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I. Abstract 

This Quarterly Report describes the conclusion of the 
seventh run of the Two-Stage Fischer-Tropsch/ZSM-5 piiot plant, as 
well zs the startup and early operation of the eighth run. The 
latter run uses Catalyst i-C at moderate pressures and temperatures 
to produce low methane + ethane yields. Also in this repSrt are 
results of hydrodynamic studies performed in our S.l cm ID hot-flow 
bubble-column~ using z 2 mm single orifice feed-gas distributor. 
Fina!ly~ we discuss some of the results of mathematical model 
studies of using staged CSTRs as alternatives to 5ubb!e-column 
reactors. 



II. Objective and Scope of Work 

The general objective of this work is to develop a slurry 
Fischer-Tropsch/ZSM-5 process for converting low H2/C0 ratio 
synthesis gas, of the type produced in a coal gasification system, 
into maximum yield of transportation fuels. To accomplish this 
objective, the following tasks will Be undertaken. 

Task I - Process Studies in Two-Stase Bench-Scale Unit 

Operation of the bench-scale unit will be directed toward 
production of hydrocarbons containing less than 8 wt ~ of methane 
plus ethane with high throughput, high conversion, and good catalyst 
stability. Together with Task 2, high quality liquid fuels, 
particularly the distillate, will be maximized. At least two tests 
shall be conducted using at least two different catalysts. One of 
these catalysts may be provided by DOE's alternate catalyst 
development projects. 

Task 2 - Scopin~ Studies of Fischer-Tropsch 
Reactor-Wax Upgrading 

The methods for upgrading the reactor-wax which is 
withdrawn from the slurry Fischer-Tropsch reactor will be evaluated. 
These methods should include conventional refinery processes, such 
as Fluidized Catalytic Cracking, Hydrocracking, Catalytic Selective 
Cracking, Thermal Cracking, and Hydrodewaxing. Proprietary 
mathematical models and open literature information will be used to 
the extent possible for these process evaluations. 

Means for separating the reactor-wax from the catalyst 
fines, if such a separation is needed prior to reactor-wax 
upgrading, shall be investigated. 

Task 3 - Product Evaluation 

The quality of the hydrocarbon liquid products from the 
two-stage unit and the reactor-wax upgrading processes shall be 
evaiuate~. Gasoline octane and distillate cetane quality, as well 
aS pour points should also be determined. 

Task 4 - Slurry Fischer-Tropsch Reactor Hydrodynamic 
Studies 

The effect of different feed-gas distributor designs on 
the slurry Fischer-Tropsch reactor performance will be investigated. 
Tests will be conducted in the BSU slurry reactor, or other 
bubble-column reactors, to provide guidance for subsequent runs in 
Task 1 as well as for design and operation of the non-reacting 
models. For hydrodynamic studies, the design, construction, and 
operation of hot, non-reacting bubble-column models will be 
required. 
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Task 5 - Develgpment of Conceptual Process Schemes 

A concepbual process scheme to maximize gasoline and 
distill~te yield using a combined.system.of slurry 
Fischer-Tropsch/ZSM-5 reactor plus reactor-wax upgrading Will be 
developed. Scoping costs of the plant will be estimated. 

@ 
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III. Summary o f  Progress to Date 

The seventh run of the two-stage Fischer-Tropsch pilot 
plant, which had accumulated 86 days on stream by the end of the 
last quarter, was concluded after a total of 98 DOS. The final two 
weeks of this run were spent unsuccessfully trying to increase H2+C0 
conversion. Following routine maintenance, Run CT-256-8 was started 
using Catalyst I-C at moderate temperatures and pressures to obtain 
low methane + ethane selectivities. After 28 days on ~tream, four 
major observations can be made: 

• The single-orifice feed-gas distributor has little or no 
effect on reactor performance. 

Activated Catalyst I-C has the ability to retain a large 
portion of its activity when removed from the reactor and 
then reloaded. 

• Fresh Catalyst I-C did not activate when added to the 
reactor during the run. 

• Methane + ethane selectivities have remained low throughout 
the run (2.1-2.5 wt ~). 

Bubble-column hydrodynamic studies continued this quarter 
with a 2 mm single orifice distributor being evaluated in the 5.1 cm 
ID tall hot flow column. This distributor gave substantially larger 
bubbles and lower holdups than other orifice-type distributors we 
have studied. 

This report also outlines a new mathematical model used to 
explore the potential advantages of a series of mechanically 
agitated slurry Fischer-Tropsch reactors (CSTRs) over bubble-column 
(BC) reactors. Specifically, the model predicts that tolerance to 
higher catalyst loading in a series of three commercial-size CSTRs 
leads to higher throughputs than in a commercial-size bubble-column 
having the same total volume. For instance, a 40% increase in 
catalyst loading (28 wt % in the BC vs 35 wt ~ in the CSTRs) results 
in a 40-I00~ increase in throughput for a target H2+C0 conversion of 
88%. This predicted increase in throughput depends strongly on the 
mass transfer limitations of the base case bubble-column. 

Finally, the Restrictive Distribution Appendix of this 
report describes the results of scoping hydrocracking studies of 
Fischer-Tropsch reactor-wax. 



iV. Detailed Description of Technical Progress 

A. Task i - Process Studies in Two-Stage 
Bench-Scale Unit 

I. Run CT-256-7 Conclusion ~ 

Run CT-256-7 of the two-stage Fischer-Tropsch/ZSM-S pilot 
plant was voluntarily ende~ on October ii~ IQ84~ after g8 days 
on-strea~n. The main objective of the run was to evaluate catalyst 
I-B for low methane + ethane mode operation. A detailed description 
of the first 86 days of the run appears in the July-September 
Quarterly Report. The last twelve days of the run were used to try 
and increase the H2+CO conversion while maintaining the low methane 
+ ethane selectivities (<8.0 wt ~) we hmd observed throughout the 
run. ~ This short period was therefore Characterized by changing 
conditions and wide swings in H2+C0 conversion. One flow 
interruption aiso occurred~ making any conclusions on performance 
difficult. A Brief description of these final twelve days follows. 

The material Balance data for this run are given in 
Appendix A. Tables A-I and A-3 summarizes the opgrating conditions 
and results for the first-stage operation. Tables A-2 and A-4 give 
the corresponding hydrocarbon product compositions. Similarly, 
Tables A-S and A-6 report the operating conditions and.results and 
hydrocarbon product compositions for secondLstage operation. 0nly 
those halances~ ~hich had Balance recoveries ,between90-110 wt ~, 
are reported. Also~ the recovery of hydrocarbons produced is within 
~20~ of the expected hydrocarbons production (i.e. 204 gHC/Nm 3 
H2+C0 converted). Since not all the F-T hydrocarbon liquid stremms 
(light and heavy hydrocarbons and reactor-wax) were analyzed for 
detailedcomposition, a CH2.08 compositionwas assumed for all these 
streams for estimation of the hydrocarbon producti0n per Nm 3 H2+C0. 
The second-stage :gasoline on the other hand was assumed to be CHI.7, 
whenever the detailed composition was not av~iiaBle. ., 

'" z. First-Stz~e Fischer-TropschReactor'0peration 

As described in the last Quarterly Report (QR) the B2+C0 
conversion had Been holding at 40 mol ~ (at 277©C, 251 ~Pz)since 
the shutdown at T6 DOS. Figure I is an extension of the run plot 
which mppezredin the last QR, showing the conversion, and methane 
and ethane selectivities for the entire run. The list of major 
events appears in Table I,-also a continuation'from the last QR. 

The i~st major event described in the last ~R was the 
decreasing of the temperature to 260~C. Several hours after this~ a 
valve in the feed-gas system malfunctioned, causing the reactor to 
be under nitrogen for 15 hours. When the synthesis conditions were 
resumed, the H2+C0 conversion had fallen to 30 mol ~ and the 
methane + ethane yield was up to over g.O wt ~. 
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Feeling the high pressure operation may have been 
inhibiting the catalyst activity, as was observed in Run CT-258-6 
with Catalyst I-D, the pressure was lowered to 2.17, then 1.48 MPa. 
This had only a small effect, however, raising the H2+C0 conversion 
to 35 mol ~ with little change in the methane + ethane selectivity. 

Next, the temperature was raised back to 277"C, and the 
conversion reached 60 mol ~. Increasing the temperature should also 
have increased the methane + ethane yield, but the opposite 
occurred; the methane + ethane yield dropped rapidly down to 6.7 wt 
~. While this was happening, the H2+C0 conversion was also falling, 
reaching 53 mol ~ in only 36 hours. 

The pressure was then increased for the last time, to 2.51 
MPa at 92 DOS. The methane + ethane selectivity decreased as 
expected, to 4.9 wt ~, but the conversion continued to decline at a 
high rate, falling to 30 mol ~ BY the end of the run. This type of 
behavior had not been observed previously under identical conditions 
(67-84 DOS), so it was logical to assume that the catalyst had 
somehow Been damaged when the flow was interrupted at 85 DOS. This 
makes any conclusions on the end-of-run performance risky. Still, a 
great deal had been learned to that point, as described in the last 
QR. 

2. Run CT-256-8 - Startup 

The eighth run of the two-stage pilot plant was started on 
November 20, 1984. The main objective of the run is to evaluate 
Catalyst I-C for low methane + ethane mode operation. An important 
incentive for evaluating Catalyst I-C is that it can be activated 
without a separate pretreatment step, as was demonstrated in Run 
CT-256-5 (Kuo, 1983). 

Also, this run marked the first conclusive test of a 1 mm 
single-orifice feed-gas distributor in the first-stage bubble-column 
reactor. The same distributor was used in Run CT-256-V, but leakage 
around its edges prevented definitive conclusions on its performance 
(see July-September 1984 Quarterly Report). 

By the end of this quarter, 25.5 days on-stream had been 
accumulated. The unit was shut down after four days on-stream for 
repairs to the wax withdrawal system, and is also currently shut 
down for the Christmas Holiday. Because of catalyst losses early in 
the run, H2+C0 conversions have ranged from 37 to 73 mol ~, while 
the methane + ethane yield has been a low 2.3-2.@ wt ~ of 
hydrocarbons produced. 

Three major highlights can be reported at this point: 

@ The catalyst activated in an identical fashion to Run 
CT-256-5, indicating no adverse influence of the orifice 
distributor. 
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Catalyst which was accidently removed from the reactor 
regmined a significant amount of its activity .~hen it was 
reloaded, the first time we have 0bservedthis ability. 

E) Additions of fresh Catalyst i-C did little)to improve 
converison or methane + ethane selectivity. Attempts at 
activating the catalyst in-situ with high H2/COratio gas 
were also unsuccessful. . . 

A detailed account of this run will be presented upon its 
completion. • ~ 

a .  Fischer-Tropsch Slurry Catalyst L o a d l n ~  

a n d  Pretreatment, and Testin~ of a .. 

. Single-Orifice Feed-Gas Distributor ~ "~  

• Run CT-256-8 was initially loaded with 2SOOg of Catalyst 
I'C The wax medium at the start consisted of Run CT~256~5 
reactor-wax. The following synthesis conditions were then •~ 
established: • 

25O 
1.48 
O. 67 

' j 

... 4.42 
"" ~ : O  ' 

Temperature,~ @C 
Pressure, RfPa 
H2/C0 Feed Ratio, Molar 
Superficial Feed-Gas Velocity, cm/s 
Space Velocity, NL/gFe-hr 

Z 

• These conditions are identical to those used in iRun 
CT-256~5, except that the space Velocity there was 27 NL/gFe-hr A 
plot of the volume contraction versus time is shown in•Figure 2. 
Also shown is the corresponding curve from Run CT-256-5The ~ 
similarity of these two catalyst activations shows that~the Orifice 
distributor was not a hindrance to the reactor perform~nc ~. 

5. Brief Description of Fischer-Tropsch 
• Reactor Operation " • 

After 22 hours, the H2+CO conversioh leveledoff at -70 
mol %. This level of activity is equivalent to other F-T catalyst 
we have used. At the same time, the methane + ethane selectivity 
was falling to 2.1 wt % of hydrocarbons. By the end of thequarter, 
it had risen to only 2.5 wt ~. : 

Reactor-wax withdraw~! operations were started/after two 
days on-stream, using our continuous catalyst/wax separation and 
withdrawal device which had worked very well during Run CT-256-7 
(see July-September Quarterly Report). This time, however, it 
malfunctioned, causing roughly one-third of the catalyst inventory 
to be removed in the wax drains. While trying to correct this, the 
feed-gasline to the unitpluggedat 4.3 DOS, Causing further 
catalyst loss and forcing a cold shutdown of the react0r, with the 
remaining slurry still inside. 



With the unit down, modifications were made to the wax 
withdrawal and feed-gas systems. On November 30, the run was 
restarted. Upon re-establishing conditions, the conversion had 
dropped to 37 mol % due to catalyst losses and possible damage to 
the catalyst from the shutdown. Then, Between six and eight DOS, 
most of the catalyst which had Been removed in the wax drains was 
reloaded into the reactor. This, combined with a 20~ lower feed-gas 
rate, raised the conversion to about 65 mol ~. The methane + ethane 
yield was unaffected. 

Subsequently, fresh Catalyst I-C was loaded into the 
reactor, but this had little or no effect on conversion or methane + 
ethane selectivity. Attempts were made to activate it in-situ using 
a high H2/C0 ratio feed gas for 18 hours, but this was unsuccessful 
as well. 

After 17 days, conversion was raised by increasing the 
temperature to 255°C and the pressure to 2.17 MPa while maintaining 
the same gas throughput. Five days later the pressure was dropped 
to 1.83 MPa Because the conversion had dropped from 67 down to 60 
mol ~. This did not change matters, however, because the decline 
continued, with the conversion dropping to 57 mol ~ over the next 
3.5 days. The methane + ethane yield by this time (the end of the 
quarter) had risen to only 2.9 wt ~ of hydrocarbons produced, and 
the wax make, which was being easily handled by the repaired wax 
withdrawal system, was ranging from 55-65 wt ~. 

3. Future Work 

Continue Run CT-256-8; determine if catalyst aging rate can 
be reduced by changing operating conditions. Also, we will 
try to increase H2+C0 conversion By adding catalyst which 
has been pretreated in a smaller bubble-column reactor. 

B. Task 2 - Scopin~ Studies of 
Fischer-Tropsch Reactor-WaxUpgradinK 

i. Hydrocracking of Fischer-Tr0psch i" 
Reactor-Wax 

Preliminary results from proprietary hydrocracking studies 
to upgrade F-T reactor-wax are described in the Appendix-Restrictive 
Distribution. 

C. Task 3 - Product Evaluation 

I. Field-Ionization-Mass-Spectrometry (FIMS) Analysis 

As discussed in the "Future Work" of the last Quarterly 
Report, we have sent two reactor-wax samples for FIMS analyses. The 
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samples were obtained from a CT-256-4 remctor-wax Sample analyzed 
previously. The sample was separated into an oxygenates fraction 
and a remaining hydrocarbons fraction. By separating these two 
fractions we can study the fragmentation, if any, of. these two 
classes of hydrocarbons. This will help us in interpreting the FIMS 
spectrum of the combined (i.e. "as is" reactor-waa~)sm/nple. 

2. Product Analyses 

The necessary product analyses to support other tasks were 
carried out. 

2. Future Work 

e Continue evaluation of Field-lonization-Mass-+Spectrometry 
(FI~S) technique. 

e Continue providing product analyses to support Other tasks. 

D. Task 4 - Slurry Fischer-Tropsch 
Reactor Hydrodynamic Studies 

I. Hydrodynamic Studies Using a Tall 
Hot-Flow Bubble-Column 

We have previously reported the hydrodynamic studies in 
the 5.1 cm ID x 9.1 m tall hot-flow bubble-column using three 
different distributors. The studies have revealed that the~two 
orifice-type distributors (a I mm single-orifice and a 0.S mm B-hole 
distributor) behave very similarly; but Both gave lower gas holdup 
than a 20 micron sintered-metal plate (S~[P). Even the low gas 
holdups produced by a i mm single-orifice distributor appaar to Be 
satisfactory in the slurry bubble-column reactor of the two-stage 
BSU as described in a previous subsection. However, the pressure 
drop across a I mm orifice distributor is expected to be high at 
superficial gas velocities normally encountered in a commercial-size 
Bubble-column reactor. Hence~ a larger diameter orifice d~stributor 
with a lower pressure-drop would be favored in a commercial-size 
reactor. We have, therefore, evaluated a 2 mm single-orifice 
distributor. As in the previous studies, the liquid medium used was 
a F-T derived paraffinic wax~ FT-200. The results are compare d to 
those obtained with the other two orifice-type distributors. 

Figure 3 compares the gas holdups obtained With the three 
orifice-type gas distributors. The gas holdups shown for the 1 mm 
slngle-orifice and 0.5 mm B-hole distributor were obtained from the 
correlation given in the last Quarterly Report. As shown in the 
figure, the 2 mm orifice gave substantially lower gas holdups (by 
50-70~) than those given by the other orifice-type distributors. 
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The bubble-size was relatively larger. Furthermore, the bubble size 
did not appear to change along the length of the column as observed 
with the other two orifice distributors. Also, large bubbles were 
seen to rise near the center of the column at gas superficial 
velocities as low as I.I cm/s. These large bubbles form slug-type 
bubble as they rise upward. These large bubbles are called 
slug-type because they are quite large; but unlike slugs, they do 
not occupy the whole column-diameter. 

At superficial gas velocities greater than I.I cm/s, the 
slugging at constant frequency was observed. The frequency of slugs 
was, however, substantially higher (three times that for other 
orifice distributors). Also, the small bubbles surrounding the 
large slugs were relatively larger. The existence of more slugs and 
larger bubbles is consistent with the observed lower holdup. 

a. Effect of Static L iquid Height 

Unlike the SMP distributor and the other two orifice-type 
distributors, the 2 mm single orifice gave the same gas holdup when 
the static liquid height was lowered from 7.1 m to 75 cm. In the 
case of the 20 #m SMP distributor, the existence of a high holdup 
zone of constant length at the top results in a higher gas holdup 
when the static liquid height is lowered. In contrast to the SMP 
distributor, the gas holdup in the case of the two orifice 
distributors (I mm single orifice and 0.5 mm-3 hole distributor) 
decreased when the static liquid height was lowered. This was 
mainly due to presence of large bubbles in the lower holdup bottom 
zone. In the case of the 2 mmorifice, however, the bubble size 
distribution and consequently gas holdup did not vary significantly 
along the column height. Hence, the gas holdup did not change when 
the static height was lowered from 7.1 m to 75 cm. 

b. Effect of Pressure 

As in the case of the other three distributors, no 
significant differences in the hydrodynamic behavior were observed 
for pressure variations of 138 to 221KPa. 

c. Other Work 

Bubble flow patterns were photographed for bubble size 
analysis. Dynamic gas disengagement studies were also carried out 
to obtain the bubble size distribution. The results will be 
reported in the next Quarterly Report. 

. CSTRs as Alternative to Fischer-Tropsch 
Bubble-Columns: Mathematical Model Applications 

In the previous Quarterly Report (July-September 1984) we 
described the potential advantages in using CSTRs instead of 
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bubble-column reactors for F-T reactions. The main features of a 
new mathematical model intended to explore the potential advantage 
of higher catalyst loading in the CSTR were also given. Here we 
describe in detail the new mathematical model, ~nd present predicted 
results from a comparison of a commercial scale F-T bubble-9oiumn 
reactor • and a series of three commercial scale CSTRs. 

The new model includes hydrodynamic correlations 
applicable to both bubble-columns and CSTRs. As a result, a new 
bubble-column model compatibie with the new CSTRmodelwasalso 
developed. This bubble-column model is represented by a series of 
CSTRs, the number of stages being correlatedwith the axia! 
dispersion in the liquid. The predicted 5ubb!e-columu performance 
using this new model is quite different from that using the previous 
model. The major differences are a larger bhbble size (7.6 versus 
0.7 mm). and a lower bubble density obtained from the hydrodynamic 
correlations used in the current model. Tbis resulted in a 
three-fold increase in the gas'liquid mass transfer resistance 
(equivalent to a two-third decrease in kLZ). Unfortunately, there 
is no information on hydrodynamics of a commercial size sl~rry F-T 
bubble-column to verify these correlations. " '  

The major results from calculations with 2 5  " , , v t ~  catalyst 
in the bubble-column reactor and 35 wt%catalyst loading in the 
CSTRs are: ' 

40-I00~ higher gas throughput in the CSTRs at the same H 2 + 
CO conversion (88 mo!~) and for the same total reactor 
volume as that of the bubble-column The mechanical power 
required to achieve the highest throughput was very small 
(1.5 watts per liter, W/L," of the reactor volume). 

(D The increase in throughput depends strongly on the mass 
transfer resistances present in the base case 
(bubble-column reactor). 

- Based on hydrodynamic correlations used in the new 
bubb!e-column model, the mass transfer resistance is 
large in the bubble-column. Hence, up to I00~ increase 
in throughput can be achieved in the CSTRs due partly 
to reduced mass transfer resistance by m~chanicai 
agitation. 

- ~For the other extreme of no mass transfer limitations 
in the bubble-column, the increase in throughput is 
limited by the increase in catalyst loading. Hence, 
only a 40~ increase is expected. 
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a.  Assumptions 

The major assumptions are: 

Mass transfer resistances only at the liquid side of the 
gas-liquid interface (H2, CO, C02, H20 ) 

Two consecutive reactions: 

Fischer-Tropsch 

CO + (l+m/2)H 2 = CHm + H20 (1) 

r l  = kl[tt 2] [CO] / ( [CO] +k 1' [C02]*kl"[H20]) (2) 

Water-Gas Shift 

CO + H20 = H 2 + CO 2 

r 2 = k2([CO ] [H20]-[H2] [C02]/k2')/  

([co] [co2] [H20] )2 

(3) 

(4) 

Molar contraction due to synthesis reaction is linear 
function of synthesis gas conversion 

Gas holdup, bubble-size and mass transfer coefficients vary 
with power input, and the first two vary with superficial 
gas velocity 

Steady-state isothermal and isobaric operation 

Perfectly mixed gas and liquid phases 

The F-T reaction rate expression includes C02 inhibition 
in addition to H20~inhibition used in our previous Bubble-column 
model. Deckwer (1984) showed that this term is essential when there 
is substantial CO 2 present. The denominator is consistent with an 
Elly-Rideal mechanism, obtained when an enolic polymerization 
mechanism is assumed for the F-T reactions. The water-gas shift 
reaction rate expression has a denominator consistent with a 
Lanwnuir-Hinshelwood mechanism, and was recommended By Podolski 
(1974) .  
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The gas holdup, bubble size and mass transfer coefficients 
are obtained from literature correlations which include the effect 
of mechanical agitation (for CSTR) and gas sparging (for 
bubble-column). The major assumption in thesecorrelations is that 
hydrodynamics are a function of the total power input per unit 
volume. The total power input is a linear combination of the 
mechanical power input and the power input by gas sparging. These 
correlations are summarized in Appendix B. 

The liquid phase can be assumed to be well mixed in a 
CSTR. The mixing in the gas phase, however, can range from perfect 
mixing (one equivalent gas CSTR) to the equivalent of two gas CSTRs 
(Chapman et al., i983). For simplicity, we assumed that the gas 
phase is well mixed as well. ~his assumption is valid for high 
mechanical power input. 

b. Material Balances 

The CSTR configuration used in all subsequent calculations 
is the "standard'~ Configuration (Holland and Chapman, 1966), and it 
is described in Figure 4. The stirrer is a six-blade turbine, and 
the vessel isequipped with four Baffles. The size and geometry of 
the stirrer assembly is expected to give good mixing performance. 

Material Balances on stage j of a series of M CSTRs 
(Figure 5) yields: 

Gas Phase: 

Ug~-iCgi3-l-ug~ Cgi~ +kLiJ agj (CLiJ_CgiJ/Ki) L/~ = O, i = i,... 4 (s) 

Liquid Phase: 

(l-egJ) (i-Vc)CFeFSinrnJ-kLiJag j (OLiJ-CgiJ/Ki) = O, i = i,..4 (6) 
• n 

The axial contraction due to the F-T reaction is represented by the 
dependence of the gas superficial velocity on H2+CO conversion (the 
same dependence was used in our previous Bubble-column model, Kuo, 
1983): 

UgJ = Ug ° (I+afSG°XH2+C0 j ) (7) 

U s i n g  t h e  same d i m e n s i o n l e s s  v a r i a b l e s  as  i n  o u r  p r e v i o u s  
model  (Kuo, i 9 8 3 ) ,  E q u a t i o n s  ( 6 ) - ( 7 )  can  be e x p r e s s e d  a s :  
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Gas P h a s e  : 

~gij-l-ugj~giJ-StdiJ(CgiJ-CLiJ) = O, i = 1 , . . 4  (8) 

Liquid Phase: 

S t d i 3 ( C g i J - C L i ~ ) + ~ S i n S t k n J ~ n J  = O, i = 1 , . . . 4  

Axial contraction: 

(9) 

ugJ = (I+~fSG j-i) (z+fj-z) / (l+fJ-l+=fJ-lf.GJ-:t (6gl+~g =)) (lo) 

The set of nonlinear Equations (8)-(10), combined with the 
hydrodynamic correlations given in Appendix B is solved by using the 
following scheme: 

I. Assume initial guess for Cgi 1, CLi I. 

2. Calculate ~g for stage 1. 

S. Calculate hydrodynamic parameZers for stage I. 

4. Use a Newton-Raphson routine to solve Equations (8)-(I0). 

. Repeat 4, this time itterating on the hydrodynamic 
parameters as well. 

. Use output of stage I -as ~o~h input and initial guess for 
stage 2. 

7. Repeat 2-6above for all subsequent stages. 

c. Bubble-Column Model 

The case of a bubble-column with axial dispersion can be 
also simulated by the series of CSTRs model above, if the number of 
CSTRs is related to the axial dispersion coefficient. Such a 
correlation is obtained by assuming identical staDdard deviations of 
the residence time distribution functions for a series of 
homogeneous CSTRs and a homogeneous axially mixed column 
(Levenspiel, 1979): 
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MBC = 0.5 PeLf (l-(l-exp(-PeL))/PeL) (li) 

where Pe L is obtained from literature correlations (Appendix B). 

The other assumptions are similar to those used in our 
previous bubble-column mathematical model (Kuo, 1983). 

d. Estimation Of Kinetic Parameters and B~se 
Case Bubbl~'Column Calculations 

Koelbel's Rheinpreussen data (Koelbel, IgS0) was used to 
estimate the intrinsic kinetic parameters. The Rheinpreussen plant 
was the largest F-T bubble-column reactor ever tested (l.Sm ID x 8m 
L) and operated succesfully with precipitated Fe/CU/K catalysts 
The conditions and parameters used and the results of the estimate 
are summarized in Table 2. The hydrodynamic parameters are 
estimated from correlations in Appendix B. Other parameters; such 
ms diffusivities, solubilities, and reactor-wax physical properties 
are the same as in the previous model calculations (Kuo~ Ig83), and 
for convenience are summarized in Appendix C. 

The numerical scheme used to estimate the intrinsic 
kinetic parameters ~i, kl ~, kiVV, and k 2 was the method of parametric 
regression~ minimizing the following target function: 

(!2) 

, • .. j 

The kinetic parameters estimated are quite different from 
those estimated using the earlier model (Kuo, Ig83). Improved 
kinetic expressions containing C02 inhibition terms (Equations (2) 
and (4)) are used. However, the major difference arises from use of 
new hydrodynamic correlations Tot estimation of the Bubble-size and 
gas holdup (Ca!derBank, 1958). These correlations gave a much 
larger bubble-size than that u se~ i~ the previous estimation ~5.8 mm 
versus 0.7 mm). This resulted, in athree-fold increase in the 
gas-liquid interphzse mass transfer resistance, and therefore, 4-5 
time increase in the estimated intrinsic kinetic rate. The 
hydrodynamic corrrelations Contained complete information for both 
bubble-column.and CSTR calculations. They were developed mainly 
from aqueous (with or without alcohols) systems. 'Unfortunately, 
there is no information on hydrodynamics of a commercial-size slurry 
F-T Bubble-column to verify these correlations. 

We feel that the gas-liquid interphase mass-transfer 
resistance estimated from these correlation probably provides the 
upper-bound of the mass-transfer resistance in a slurry F-T 
bubble-column. Currently~ work isBeing carried out to estimate the 
F-T kinetic parameters using data from a stirred-tank reactor of a 
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similar catalyst. We will then estimate the gas-liquid interphase 
mass-transfer resistance from the Rheinpreusssen demonstration plant 
data. Since the Rheinpreussen plant's bubble-column had a hydraulic 
diameter (i.e., equivalent diameter of a circle that gives the same 
flow cross sectional area to wetted perimeter ratio) similar to that 
of a commercial-size reactor, the gas-liquid interphase 
mass-transfer resistance thus estimated would be comparable to that 
of a commercial-size bubble-column. The potential benefits of a 
CSTR system can then be estimated. 

It is interesting to note that according to Equation (II), 
seven CSTRs in series are required to simulate the Rheinpreussen 
bubble-column (assuming that the hydraulic diameter is the 
characteristic diameter used in the axial dispersion correlation of 
Appendix B). 

The parameters used in the base case bubble-column are 
summarized in Table 3. Hydrodynamic and other parameters are 
estimated from Appendix B and C. The size of the bubble-column 
(3.5m ID x 10.5m L) is similar to that in our conceptual design 
(Kuo, 1983). The maximum catalyst loading in the bubble-column was 
chosen as 25 wt%, which is the highest we have ever tried in our 
bench-scale unit. Also, nine CSTRs in series were required to 
simulate the bubble-column base case. 

e. Model Predictions - Series of three CSTRs 

The objective of our study was to compare on the same 
basis the performance of a commercial size F-T bubble-column reactor 
with that of a series of three CSTRs having the same total volume, 
producing the same syngas conversion, but having higher catalyst 
loading. To achieve the same syngas conversion with the CSTRs, the 
syngas throughput was increased at a given stirring speed (i.e., 
given power input)and for a fixed catalyst loading. This procedure 
was repeated for the range of power inputs of commercial interest 
(0.2 to 5 watts per liter, W/L, Hughmark, 1980), and the results 
were expressed as increased throughput versus power required. These 
terms may be converted into economic terms, i.e., reduced capital 
costs (higher throughput ---> lower total reactor volume) versus 
increased capital and operating costs due to power requirments. 

For the CSTRs, the range of stirring speeds was limited on 
one side by the speed required to suspend the catalyst (Ncs), and on 
the other side by the maximum power input employed in commercial 
operation (5 W/L). A parametric study was performed first to test 
the behaviour of the hydrodynamic correlations. The parameters used ~ 
in these calculations are summarized in Table 4. The stirring speed 
required for complete catalyst suspension was insensitive to the gas 
throughput for the particle size of 30 ~m assumed in these 
calculations. 
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Figures 6-7 show the Bubble-size and gas holdu p versus gas 
superficial velocity and stirring speed. The gas holdup is less 
sensitive to stirring speed and it increases with the gas velocity 
(Figure 6). The bubble-size, however, is a strong function of the 
stirring speed, and is less dependent on the gas velocity (Figure 
7). 

Figure 8 shows the kLa m for H 2 versus the gas superficial 
velocity and stirring speed N. The kLa g increases strongly with N 
and moderately with the superficial gas-velocity. The behavior of 
the kLa='s= for the other components (C0,C02, H2O) is similar, the 
actual values being proportional to some power of the diffusivities 
(the power ~epends on the bubble size - see Appendix B). 

Figure 9 shows the predicted syngas conversion versus 
space velocity, with the stirring speed as parameter, for a CSTR 
catalyst loading of B8 wt~. In Figure I0, these results are 
replotted as increased space velocity in the CSTR versus power 
requirment, for a target syngas conversion of 88 mol~. Figure I0 
indicates that at 1.S W/L, the throughput in a series of three CSTRs 
can Be double that in the bubble-column reactor. Furthermore, there 
is no real incentive for increased power input above -2 W/L. The 
improved performance is the result of increased catalyst loading, 
and also of lower mass transfer resistance due to stirring. The 
percent of mass-transfer resistance as the total resistance (defined 
as Rdi/(Rdi+Rki); see Leib and Kuo, 1984) versus the stirring speed 
is plotted for H 2 and CO in Figure II. The mass transfer and 
kinetic resistances are defined as: 

Rdi = Ki/kLiag, i = i;...,4 (13) 

Rki = KiCLi/(klrlCFe(l-vc)(1-eg)), i = 1,...,4 (14) 

The percent of mass-transfer resistance for CO, for instance, 
decreases from 70~ to 35~ as the stirring speed increases from i to 
2 rps. . 

Note also, that there isno large detrimental effect due 
to backmixing in the CSTRs, s~nce there is some backmixing already 
present in the commercial size Bubble-column. Thus, assuming that 
the hydraulic diameter is the characteristic diameter, the base case 
bubble-column was found to be equivalent to a series of nine CSTRs. 

In previous CSTR calculations (Quarterly Report, 
0ctober-December 1982) we showed that there is no advantage in 
reduced mass transfer resistances in the CSTR~ since the mass 
transfer resistances were already small in the base bubble-column 
case. In those calculations, we used a 0.7 mm bubble-size and large 
gas holdup given by Deckwer's correlation, which resulted in small 
mass transfer resistances. In our subsequent hydrodynamic studies~ 
we found that orifice distributors can produce bubbles substantially 
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l a r g e r  t h a n  0 . 7  mm, a n d  t h e  g a s  h o l d u p s  c a n  a l s o  b e  s m a l l e r  w i t h  
c e r t a i n  F - T  w a x e s  t h a n  t h o s e  p r e d i c t e d  5 y  D e c k w e r ' s  c o r r e l a t i o n .  
However, even though the hydrodynamic correlations used in the 
current calculations were developed for the turbulent regime 
prevailing in commercial size reactors, there is no proof that these 
are applicable to F-T mediums. Hence, in the limiting case of no 
mass transfer resistance in the bubble-column, the increase in CSTR 
throughput is reduced to 40~; the increase in catalyst loading. 

3. Future Work 

• E v a l u a t e  a 2 mm s i n g l e  o r i f i c e  i n  t h e  1 0 . 2  cm ID  x 9 . 1  m 
t a l l  h o t  f l o w  b u b b l e - c o l u m n .  

Continuemodel applications to explore potential advantage 
of CSTRs. 



V. 

ag 

C 

C* 

% 

CFe 

CL " 

C1 

mi 

i" 

Nomenclature 

Gas bubble interracial area, 6eg/dB, (cm 2 
gas-liquid area/cm 3 expanded slurry) 

Concentration, (moi/cm 3 liquid or gas) : 

Concentration at gas-liquid, interfage, (moi/cm3) 

Drag Coefficient 

Iron loading, (gFe/cm 3 liquid) 

d 

dc 

E 

fFe ~ 

fSG 

g 

H 

HI 

K 

Cg/Cgli 

CLK/Cg I i 

An empirical variableobtained by solving . 
~quations (Bl), (B2), and (B12)simultaneously 

Impeller diameter, (cm) 

Pitch of Distributor Holes, 

Bubble diameter, (cm) 

(cm) 
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Catalyst particle diameter, (cm) 

Reactor diameter, (cm) 

Axial dispersion coefficient, (cm2/s) 

Molar H2/C0 ratio at the inlet o2 each sta~e 

Weight ~raction of Fe in catalyst 

Molar ~raction of H2+C0 at the inlet of e~ch stagm 

Gravitational constant, (cm/s 2) 

Height, (cm) 

Impeller location from the tank bottom, (cm) 

So!ubi!it~ coefficient Cg*/CL*, (cm 3 ~ 
i~ quid/ca B gas) 
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k l ,k2  

k I' ,kl,,,k 2' 

k2 

E 1 ' 

E 1" 

k 2 ' 

L 

M 

m 

N 

No 

No' 

P 

Pe 

Pg 

Pm 

Pmo 

Q 

R 

Rdi 

Intrinsic kinetic rate constants for F-T and 
water-gas shift reactions, respectively, (cm S 
liquid/s-gFe and mol/s-gFe, respectively) 

Constants used in the rate expressions (2) and (4) 

kl 

k2KIK2/K4Cgl 

kI'K2/K 3 

kI"K2/K 4 

K2K4/k2'KIK 3 

Liquid side mass transfer coefficient, (cm 3 
liquid/s-(cm 2 gas-liquid area)) 

Reactor height, (cm) 

Number of CSTRS 

Average H/C atomic ratio of F-T products 

Stirrer speed, (I/s) 

Number of distributor holes 

Corrected number of distributor holes 

Pressure, (Pa) 

Total power input, (W) 

Power input by gas sparging, (W) 

Power input by mechanical agitation (W) 

Power input by mechanical agitation in absence of 
gas (W) 

Volumetric flow r a t e ,  (cmB/s) 

Universa l  gas cons tan t ,  ( a tm- l i t e r /mol - °K)  

Transpor t  r e s i s t a n c e  from g a s - l q i u i d  in t e rphase  to 
bulk l i q u i d ,  Equation (13), (s-cm 3 expanded 
slurry/cmBgas) 
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Rki 

rl 

r2 

m 

r2 

Sin 

T 

U 

U ¸ 

ut 

V 

v c 

W . 

w c 

WFe 

~g 

P 

Pc 

Ps 

.f 

'Kinetic resistance, Equation;"(14) , (s-ca 3 expanded 
Slurry/cm B'gas) ~'" " ~  -. 

Kinetic rate of F-T reaction, given as Equation (2), 

Kinetic rate of water-gas shift reaction, given as 
Equation (4) , (mol/s-gFe) 

CLICL2/(CL2+kl ' CLs+kI"CL4) 

( C L 2 C L 4 - C L 1 C L 3 / k 2  ' ) ( C L 2 + k l '  C L 3 + k l " C ' L 4  % ' 

Elements of stoichiometric matrix i = I, . . . ~41 
and n = 1,2 

Temperature, (~C) 

Molar H2/C0 usage 'ratio ':" " ': 

Superficial velocity~ (cm/s) ~ 
.. , . , . .. . 

BubBle rise velocity, (cm/s) " " 

Volumetric fraction of catalysts" inslurry, pLWc/(Ps ~ 
wc(PL-Ps)) , (cmB.catalyst/cm B slurry) 

Width, (cm) 

Weight fraction of catalyst in slurry,.(gC~t/g 
slurry) 

Weight fraction of Fe in slurry~ : (gFeIg slurry) 

Greek Letters 
.?- ., 

Molar contraction pe.r mole of 
' : :~ "" ~H2+C0 c0nverted" excluding the inert~ 

Gas holdup, (cm B gas/cm S expanded slurry) 

Density, (g/cm 3) 

.Cata!yst particle density, ..(gCat/cm 2 catalyst 

Catalyst solid density, (gCat"/cm B c£talyst solid) 

interracial tension, (dyne/cm) 
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Viscosity, (g/s-cm) 

Fraction of jet kinetic energy imparted to bulk liquid 

Pe L 

Rel 

Stdi 

Stkij 

O 

J 

Dimensionless Numbers 

Axial Peclet number (liquid), 
ug°L/EL (l-~g) (l-vc) 

Impeller Reynolds Number, PsLNDIR/~SL • 

Stanton. number (diffusion resistance), 
L/ugIRdi 

Stanton number (kinetic resistance), 
Lkj CFe (l-e) (l-Vc)/ugOK I 

Superscripts 

At reactor inlet 

Stage j 

b 

C 

CS 

g 

I 

i 

L 

O 

SL 

,Subscripts 

Baffle 

Catalyst 

At complete suspension 

Gas 

Impeller 

Components, i = 1,2,3,4 for H2, CO, C02, and 
H20 , respectively 

Liquid, at height L 

At orifice 

Slurry 

CSTR 
DOE 

Acronyms 

Continuous Stirred-Tank Reactor 
Department of Engergy 



DOS 
FIMS 
F - T  
G 
ID 
RPS 
SMP 

Days on Stream 
Field-Ionization-Mass-Spectrometry ~:"' 
Fischer-Tropsch 
Gallon ~ .. 
Inside Diameter 
Revolutions Per Second. 
Sintered-Metal Plate '" 
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4 

q $. 

•4 

• •.'" . 

L" 

• .. • 
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Table 1 

Major Events in Run CT-256-7 (85-98 DOS) 
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DOS 

85 

8 5 . 7  

8 8 . 4  

8 8 . 9  

90.4 

9 2 . 3  

MAJOR EVENTS 

Flow Interruption; N 2 in for IT hrs 

Re-established flow at 2.52 MPa, 260°C 

2.52 ...... > 2.17 MPa 

2.1T ...... > 1.48 MPa 

260 ....... > 277°C 

1.48 > 2.52 MPa 
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Table 2 

Estimation of Kinetic Parameters 
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Parameters Used 

L, cm 

dR, cm 

dE, cm 

M 

T, °C 

P, MPa 

u~O, cm/s 

W c a t , %  

•770 

129 

25 

7 

-268 

1 ,.21 

9 . 5  

2 2  

O. 67 

4 B, cm 

dBo, cm 

dBE, c m 

PeL 

XH2, % 

XCO, % 

O( 

m 

•23 

0.58 

0.75 " 

O. 44 

13.0 

8 6  

91 

- 0 . 6 2  

2 . 2 4  

k-L (H21COICO21H20), cmls .I0,.04,.04,.05 

Estimated K-~netlc Pzrameters 

k I, cm 3 liquid/gFe-s 

k2, gmo!/gFe-s 

k~ 

k " ..i 

16 19 

13.0 x.lO -3 

0.28 

S. 7O 



Tabl e 3 

Summary of Bubble-Column Base Case Calculations 

P a r a m t e r s  Used 

L, cm 1050 

dR, cm 350  

dE ,  cm 25 

M 9 

T, °C 260 

P ,  MPa 1 . 4 8  

ug ° , c m / s  9 . 5  

Wca t , ~ 25 

k I, cm 3 liquid/gFe-s 1 1 . 9  

k2, gmol/gFe-s 7.8 x 10 -3 

k I ' 0 . 2 8  

kl" 3.70 

k L (H2/CO/CO2/H2O), cm/s  

eg, 

dB, cm 

dBo , cm 

dBE, cm 

Pe L 

f 

m 

0 . 2 2  

0 . 7 6  

1 . 3 0  

O. 45 

1 3 . 0  

0 . 7  

- 0 . 6 2  

2 . 2 4  

.I0,.04,.04,.05 

28 

Calculated Conversions 

XH2+cO, % 88 

XH 2 ,  ~ 85 

XCO, ~ 89 



Table 4 29 

Parameters for CSTR Calculations 

L, cm 

d R , 

M 

T, 

P, 

Wcat~ 

G 

i n  

ki, 

k 2 , 

k i ' 

ki" 

c m  

"C 

~tm ; " : " " 

7 o  

cm 3 liquid/gFe-s 

Emo!/gFe-s 

1 0 5 0  

3 5 0  

3 

2 6 0  

1 4 . 6  

0 . ' 7  

- 0 . 6 2  

2 . 2 4  

II .9 

7.8 x 10 -3 

0.28 

S . 7 0  

? 

• ~ . . . 

.• . ': 
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Table.  A-3. 
F i r s t  S t age  F i s c h e r - T r o p s c h  S ] u r r y  R e a c t o r  
Operating Conditions and Material Balances 

(Based on inter-Reeactor Sample) 
(Run CT-256-7) 

(Nitrogen-FreeBasis) 
M.B. No. 
Days 0n-stream 

First-Stage Conditions: 
Charge H2/C0 (Molar) 
Temperature, oC 
Pressure, MPa 
Feed Sup. V e l . ,  cm/s 
Space Vel., NL/gFe-hr 
N2 in Feed, Mol 

Conversions, Mol ~ : 
H2 
CO 
H2+CO 

Yields, Wt ~of Products : 
Hydrocarbons (I) 
C02 
H20 (1) 
H2 
CO 
T o t a l  

Bal Recovery, Wt ~ of Charge: 
(CO2) (H2) / (C0) (H20) : 
gHC/Nm3 (H2+C0) cony.: 
(H/C) Atomic Ratio in HC : 
Selectivities~ Wt ~ of HC : 

Methane 
Ethene 
Ethane 
Propene 
Propane 
Butenes 
i-Butane 
n-Butane 
CS - Cll (2) • 
Light Hydrocarbons (3) 
Heavy Hydrocarbons (4) 
Slurry Rx.-Wax 
Total 

7-  9 7-  10 
12.4 13 .4  

O. 659 
258 

2.521 
3.412 
3.272 

4.6 

78.26 
84.52 
82.03 

18.21 
64.70 
0.91 
1.01 

15.16 
100 

97.42 
26.96 

170 
2.14 

3.32 
1.83 
0.68 
2.80 
0.75 
2.46 
0.O5 
0.87 

12.91 
2.89 

10.65 
5 9 . 6 8  

100 

O. 665 
258 

2. 521 
3. 418 
3. 324 

4.8 

76.31 
82.33 
79.92 

17.79 
63.48 
0.94 
1.07• 

16.71 
10D 

100.85 
24.82 

176 
2.14 

3.42 
1.88 
0.67 
2.83 
0.78 
2 . 4 9  
0,05 
0.92 
13.1.5 
7.75 
7 . 6 7  

57 .21  
100 

(1) Including Oxygenates 
(2) In Gas Phase 0nly 
i(3) Collected in Chilled and Ambient Condensers 
(4) Collected in Hot Condenser 

'., • 

7 -  16 
20.4 

O. 674 
258 

1.970 
2. 720 
2. 690 
0.7 

74.27 
83.16 
79.58 

18132 
62 .40  

1.31 
1 .24  

16.73 
100 

g5 .97  
20 .18  

172 
2 . 1 4  

3.80 
1.83 
O.71 
2.92 
O. 76 
2.59 
0.05 
0.92 
8.35 

11.17 
15:62 

50,$3 
•100 

51 



Table A-4 
Composition of Hydrocarbon Products 

First-Stage Slurry F-T Reactor 
(Based on Inter-Reactor Sample) 

(Run CT-256-6) 

from 

52 

M.B. No. 
Days On-stremn 

7 - 9  
12.4 

7-10 
13.4 

7-16 
20.4 

METHANE 
ETEEhZ 
BTBANE 
PROPENE 
PROPANE 
I-BUTANE 
1 -BITrENE+ 2 -MET~LPROPBNE 
N-BtTrANE 
TRANS-2-BUTENE 
CIS-2-BUTENE 
3-U~.THYL-1-BUTENE 
I -PENTANE 
1-PBh~ENE 
2-U~,THYL- 1 -BUTENE 
N-PENT~E 
TRANS-2-PENTENE 
ClS-2-PBNTENE 
2-METHYL-2-BUTENE 
HF~NES + I S O - ~  
1-HT-,.,~NE 

I~PTENES * I S O - H B P T ~  
1-1I~II~NE 
1-TIL~S-3-DIRETHYL-N5 
N-HF, PTAkt~ 
CS-OI=V.31NS + ISO-PARATF]2~S 
1 - 0 ~  
N-OC'HLNE 
C9-OLEFINS + I S O - P ~ I N S  
1-NONENE 
N-NONANE 
N-DECANB 
ACETONE 
I -PROPANOL 
UNKNOWN LITE HYDRO-CAKB LIq (1) 
Um~OWN ~ H't'DRO-C~B LIq (2) 
SLURRY RFACTOR-WAX 

3.32 
1.83 
0.68 
2.80 
0.75 
0.05 
2.43 
0.87 
O.O0 
0.04 
0.12 
0.36 
2.01 
0.08 
0.73 
0 .45  
0.02 
0.03 
0.15 
1.75 
0.68 
0.56 
1.44 
0.18 
0.58 
0 .43  
1.20 
0.49 
0.19 
0.82 
0.34 
0.31 
O.OO 
1.02 
2.89 

10.65 
59.68 

3.42 
1 .88  
0.67 
2.83 
0.78 
0.05 
2.46 
0.92 
0.00 
0.04 
0.12 
0.36 
2.04 
0.07 
0.76 
0.48 
0.03 
0.03 
0.16 
1".7g 
0.70 
0.56 
1.46 
0.21 
0.60 
0.40 
1.16 
0.48 
0.24 
0.78 
0.33 
0.39 
0.08 
1.08 
7.75 
7.67 

57.21 

3.60 
1.83 
0.71 
2.92 
0.76 
0.05 
2.53 
0.92 
0.02 
0.04 
0.12 
0.15 
2.11 
0.07 
0.74 
0.00 
0.02 
0.00 
0.55 
1.80 
0.65 
0.29 
1.34 
0.00 
O. 50 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.07 
0.89 

11.17 
15.62 
50.53 

(1) Col lec ted  in /mblent  and Chi l l ed  Condensers 
(2) Col lec ted  in Hot Condenser 



Tzble A-5 
5ecomd-St~e Fined-Bed ZSH-S Reactor 

Oper=tin~ Conditions ~a~ M~erizl B=l~c~s 
(~= CT-1SS-7) 

(Nitrosen-Fres_ B~sis) 
M.B. No. 
Days On-strenn 

First-Sta~e Conditions : 
Chz-,'~s H2/CO (Molar) 
Temperat~L~e ~ oC 
Press%L~e~ I~P~ 
Feed Su~. V e l . ,  om/s 
Space  Vel., ~ I r ~ e - h r  
N2 in Feed, Mol ~; 

Second-St~e Conditions: 
Temp., Inlet, oC 

Outlet, cC 
Pressume~ M~a 
GBSV, 1/tn- 
Dzys On-stre-~ 

Convers ions ,  Mol S : 
;;2 
CO 
E1+CO 

Y i e l d s ,  ~t ~ ot  P~c~ucts : l " 

l~ya.--oc~-bons 
C02 

;;2 
CO 
Total 

Bzl Recovery, Wt ~ o~ Ch~e: 
(C02) (;;2)/(CO) (~20) : 
g~C/b'=~ ('fl1+CO) cony. : 
(H/C) Atomic R~tio in EC : 
Selectivi~ies, ~t ~ o~ ~;C : 

Methmme 
Etheme 
Ethane 
Propene 
Prop=me 
Butemes 
i-Butane 
n-Butmme 
C5 - C11 
C12+ (E=cl. Rx.-N~=) 
Slurry Rx. -~a= 
Total 

i-C4/(C3= + 04=) MoI~ : 
(C3/C3=) Mol~ ~atlo : 
A~-/late= Wt ~ of EC : 

C5 - Cll PDNA, Wt ~; : 
P=a~ins 
Otet~J~s 
H-~hthenes 
Aromatics 

7-  ~ 7- ~ 7-- 7 7-- ~ 7 - l 
E.4 9,4 I~.4 I I . 4  12.4 

£ . 6 7 t  £ .688  8.eS~ @.683 @.659 
257 285 2~6 25~ 2~8 

2.494 2 . 5 2 2  2 . 5 2 ~  2 . 5 2 1  2 . 5 2 1  
2.$~8 2.2~4 3 . 2 7 ~  2 . 2 7 ~  2.4~ 
2 . 9 2 9  2 . £ 7 4  2 . 1 4 5  2 . 2 2 8  2 . 2 7 2  

2.4 2.7 2 .4  2 .7  4 .5  

~- 1¢ 

E. 6~5 

3 .  $21 
2 .4 :17  
2.224 " 

4.7 

2 8 S  2~3 2 9 3  2 ~ 4  2 ~  2-~B 
212 213  2 1 ~  = 1 4  ~12 2 1 ~  

2 . 4 5 7  2 .61~  2 . 2 1 5  3 . 5 1 5  2 .S15  ~.515 
423~ 4241 4239 4327 4~12 ~4~4 

1.6 2 . ~  2 . ~  4.5  E.~ 6.~ 

7~ .57  7~ .~4  7~ .5S  7~ .6~  72 .7~  
8 5 . G 2  2 ~ . 2 8  8 S . 2 5  2 5 . 2 5  8 4 . 7 5  
82.~7 85.29 83.64 ~3.£2 32.24 

19 .59  • 2 1 . 3 4  31.2~ 3 ~ . 2 9  2~ ,2~  

1 . 5 3  1 .42  1 .61  1 . 4 ~  1 . ~  
£,99 @.93 @.93 ~.9~ £.~9 

12 .47  1@.£~ 1~ .91  14 .2~  l ~ . G 4  

99.62 1 ~ 1 . ~  1@3.21  ~ a . 6 2  ~7.4~  
17 .7~  24.53 17.22  16 .4~  14.8-~ 

2.11 2.@4 2.£~ 2 . £ 3  2 . £ 3  

2.99 2.£7 ~.81 ~.~ 2.~9 

£ . S t  £.6~ £.SS m.S~ @.e@ 
l.@-S 1 .£7  1.18 I.I~ 1.3~ 
1.21~ 1.28 1.14 I.@~ £.94 

1.61 1.52 1.14 £ . ~  @.57 
I. ~ 1.49 1.24 I. 18 I.@~ 

£ . 6 ~  @.45 @.45 £.32 @.~7 
54.@B 52.£S 5 1 . 8 3  ~4 .12  53.43 

@.35 £.2~ £.23 £.19 @.1® 

2.15 2.~ 2.23 1.52 1,12 

~ o  

m ~  42.6~ 

6 . 7 6  o - -  

w ~  

$ 3 . 5 2  

1~. ~ 
54 .~7  

1 . 4 5  
£ . ~ 7  

1 .5~  
1.12 
4.1~ 

I¢9 

~ .14"  

~.~ 

n ~  

7- 11 
lS.4 

¢.s~7 

2.S~I 
a . @ ~ i  
= . 4 ~  

~ . ~  

~ 4  

3.3!~ 
a~Yl 

4 ~ .  76 

1..#J4 
27 .2~  

.~'~ .£,~ 
~ . ~  

• @.4-4 

= .s9  
. ! . 8 4  

1 .45  
21.=7 

55 .8~  

£.2T 
@.72 
2.@3 
2.6~ 

2~. 71 
6.~4 

53 
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T a b l e  k-5 (Con~'d) 
Second-StAge  F~xed-~ed ZSM-6 ReActor  

Ope rAt ing  C o n d i t i o n s  ~nd Ma~e~i~l Balsm~es 
(Run CT-266-7) 

( N i t r o g e n - F r e e  BLsls )  
M.B. No. 7 -  12 7 -  13 7 -  14 7 -  16 7 -  i 6  7 -  19 7 -  21 
Days 0n-s t ream 16.4 17.4 18.4 I g . 4  26.4 23.4 24.4 

F i r s t - S t a g e  C o n d i t i o n s :  
Charge H2/C0 ( M o l a r )  6.671 6.667 ! . 6 6 9  6.675 1.674 1.661 6.667 
TemperAture ,  oC 268 256 267 257 268 267 266 
P r e s s u r e ,  MPA 2.628 2.628 2.628  2.628 1.976 2.521 2.821 
Feed Sup. V e l . ,  cm/s 3.128 8.127 3.126 2.696 2.766 2.677 2.735 
SpAce V e l . ,  NL/gFe-h~ 3.495 3.622 3.676 3.667 2.696 8.976 4.171 
N2 i n  Feed ,  Mol ~ 6 .6  6 .6  6.8 1.8 2 .3  6 .6  3.1 

Seco=d-S~a4[e ¢ o n d i t l o n s :  
Temp. ,  T ~ l e t ,  oC 836 848 847 848 846 366 866 

O u t l e t ,  oC 863 379 372 379 383 469 467 
Pressure ,  ~ 2.621 2.621 2.621 2.621 1.976 2.616 2.615 
CHSV, 1 /h r  4629 4829 4738 3796 2662 a983 4117 
DAys 0n-s t ream 9 .6  16.6 11.6 12.5 13.5 16.6 17.5 

Convers ions,  Mol ~ : 
H2 79.12 76.88 t 9 . 8 2  76.64 77.47 71.69 69.68 
¢0 82.99 78.12 64.18 74.64 88.95 67.68 65.89 
H2+CO 61.41 77.67 66 .44  74.64 84.68 68.67  67.16 

Y i e l d s ,  Vt ~ of  P roduc~s  : 
Hydroca rbons  26 .21  19 .86  16 .18  18 .68  19 .88  17.65 17 .$1  
C02 61.28 67.24 46.61 66.29 6 6 . 8 4  48.49 44.66 
H20 1.74 1.48 1.66 1.98 1.28 1.62 1.96 
H2 1.64~ 1.18 1.44 1.14 1.19 1.82 1.66 
C0 16 .77  26 .92  96 .62  24 .91  11.97 81 .62  34 .87  
TotAl  101 lEE lEE lEE lEE lEE lg4J 

BA1 Recove ry ,  Wt • o~ ¢hal-ge= 96 .71  lEE.16  96 .14  99 .29  9 6 . 9 7  99 .64  94 .62  
( C 0 2 ) ( H 2 ) / ( C O ) ( B g O )  : 11 .79  11.16 8.66 7 . 4 6  29.62 7.13 6.71 
SHC/Ne3 (H2÷C0) c o n , . :  188 196 182 168 176 194 191 
(H/C) Atomic R&tlo i n  HC : 2 .17  2 .19  2 .12  2 .14  2 . 1 4  2 .12  2 . 1 2  
S e l e c t l v i t l e s ,  Wt ~ o f  HC : 

MethAne 2.96 8.13 8.16 3.75 2.71 2.92 2.81 
E t h e n e  g . 4 3  1 .46  E.64 1 . 6 6  6 . 6 9  1 .61 1.71 
B t h a n e  1 .71  1 .77  6 .71  1 . 6 9  1 . 9 8  6 . 9 6  1 .97  
P r o p e n e  1 .42  1 .62  2 .17 1 .65  1 .74  1 .67 1 .96  
P ropane  2 . ~ I  ~ .69  ~ .17 4 .11  4 .66  6 .14  5 .17  
B u t e n e s  2 .81  2 .22  3.46 2 .68  2 . 1 5  1.77 2 . $ 6  
~ -Bu t s=e  6 . 2 9  4 . 6 6  4 .64  6 .83  6 . 1 2  6 .46  6 .79  
n-Butane 2 .16 2.67 3.68 $.86 $ .63  $ .63  $.92 
C6 - C l l  86 .84  $1.76 2~.76 36.29 29.29 26.86 27.9~ 
C12÷ (Exc l .  ~x . -V~x)  1.26 £.13 6.23 6.33 ! . 4 8  6.28 6.18 
S l u r r y  I x . - ~ e . x  63.38 6 6 . i ~  44.74 46.24 4 6 . 6 8  r~ .96  48.31 
TotAl  IRE IRE lEE l e e  lEE 1BE lEE 

i - C 4 / ( C : =  + C4:) Molar  : 
(C3/CS=) Molar  I A t l o  : 
JLlkylAt~,  Wt S o f  EC : 
CAt-Poly,Wt S o~ HC : 
C6 - C l l  P0~A, V t  ~ : 

Pa~-Af~ins 
Ole~ins 
N a p h t h e n e s  
~ l L l ~ o m ~ t ~ C l  

g . 7 6  £.D8 E.7B 1.19 1.32 1.32 1.14 
1.56 1.93 1.41 2.41 2.65 2.87  2.52 
6.25 7.98 8.64 9.11 8 .52 7.69 9.36 
8.77 £.67 1.27 O.tM E . l ~  |.IND g.B6 

~ m  
43.80 43.96 . . . .  48.61 
17.60 12.59 . . . .  6.83 

8.76 9.46 . . . .  19.29 
66.26 33.98 . . . .  42.97 
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T a b l e  A-5 (Cont'd) 
Second-St~e Fi~ed-Bed ZSH-6 ~e~ctor 

O~er~tiu~ Conditions ~nd M~teri:l Bzlances 
(Eu~ CT-2SS-7) 

(Nitrogen-Fr~e- B-~sls) 
H.B. No. 
Days On-stre~-~ 

First-Stz~e Conditions : 
Chax~e E2/CO (Moil) 
Te=pera~u=e, oC 
P r e s s u r e ,  ~ - ~  
Feed Sup. Y e l . ,  c = / s  

~2 in F e e d ,  Mol 
• Seoond-S~3e Conditions: 

Tenp., inlet~ oC 
Outlet, cO 

F ~ e s s u r e ,  k ~ z  
G~SV~ 1 / h r  

• ]Days ~n-st~e~m 
Convers~ons~ Idol ~ : 

H2 
CO 
H2+C0 

Yields, W% ~ o:~ P r o d u c t s  : 
Eyd=oc~bons 
C02 
320 

(7;3 
Tot~l 

Bal Recovery, ~ ~ o~ Chn~'~e: 
(C02) ~2) / (CO) (~20) : 
~ ;C/N=3 (I~2+¢0) ~onv .  : 
~ / C )  A t o = i c  ]R~t~.o i n  ;;C : 
Selecti~ties= W% ~ o:~ ~[C : 

Herb=me 
E%hene 
Ethane 
Propeme 
Propane 
Butanes 
i-But=ue 
n-Butane 
C~ - Cll 
C12+ (Excl. Rx.-W-~) 
Slurry E=. -W~ 
Tmt=l 

7- 21 7- 22  7- 2 3  7 - " ~ 4  7- 2~ 
22,4 2 6 . 4  2 7 . ~  2~.4 31.4 

E . 6 6 7  ~ . 8 2 6  ~ . 6 ~  
2£7  2~2  256  

2 . 5 2 t  . 2 . 5 2 1  2 . 5 2 t  
2 . 6 7 7  2 .763  2 . 6 9 5  

. 4 3 7  4 .  497  4 . 7 2 6  
£.~ ~.~ ~.~ 

257 
2 .  628 
2 .71£  
4 . 8 2 4  

@.6 

3~S 375  ~74 ~74 
411 4 1 £  4 ~  4~8  

2.E21 2.E!~ 2.515 2.~21 
3938 38~ 4333 4~1% 
13 .5  19.£ 22 .8  21.3 

2 • 5 2 1  
3.28~ 

6.123 
£.~ 

37E 

2.51E 

24.5 

6 9 . 8 8  7 4 . 6 3  63 .85  6 ~ . 4 2  ~ . 3 8  
8~ .8S 6 7 . 2 ~  62 .23  6 1 . 6 2  4 7 . 3 5  
6 8 . ~ 9  7~ .6~  62 .64  £I.12 4 8 . 6 ~  

12 .47  

1 .85  
1 .9~  

37 .18  

7 .1~  
16~ 

2 . 1 5  

4 . 1 2  
E . 9 2  
i .41 
2 .61  
6 . (~7  
2 . ~ ' ~  
7 . 1 2  
4 . 8 9  

@.£2 

17 .16  1 7 . 2 7  14 .69  
4 8 . 3 9  4 6 . 4 9  4 7 . 7 6  

1 . 2 9  2 . 6 2  1 .78  
1 . 2 9  1 .4~ 1 .67  

31.76 32 .12  34  . 18 

99.4~ g~.22 I~2.12 
g.  32 4 . 8 ~  7 . 48 
195 171 182 

] . 1 8  2 . 1 1  2 .1~  

8 . ~ 1  2 . 1 4  2 .95  
@.76 @.7~ £ . 8 t  
1 . 3 4  I.@7 t . $ 7  
2 . 2 2  2 . ~  2 . 2 2  
7 • 2~ E.  ~7 6 . 8 7  
2 . 2 7  2 . 2 ~  2 . 8 4  
7 . 7 1  6 . 9 2  7 . 1 4  
5 . 2 1  2 . S 7  4 . 8 2  

2 8 . 2 6  3 ~ . E ~  2 5 . 6 2  
£ . 1 ~  £ .2 ,5  ~ . 3 7  

4 1 . 3 1  ~S.E7 3 4 . 4 ~  
i~.~ 1 ~  1 ~  

11 .11  
3 3 . 2 2  

2 . 1 2  
2 . $ 4  

6 1 . 1 2  

9 7 . 8 t  

174 
2 . 1 4  

1.24 
£.97 
4.33 

£.82 

5.48 
2 . 8 7  

34.52 
e.38 

1~2 

i-C4/(CS= + C 4 = ) • M = I ~  : 
(+a /Ca=)  Mole~ R=~ io  : 
A t~71a tm ,  ¥ ~  ~ o+ NC : 
C~-Pol~=~t ~ o~ 1tC 

Olef£n~ 
N~ph~henes 
A ~ o = = t l c ~  

1.8g 1.17 1.32 I.%~ 
2 . 2 9  2.65 2.96 __~._~_~ 
9.45 0.27 I@.@4 12.12 

~a_.29 . . . .  
5 . 7 3  . . . .  

1~.  28  -- -- 
3 ~ . 6 6  . . . .  

e.4~ 

le. 7~ 

3 7 . 8 1  
19.3~ 

2 2 . 7 £  

7 -  27 
3 2 . 4  

a.e;rl 
2E7 

2 . 5 2 ~  
3 . 2 f i b  r 
6 . 2 ~ 7  

• ~ . ~  

~72  

2 .  £ 2 i  
8271  

• 2 5 . 6  

4 7 . 4 9  
44.47 
4 S . 6 ~  

1 2 . 3 2  
8 2 .  £ 2  
1.89 

• 2.84 
5 1 . 2 4  

133 .32  
4 . 4 3  

2 . 1 3  

3 . 7 ~  
1 . 1 6  
£ . 8 7  
4.~9 
4 . 2 ~  
4 . ~ ' ~  
4 ~ 7 6  

• 3 . 3 8  

m . i 6  

4 2 . 1 8  

e.~ 

4 . ~  

3 4 . ~ $  
2 7 . 1 1  
6 . ~ t  " 

32 .24  

7 -  2~ 
; 4 . 4  

8 . 6 8 9  
227 

2 . 5 2 3  
2 . 6 5 5  
5 . 1 6 ~  

¢ . 6  

276 
~ 6  

2 . 5 2 1  
4994 
2 7 . E  

E 2 . e S  
4 8 .  £~ 

• 4 ~ .  52 

1 2 . 4 9  

2 . ~ 2  
2 . 1 7  

• 4 9 . ~  

I~.64 
• 4 . 2 6  

• 2.13 

2 . 4 S  
• 1.28 

1.~ 

4.46 
4.71 
4.81 
3 . 6 4  

$ 2 . 8 3  

4~. £9 

@ . 4 7  
I:.I.1 
9,46 

~,~. 2~ 

18. £I 
~ . S S  

2 ~ . 6 7  



T a b l e  A-8 (Gone 'd )  
Second-S taKe  F ixed -Bed  ZSR-5 R e a c t o r  

Opera t~n8  C o n d l t l o n s  ma~d HaLer~sl  B a l a n c e s  
(Run CT-286-72 

( N i t r o g e n - F r e e  B u l s )  
M.B. No.  7 -  30 T- 81 7 -  82  7 -  33 7 -  84  7 -  85 
Days O n - s e r e s =  85 .4  86 .4  ST.4 88 .4  88 .4  4 8 . 4  

F i r s t - S t a g e  C o n d i t i o n s :  
Charge H2/CO (Nolar )  B.693 B.68B B.665  6 .686  B.609 B.67B 
Temperature ,  oC 258 257 257 259 258 257 
P r e s s u r e ,  MPa 2.821 2.842 2.588 2.535 2.535 2.521 
Feed Sup. V e l . ,  c : / s  2.689 2.297 8.266 8 .282  8.255 3.298 
Space V e l . ,  ] (L/KFe-]~ 5.157 6.71W 3.649 8.799 3 .762  8.833 
N2 i n  Feed, Mol ~ 9.5 | . 5  9 .5  9 .5  2 .5  9 .5  

Seco=d-Sta4[e C o n d i t i o = l :  
Temp. ,  I n l e t ,  oC 279 886 886 889 394 896 

O u t l e t ,  oC 499 484 44W 491 495 491 
P r e s s u r e ,  |fPa 2.515 2.585 2.528 2.842 2.528 2.818 
GHSV, 1 / h r  4584 6889 6917 5762 5842 5918 
Days On-stream 28.5 29.5  89.5 81.5 32.5 88.5  

C o n v e r s i o n s ,  Hol S : 
H2 58.89 48.76 49.84 86.47 51.37 51.49 
CO 54.26 49.61 48.91 49.39 49.88 48.19 
H2+CO 84.18 43.15 49.28 82.22 59.18 49.51 

Y i e l d s ,  I t  ~ of P r o d u c t s  : 
Hydrocarbons 18.95 11.54 11.89 12.74 12.52 11.69 
C02 37.81 27.37 25.13 35.72 14.99 33.72 
H20 1.91 1.86 1.59 1.59 1.96 1.49 
H2 2 .34  2 . 4 7  2 . 8 9  1 .98  2 .28  2 .31  
CO 44.81 57.77 48.96 47.97 49.15 59.97 
T o t a l  198 11~ 100 100 l l ~  l l ~  

Hal Recovery,  I t  ~ o f  Ch,u'Ke: 98.24 98.19 99.51 l i M . 6 2  98.19 96.91 
(C02) (H2)/(CO) (H20) : 6 .06 8.58 6.61 5.29 8.72 6 .19 
ir~C/Nm3 (H2+CO) cony . :  194 188 188 192 191 177 
(B/C) Atomlc Ra t i o  i n  HC : 2 .14  2 .14  2 . 1 9  2 . 1 6  2 .19  2 .16  
S e l e c t l v l t l e s ,  I t  S o~ RC : 

Meth&ne 3.74 B.88 ) . $ 8  8.12 8.81 $.55 
Bthene 1.25 1.77 1.86 1.68 2.92 2.43 
Ethane 1.16 1.94 1 .66 1 .69 E.67 1.72 
Propene 1.83 5 . 7 1  4.81  4.92 5.71 6.41 
F r o p s ~ e  4 . 7 4  5 .13  3.11 2.56 2.82 2 .37  
Hutenes 4.98 6.96 6 .98 6.74 6.59 9.93 
i - B u t ~ n e  5 .14  8 .72  2 .T2  2 .94  1 .89  1 .59  
n-But&he 5 .86  5 .95  2 .81  2 .19  2 .33  2 .96  
C8 - C l l  31.88 89.9B 53.97 | 4 . 13  88.99 26.82 
C12+ (Hxc l .  I L z . - I u )  1.91 9.18 1.15 1.17 1.91 1.11 
S l u r r y  ] L x . - I u  4II.iW 49.IHD 49.IM; 41 .84  89 .86  $5.1N~ 
T o t a l  1 ~  1 ~  109 1 ~  1BE 1 ~  

i -C4 / (C8= * C4:) Molar  = 
(C3/C3:) Mols= R a t i o  : 
A l k : v l a l~ ,  Wt S o f  RC : 
C ~ t - P o l y , l t  Z o f  EC 
C5 - C l l  PONA, I t  ~ : 

P a r a f f i n s  
O l e f l n s  
Maphthenes 
A r o - - t i c s  

0.48 J.SO e.2B E.15 B.11 J.E8 
1.18 1.3m B.62 J.SO 0.42 g.85 
9.91 ?.81 6.35 4.£2 8.71 2.98 
3.95 7 .07  9.12 9.69 12.48 13.99 

88.81 85.12 82.75 - -  28.82 
18.54 27.85 27.44 - -  86.35 

9.78 8.28 8.8@ - -  4.37 
82.67 29.25 84.M1 - -  29.26 
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5.7 

~ b l e  k-8 
Co=~ooi~io~ ©~ a T ~ o e a , ~ b c n  pr©duc~s f~om 

M.~.  ~ o .  

E T E E ~  

PEOPE.~'£ 

I-BVT~L~r~ 
1. RLTE.~r~ 2 - ~ET//Lg~OPEh'£ 
~ -B 6"t ,,L4~ 

I-FESTAl/ 

~-PE~TAS"3 

C[S-2-pEDITEDI~ 
3 -EETE/L - 2-BUTE~E 
2,2-DI~'~LBLTA. ~r£ 
CYCLOPE~T~L~-£ 
EE~.~-~S * ISO-EE_qAE'~S 
2 , 3  -DZL--vTETLBLT~- ~r£ 
-~ _H~--~ptm.m+T,%.~r£ • 
a .  m'~TE~%pS~TA.~I'£ 
EE:~.~++~ 

~ - ~ 7 . ~ r £  
2 , 3 - D I ~ E I ~ P ~ T ~ L q ~  
2 , 4  -D IE~TETLP E~T~.%'~ 
E~'E/L C T C LOPE ~T A.%'£ 
3,3-  D I~TEI"~E,~T~L~E 
CTCLOEEL~.}r£ 

~ - K E ~ E r ~ E E ~  
I-CI$-S-DIEETE~-~5 

1 -TEA.~$ -2 -D i"I~TEII -~ 
~-EE~T~L~3 
C?-Ol,.~[S 

IS0-C~-P + O - HS + ~+ 
M n . ~ O ~ - I S ~ - C t m - P  

I50-C~-P 
C2-0~2t.~S 

~ - 0 ~ . ~  
140.~0~r~,-IS0-Ce-P 
O ~  IS0-C~-P 
c g - o L ~ I ~ 5  
Ci~ -I~=-'T~.'~3S ( ~ - . ~ )  
.~ -.~ n ~ A..~r~ 
I S 0 - C l B - P  * 0 - ~I~ * NO 

BE~Z~T£ 

ETEYS~X.~zE~r~. 
p -X~L~h~ 

ISOP~0PYL.~+~ZEH~ 

1 - ~ = ' T ~ - ~  -~ZT~  - ~ Z ~  
1,  S, 6-TE~ -~'E'~-BE~ZE ,~r~ 

~-C6 -~zE~r~ 
1,2, ~ - ' T E E ~ " ~ - - ~ Z ~  ,'~r~ 

C II-ALETLBENZE.~r£$ 
t"~'&_~O-~5 C8c A.~O~ATICS) . 
L?r~0TH LITE E ~ 0 - C A ~  L~ ( I )  
[;/rro_:~ 0 ~'~ C12- 
S LI.,'~,Y IL~r~CTOR -'ILL~ 

( I )  C ~ l l e = ~  in  Ch i l l e~  a=d A.~b~e=% 

7- 6 ?- • ?- 7 7- 0 7 -  i) 
1.4 8.4 10.4 11.4 12.4 

0.08 2.07 2-~1 2.88 2.89 
8.6:1 I . E ~  •.70 1 . 9 6  l .EO 
1.81 1.8~ O.&+ 1.81 I.8~ 
I.I~ 1.07 I,II I.I@ 1J19 
I . ~ 5  I . ~  1 . 1 4  I . • $  1 , ~  
1 . 6 1  1 . 6 2  " 1 . 1 4  1 . 8 ~  • . £ 7  
1 . 0 3  1 , 6 ~  1 , 9 4  2 . ~  2 ,~Q 
1 . 7 D  1 . 4 9  1 - 2 4  1 . 1 8  r l * ~  

1 . 4 7  1~.25 0.4f5 • . 4 9  1 . 6 9  
0.13 1.1~ • . g ~  1.~? • . 1 9  
1,21 1.13 l .  I1 l , ? +  1.41 

1.61 1.30 1 . 4 3  • .6~  • . 1 2  
l . P 2  • , 6 ~  I -?~  1.?2 1.6~ 
1.29 • . 2 2  0 . ~ 3  l . ~ +  9.35 
• .1~ l , l l  • : 1 8  1.14 i . l e  
1 . 8 2  II.G4 1 .IG 1.3 .9 I . ~  

• . •~  I . g ~  • -83  1.13 • . ~  

1 . I ~  1 . 1 2  1.93 l . l~4  l . • ~  
1 . 4 ~  0 . 3 ~  1 . 2 ~  1 . 2 6  g. IB 
1.47 g.i~9 @.m7 l . ~  0.1~ 
I.e11 l . f ~  I . ~  1 . 1 ~  8.I~ 
N.g7 8.03 1.07 1.~7 1 . 1 i l  
1 . 6 3  f~.~2 1.2~ 1.35 1 . 3 3  

~.~1 1 . ~  1 - ~  • . I ~  • - ~  
l i : 1 5  1 . 1 7  1 . 0 9  1 . 1 1  0 . 1 4  

1.28 •.IE 1.31 1.21 1 . 4 3  
1.~3 •.03 0 . •~  I .@+ 1.0~ 
0 . 0 ~  ~ . ~  1 - ~  1 . I ~  • . I ~  
• .04 f~.83 1 . 9 3  1.12 l . l ~  
• .0? •.I~ I . ~  1.•~ i.l~ 

1.15 1 . ~  1.1~J I . l ~  • . l ~  
0 . 2 ~  I .O~ • . 1 9  1.18 1.15 
! . 1 ~  I . l ~ l  6.1~ 0-~@ l , g  "~ 
1 . 1 ~  g • f~'J • . l ~  1 . g ~  • . f l ~  
• .1~  • . ~ ]  i . fN~ I . l ~  1 . 1 ~  

1 . 2 4  i . ~  i.l~ •.l~J 1 . 1 ~  
• . ~  •.GO 0.1~ I . ~ .  l . l ~  

g . 1 1  g - f ~  I . l ~  I . l ~  1 . 8 2  
1.84 1.1~ i . lP~  g. IG • .1~  
1.3~ 1 . ~  1.8~ I . ~  B . ~  
1 . 4  S; 1 .8 '~  1 . 8 ~  l . l ~ '  1 .1~i  
1 . 2 2  II.I~ 0.I~ l.•~ i.~ 
0.1{I  • - ~  1.1~ I . ~  1.1~ 
1 , 4 ~  I . K  l . l ~  l , l ~  • . I ~  

8.19 0.I~ l.l'~ • .II,~ II.I~ 
0.~'~ 8 - ~  • . ~  1.1~ 0.1~3i 
1 . 1 5  l . l ~  1 , I ~  l . • O  l . l ~  

• .12 8.~ • . I~P I15 .1:~ 1 . I ~  
11.8~ 1 . 1 ~  I . l ~  • . ! ~  £.@G 
• , 41  I1.1~ 1.II~ II • l~J II.I~I 

1.84 g . l ~  1.1~ I . l ~  0.8~ 

1.44 • . ~  4.1~ • . ~  • . 1 ~  
1.21 •.1~ I . ~  •.I~I 1.1~ 
1.II~ • . ~  l.l~ i.#~ l.l~ 
• ,17 •.l~j I ,I~I • ,I~I~ 1,8~ 
O.O~ i~.ee 8 . I ~  1 . • ~  l . l ~  
1 . 0 1  I ~ , ~  1.09 G . ~  8.1~ 
8.1{D I . ~  8 . ~  l . l ~  I . N  
e.02 • - ~  O.l~ 8 . ~  ~.~ 
I . ~  3 0 . 1 9  =Ig.8~ 2 7 . I ~  2 7 . ~ 9  
l.m@ II .4~  1 . 4 ~  • - 6  "j l , g 7  

6~1 • ~-'3 6 2 . + ~  6 1 . 8 ~  6 4 . 1 3  I~'1 - 49 

7 -  l e  ~ -  11 
1 3 , 4  1 6 . 4  < 

1 , 4 0  + * • . I ~  
I . 0 ~  1.44 
1 o|? 1 . 4 2  
1 . 1 g  I . • 3  
g . lP2  1 . 1 4  
2 .E~  0 , 2 0  
1 .m~ +I .4+ 
g.97 I I . 87  
I , I +  1.69 

l . e +  ! . 0 2  
e . 1 •  • . 1 1  
• ,88" 11.72 
• .T~  1 . 4 7  
1 . 2 9  0 . 4 7  
• . 1 8  1 . 2 2  
1 . 8 7  1 . 1 ~  
• , • ~  0 . I ~  
• 1.4 • . I . ~  

I . g $  g . • 3  
£ . 3 ~  1 . S l  
I I . l e  I . ~ J  
• . 1 ~  1 .tl-~ 
8 . 1 1  1 . • 7  

• ,11J " • . 3 ~  

• . 1~  1 . • 1  
• . 48  1 . ~ 3  
• . I ~  •.0~ + 

1 . 1 2  e . 6 4  

• .I~I f . l +  
1 . 1 ~ .  1.13 
1.1~ 1.17 
1.1"I • . = ~  

• . ~  • . ~  
1 . • ~  2 . 2 ~  
• . ~  I . e ?  
• .1~ • . i +  • 
• . es  e.2s 

1 . I ~  1 . 2 2  
IP . ~  l i .+~  
• .8~ • . 3 2  
• . ~  • .  $ 3  
l . l ~ l  1 . 1 2  

• 1 . I I0  1 . ~ ' I  
-O.O2 I I  . ~  

g . ~  £ - 4 ~  
I . l ~ l  " • . ~  
• .1~  1 . 1 8  
• . I ~  I I . ~  

l . l ~  g.14 

• . 1 ~  ~,.4:t 
1 . 1 ~  1.0!7 

0 . ~ J  0 . + 1  
• . ~  • . • ~  
g . M  • . , i g  
• .1~ 5 . 2 6  
I . I G  l . O ~  
• .aKI • .G?  
• .B~i • . e e  
I . l ~  f f . • ~  
• . ~  1 . 1 4  

8 . 4 5  4.22 
12.14 15.09 
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T*ble  A-1 (Cont 'd~ 
¢ O l p O l i t i o l  Or EFdroct rboc  r e • d u c t s  f r~ l ,  

Tu~-SUq~e S l u r r ~  F-T/ZSM-& S;~8*o Convere ion  

M.D. .%.  
Ds3'e O s - l t r e u  

rrlolm~ 
c I J L ~ I  
?10PE.Ir~ 
PIOPA.~ 

I - IL'PIMI. 2- MITITLPEOPIM~ 
N - E L ' r ~  
T I ~ S -  2 -IL'TB.~ 
¢IS-  2 -EtPPIbT 
2-111TIIYI,- 1 .IL'II.'<I 

1 -PIt~PII+II~ 
: - I I ~ i Y I .  * l - llyr I.,IE 
E - P E . ~ T ~  
TIJLq$ - 2 - PE~I I .~  
CZS -2 -PEal'PIe.lIT • 
2 - IOITI'YI. 2 - lit.~PILqIC 
2,2- DlmL"t+lllll 
CTCLOPIIITAJII 
n ~ . , r l S  o IS0-m.4.~lL5 
I, I-llllrl'l~llJTllll 
2 - I~TI~LPSICT~'¢I 
l - MITITLPIMTA.ql 
n l m . ~ S  

2,  $ 1 - D I M 3 ~ I Y L P I ~  
$1, •-DXM~ITLPI~AMI 

CYCI,OII)(ZA~ 
IXPTI . t lS  • I E O - I l P T A n S  
2 . v r ~ l J D " r k q l  
I, l - D l Ml'll11"s~ l.qT IIIII 
l. ll'l~rLln.l,ll$1 
l - C I S - I - D X M I T r ~ L z P I  
I -ll.IJIS * l -DX IIITE'YL - I15 
I -TIL~qS- l - Dtk~111~- III 
le - 13PT+I.IIII 
C'7 -OLIlel l lS 
IB'r$1~CYCLOEIZ.Lq[ 
MOHOMITIY'L- lSO- C I -P  

ISO-CI-P 
Cl-OLl~llqS 

M0~0M~I~L- IS0-  ¢8 -P 
0TIIZl IS0-CI-P  
Ct*OLEYI](S 
¢O-P*PE?R~I[S (.qs.Ee) 
W-HO~A.~ 
XS0-CII-P * 0 - MS * .~I 

CI1-P - 0 * Pik * Me 
IIIII/IINI 
TOLCI.~ 

P - ~  
• - I'YI+I,'II 
0 - 11~.IIIII 
XIOPIOP~LIII+IIIII 
~ -PIOPYIJM~ZE.MI 
1 -lOrll~.l. iPll~.ll~lllel 
I - MI'T~- 4 - Irrll~*ll~lllll 
1 , 5 , 5 .  T I  I EBTI'YI, - I I I ~  ZLq l  
I -III'II~ - I - BIIYI~.q l l.qll 
I, I, 4 - TIll l~l'l~Ll~ll!ql 
] - M1'!11~ - 1 - lSO - CI  - I I IMZIIMI 
1, S-DI]IIIYLIS,'I21111 
I - ~ -  I -E -CI- lltllLqll 
P - C • - I I ~ Z I ~ I  
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APPENDIX B 

HYdRODYNAmiC . !. , . :~:.: 

FOR S L U I ~ Y  REACTORS : ' ' :  " ' 
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, . . . .  
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The hydrodynamic correlations used in the ,current mo~e! 
calculations are summarized below: 

Bubble-size, Miller - (1974)_ 
d B = . 09+4.15~. De g- °/(PSL" TM (Pe/VL) "4) (B~) 

q) Gas holdup, Miller (1974) 
~g = (ug/(ug+ut)) (dB/(dB-O.09))2 

Bubble rise velocity, Mendelson (1967) 
ut = ((2~/PSLdB) +gdB/2 ) . 5 

(B2) 

(BS) 

© 

E) 

G 

Total power input~ Miller (1974) 
Pe/VL = (Pm/VL)+CIPg/VL • (B4) 

Power input by mechanical agitation, Miller (1974) 
Pm/VL = .230(Pmo2NDiS/qg.56)-45/VL (Bb) 

Power input by mechanical agitmtion in absence of gas~ Ho!imnd 
and Chapman, ( 1 9 6 6 )  . . 
Pmo = 6-1PsLNSDi 5 for Ee I > 104 " (B6) 

e Power input bY2gzs sparging, Lehrer (1971) 
Pg = Q~#g((~u o /2)+RTIn(Po/PL)/Mg) (BT) 

0 

@ 

Bubble-size at: orifice, Miller (1974) 
dBo = 2.05(Qgl No')-4(SOD/4g) -2 

Equilibrium. 5ubb!e size in bubble-column, 
Miller (1974) 
dBE = .839CD-.6(dB-0.og)/eg'5 

Drag coefficient for turbulent chain bubbling, 
Miller (1974) 
CD = s/s 

•9 

Parameter N O in 
N O = N O £or dBo/.75 <= d 

= l+.75d(NO-!)/dBo for dBo/.75 > d 

(B~) 

(Bg) 

(B10) 

( B t l a )  
. (BZlb) 

Mean bubble-size for bubble-column, Lehrer (197i) 
dB = (dBodBE). 5 (B12) 

0 Mass transfer coefficients, Caiderbank " 
and Moo-Young, (1958) • 
kL = "42((#SL-Pg)2g2DLS/PSL#SL)I/6 for d B > .26 

= .Si((PSL-#=)gDL2/#SL)I/3 ~oE2dB < .25, N <N k 
= .i3((Pm/VL~3#sL~DL~/#SLO)I/• 

for d B < .25, N >= N k 

(Bl3a) 
(B~Sb) 

(B1Sc) 
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APPENDIX C 

CORRELATIONS FOR FHYSIC~L P~TERS 
OF SLURRY FiSCH~R-TROF$CH REACTORS 



• The corre!~tions used to estimzte physical pzr~eters, 
and cztalyst physical properties ~re summarized in Tables C-! znd 
C-2. 
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Table  C-I 

C o r r e l a t i o n s  Used In F-T S l u r r y  R e a c t o r  
M a t h e m a t i c a l  Model C a l c u l a t i o n s  

Correlations( l ) R e f e r e n c e s  

PL = .758 - .555 x I0-3(T-373), g/cm 3 

/*L = "052 exp (-6.905+3266/T), g/cm-s 

/*sl = #L (1+4"5 Vc), g/cm-s 

Deckwer,  e~ a l .  

Deckwer,  a% a l .  

Deckwer,  e% a l .  
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(igs2) 

Oos2) 

(19s2) 

(1)T in "K. 
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