon produced from silane 
-1000 metric tons/year of silicon 
-Solar cell grade silicon 

2. Hydrogenation Reaction 
-Metallurgical grade silicon, hydrogen, and recycle silicon tetrachloride 
(TET) used to produce trichlorosilane (TCS) 

-Copper catalyzed 
-Fluidiccd bed 
-500PC, 154.7 psia 
-20% to 22.5% conversion of SiC14 (example) 

3. TCS Redistribution Reaction 
-TCS from hydrogenation produces dichlorosilane CDCS) 
-Catalytic redistribution of TCS with tertiary amine ion exchange resin 
-Liquid phase 85 psia, 140°F 
-Conversion a function of inlet concentration (Union Carbide equilibrium) 
-Conversion from pure' TCS feed is about 9.5% to DCS (example) 

4. DCS ~edis'tribution Reaction 
-bCS produces Sill4 (silane) 
-Catalytic redistribution .of DCS with tertiary aminc exchange resin 
-Liquid phase 510 psia, 140°F 
-Conversion a function of inlet concentration (Union Carbide equilibrium) 
-Conversion from pure DCS feed is about 14% to Silane (example) 

5. Recycles 
. -Unreacted chlorosilanes separated by distillation and recycled 

6. Silane Purification 
-Final purification by distillation 
-Designed to remove trace impurities (B2H6, example) 

7. Operating Ratio 
-Approximately 85% utilization !on stream time) 
-Approximately 7445 hour/year production 

5. Storage Consideration 
-Feed materials (several week supply, approx. 1 month) 
-Product (two shifts storage) 
-Process (several hours to 1 [shift) 



CASE C  

TAB= IIA-1.2C 

REACTION CIlEMISTRY FOR SILWJE PROCESS - CASE C  (UNION CARBIDE) 

I 

1. H y d r o g e n a t i o n  R e a c t i o n  

3  S i C 1 4  + S i  + 2H2 ,' 4 S iHC13  

2. T r i c h l o r o s i l a n e  R e d i s t r i b u t i o n  HeactLv~~ 

2 SiHC13  S ~ H ~ C ~ ~  + S i C l q  

3. D i s h l o r o s i l a n e  R e d i s t r i b u t i o n  R e a c t i o n  

D i s t i l l a t i o n  
3  S iH2C12  >2 SiHC1, d + S i H 4  

N o t e  - 
1 .  R e a c t i o n  1 P r o d u c t  c o n t a i n s  H2,  S i C 1 4 ,  S i ~ c l ~ ,  SiF1 2 C 1  2 .  ( t r a c e ) ,  o t h e r  

trace c h l o r i d e s  

2 .  R e a c t i o n  2  F r o d u c t  c o n a t i n s  S iKC13 ,  S i C l q ,  S i H  2  C12 ,  S iH3C1 

3 .  R e a c t i o n  3 P r o d u c t  c o n t a i n s  S i H  C 1  SiHC13,  S i C 1 4 ,  S i H  C 1 ,  S i N  2  2 '  3 4 
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60853 Cl/Si RATIO 

Figure IIA-1.1C Redistribution E q u i l i b r i m  For S i lane  process-CASE C 

(Provided by Union Carbide) 



B. OTHER PROCESS 

For other processes under consideration for solar ce l l  grade silicon 
production, the following technical progress reports are being monitored: 

1. Battelle Process (Zn/SiC14) 

2. Motorola Process (SiF4/SiF2) 

3 .  Westinghouse Process (Na/SiC14) 

4. Dow Process (C/SiO2) 

5. SRI Process (Na/SiF4) 

6. Aerochem Process (H/SiC14) 

7. J. C. Schumacher Co. ( S i B r q )  



111. SUMMARY - CONCLUSIONS 

The following summary-conclusions are made as aresult of major acti- 
vities accomplished during this reporting period. 

1. Task 1 

Analysis of process system properties was continued for silicon source 
materials. Property data for silicon tetrachloride are reported for critical 
constants (temperature, pressure, volume, compressibility factor); vapro prcs- 
sure; heat of vaporization.; gas heat capacity and liquid heat capacity. 
Silicon tetrachloride is the source material in several processes under con- 
sideration for solar cell grade silicon production. 

The experimental determination of gaseous thermal conductivity values 
for silicon source materials is now finished with final values being re- 
ported in the temperature range 25'~ to 350°C. Thermocouples used to moni- 
tor the temperture of the thermal conductivity cell were calibrated and 
these calibrated temperture values used to obtain final thermal conducti- 
vity values. > 

2. Task 2 

Chemical engineering analysis of the Union Carbide silane process (Case 
C-Revised Process) was continued with primary efforts being devoted to the 
preliminary process. design. Status and progress are reported for base case 
conditions, process flow diagram, reaction chemistry and equipment design. 
Current engineering design is in progress for the several distillatian columns 
which separate the liquid chlorosilanes and provide prufied silane product. 



I V .  PLANS 

Plans for  the next reporting period are summarized below: 

1. Task 1 

Continue analyses of process system properties for s i l icon source 
materials under consideration for solar grade s i l icon.  

I n i t i a t e  preliminary investigation for  the measurement of gaseous 
viscosity of s i l icon  source materials. 

2 .  Task 2 

Continue preliminary process d e s i g n  of t h e  U ~ i i o i l  Carbide s i lane 
process (Case C-Revised Process) . 

3 .  Task 3 

I n i t i a t e  .cost analysis of t h e  Uniori Carbide silarie prucess (Cast C- 
Revised Process) . 



References 

1. Bauman, H. C., "Fundamentals o f  Cost Engineering In  t h e  Chemical 
Indus t ry , "  Feinhold Publ i sh ing  Corp., N.Y. (1964). 

2. Chi l ton ,  C. H., ed., "Cost. Engineering I n  t h e  Process  I n d u s t r i e s  ," 
McGraw-Hill Book Co. , N. Y. (1960) . 

3. Evans, F. L., Jr., "Equipment Design Handbook f o r  Re f ine r i e s  and 
Chemical P l an t s , "  Vol. I and 11, Gulf Publ i sh ing ,  Houston (1971 and 
1974).  

4. Guthr ie ,  K. M., "Process P l a n t  Es t imat ing  Evaluat ion and Cont ro l , "  
Craftsman Book Company o f  America, Solana Beach, Ca l i f .  (1974).  

5. Happel, J., and Jordan,  D. G., "Chemical Process  Economics," 2nd 
e d i t i o n ,  Marcel Dekker, Inc.,  N.Y. (1975). 

6. Per ry ,  R. H., and a i l t o n ,  C. H., "Chemical Engineers '  Handbook," 
5th e d i t i o n ,  McGraw-Hill Book Co, , N.Y. (1973). 

7. P e t e r s ,  M. S. , and Timmerhaus, K. D. , "Plant  Design and Economics 
f o r  Chemical Engineers ,"  2nd e d i t i o n ,  McGraw-Hill Book Co., N.Y. 

(1968). 

t3. Popper, H, , ed. , "Modern Cost-Engineering Techniques, " McGraw-Hill 
Book Co., N.Y, (1970). 

9. Winter,  O., Ind. Eng. Chem., 61  (41, 45 (1969). - 
10. Per ry ,  R. H., and Chi l ton ,  C. H., "Chemical Engineers '  Handbook," 

5 t h  e d i t i o n ,  McGraw-Hill, N. Y. (1973). 

11. Jelen,  F. C. , ' 'cost And Optimizat ion Engineering," McGraw-Hill, N.Y.. 
(1970). 

12. "Chemical Marketing Reporter ," Schne l l  Publ i sh ing  Company, New York 
(Jan. 1975). 

13. "Wholesale P r i c e s  and P r i c e s  Indexes,' '  U.S. Dept. of Labor, U.S. 
Government P r i n t i n g  Of f i ce ,  Washington D.C. (March 1975). 

14. Anon. "Costs f o r  ~ u i l d i n ~  and Operating Aluminum Producing P l a n t s  ," 
Chem. Eng., 120 (Sept. 1963). 

I1 15. Zimmerman, 0. T. and Lavine, I , ,  Cost Eng.," - 6 ,  16,  ( Ju ly  1961). 

16. " ~ o n t h l y  Labor Review ;"U. S. Dept . of Labor, Bureau of 'Iiabor Statistics, 
(June 1976). 



17.  d e l  V a l l e ,  Eduardo G . ,  " E v a l u a t i o n  o f  t h e  Energy T r a n s f e r  i n  t h e  
Char Zone During A b l u t i o n , "  L o u i s i a n a  St.ate [ J n i v e r s i t y  Ph. D. T h e s i s ,  
December 1 5 ,  1974. 

18.  B a l z h i s e r ,  R. E . , . S a m u e l s ,  M. R. and E l i a s s e n ,  J. D. ,  Chemical Engineer ing  
Thermodynamics, P r e n t i c e - H a l l ,  I n c . ,  1972. 

19.  Hunt,  C. P. and S i r t l ,  E., J. Elect rochem Soc . ,  119  (No. 1 2 )  1741 - 
(December 1972)  . 

20. Bawa, M. S . ,  Goodman, R. C . ,  and J. K. T r u i t t ,  " K i n e t i c s  and Mechanism 
of  D e p o s i t i o n  o f  S i l i c o n  by Reduction o f  C h l o r o s i l a n e s  w i t h  Hydrogen,." 
Chem. Vap. Dep. 4 t h  I n t .  Conf. (1973) .  

21. U h l ,  V.W. and Hawkins, A.W., "Technica l  Economics for Engineers" ,  A.1.Ch.E. 
Cont inu ing  Educa t ion  S e r i e s  5 ,  A.I.Ch.E., New York (1976) .  

22,  Woods, D. R., " F i n a n c i a l  Decis ion Making i n  t h e  P r o c e s s  I n d u s t r y " ,  P r e n t i c e  
H a l l ,  InC. (1975) .  

23. Ludwig, E. E. , "Appl ied P r o j e c t  Management f o r  t h e  P r o c e s s  I n d u s t r i e s " ,  
Gulf  P u b l i s h i n g  Co. (1974! . 

24. G u t h r i e ,  K.M., Chem. Eng., p.114 (March 24 ,  1969) .  
A v a i l a b l e  as r e p r i n t  " C a p i t a l  Cos t  ~ s t i m a t i n g "  from Chemical E n g i n e e r i n g ,  N.Y. 

25. H a s e l b a r t h ,  J.E., and J , M .  Berk,  Chem. Engr., p.158 (May 16 ,  1960) .  

26. B a a s e l ,  W.D., " P r e l i m i n a r y  Chemical  E n g i n e e r i n g  P l a n t  Design",  American 
E l s e v i e r  P u b l i s h i n g  Company, Inc .  (1976).  

27. Garcia-Borras, :T.,Hydrocarbon Process i i lg ,  - 55 ( 1 2 ) ,  137 (Dec., 1976) .  

28 .   oila and, F.A., Y.H. W a t s u ~ ~ ,  aid J.1C. Wilkincon,  "Intmdiict . . ion t o  P r o c e s s  
Economics", John Wiley & Sons,  London (1974) .  

29. Winton,  J . M . ,  Chemical  Week p.35 (Nov. 1 0 ,  i976). 

30. Garc ia -Bor ras ,  T. , Hydrocarbon ~ r o c e s s i n g  , 56 (1) , 171    an. 1977) . 
31. Boggs, B . E . ,  T.G. Digges ,  Jr . ,  M . A .  Drews, and C.1,. Yaws, "High P u x i t y  

S i l i c o n  Manufactur ing F a c i l i t y " ,  Government Report  AFML-TR-71-130. 
J u l y  1971. 

32. Breneman, W.C. and J.Y.P. Mui, Q u a r t e r l y  P r o g r e s s  Report,  A p r i l  1976, 
JPL C o n t r a c t  954334. 



33. Blocher, J.M., Jr., M.F. Browning, W.J. Wilson, and D.C. Carmichael, 
Second Quarterly Progress Report (12/15/75 to 3/31/1976) April 8, 1976 
of Battelle Columbus Laboratories. 

34. Dr. Leon Crossman, Dow Chemical Company, Personal Comrnuniciation, 1977. 

35. 'Winton, J.M., "Plant Sites 1977", Chemical Week, 119. -No. 19, P.35 - .  
(Nov. 10, 1976). 

36. Touloukian, T.S. (Series Editor) and others, "Themphysical Properties 
of Matter", Volumes 1-13, 1st and 2nd editions, IKI/Plenum Press, New 
York (1970-1976) . 

37. Hansen,' K.C., Miller, J.W., and Yaws, C.L., Quarterly Progress Report, 
June 1977, JPL Contract 954343. 

38. Choy, P.G., "Thermal Conductivities of Some Polyatomic Gases at Moderately 
High Temperatures", Ph.D. Dissertation, St. Louis University, 1967. 

39. Yaws, C.L. and others, Solid State Technology, 16, No.1, 39, Januaryi 1973. 
------._---_--.I.. _ 

40. Choy, P., ph.D; ~issertation, St. Louis University, 1967. 

41. Prostov, V. N. and 0. G. Popova, Russian Journal of Physical Chemistry, 
49 (3), 366 (1975). - 

42. Timrot, D. L. V. N. Prostov, and V. E. Lyusterr~ik, High Temperature, 
1 (5), 824 (1967). - 



TASK 

1. k ~ a l y s e s  of Process 

S..,ste!!. ProOpPrt i e s  

1 . P r e l .  Data Collect ion 

2.2ata k-.aLysis 

3.  E s t n a t l o r ,  nethods 

4 .  Ex?. -Corr. A c t i v i r i e s  

5. P re l .  Fr>?. Values 

2 .  fF,ea<cal Engineering 

k?alyses 

l . > r e l .  Frocess Flow D i d  

;. Reaction Chemistry 

$:.Y.:nez:c Rate Cata 

4.X;:or Equip.  9eq. 

5 . 0 e n .  Equi:. -Exp. Act. 

6.  ?rocess  Ccr?arison 

* c v, 3 .  Ecr?onic i.7a:yses 

l.ca;. ~ n v e s t .    st. 

2 .  Fiiw Uater ia l s  
33 
Z j . U r i ? i i i e s  

5 4. i : rect  x a r u f .  ;os:r 

5 . i n d i r e c t  Costs 

n 6.Total c o s t  

I! ,.Process Ccaparison 
Z 
0 

f Final Report - 
0 
!?' 
a 
(D 
.I z 
0 
0 

I I I , I ! b. - 
PRDCESS F U S I B I L I T  STLTY IN JPL C m t r a c t  ND. 954343 

SL'PPOR'I OF SILICOI; ?AYERIAL TASK I 




