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I. 

BACKGROUND AND PROJECT OBJECTIVES 

Slurry or bubble-column reactors after two main advantages over fixed 
fluidized bed reactors for carrying ouc Fischer-Tropsch synthesis of hydro- 
carbons. First, bubble-column reactors can process a low H2/CO ratio 
synthesis gas without reactor plugging or catalyst deactivation due to carbon 
formation. Second, agitation of the slurry by rising gas bubbles provides 
good heat transfer to the reactor walls, thereby minimizing temperature 
gradients and eliminating hot spots which can cause rapid catalyst 
deactivation. 

The objectives of this project have been twofold: I) to develop a 
theoretical model for designing bubble-column reactors and assessing their 
performance and 2) to characterize the performance of a laboratory-scale 
bubble-column reactor. The theoretical part of the project has focused the 
effects of gas-liquld mass transfer; axial dispersion of gas, liquid, and 
catalyst; and the interplay b e t w e e n  the kinetics of Fischer-Tropsch synthesis 
and the water-gas-shift reaction. The experimental portion of the project 

has focused the effects of reaction conditions on product distribution and, 
in particular, the conditions under which gas-liquid mass transfer becomes 
important. Any independent set of experiments was undertaken to investigate 
the chemistry of carbonaceous deposits formed during Fischer-Tropsch 
synthesis. 

PROJECT ACCOMPLiSHmeNTS 

~neoretical Studies 

A major accomplishment of this project has been the development of 
a comprehensive model for describing bubble-column performance. This 
model assumes that the reactor is isothermal and that there are no radial 
gradients in the concentrations of reactants or products. Both assumptions 
are supported by previous experimental work (I). 

The model is written in terms of the following dimensionless variables: 

8G,i C0 " 8L, i C 0 ' C O 

G,H 2 G,~ 2 G,H 2 

w UG z 
~= --_ , v = 0 ' ~= L 

w U G 

The dimensionless groups appearing in the mass balances are 

CZ) 

~,i aL 

NG,i = 0 " NL,i = U L ' 
miU G 
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Definitions of the variables, coefficien~s~ and dimensionless groups appearing 
in eqns- 1 and 2, and in subsequent equations, are given in the Notation. 

The gas-phase mass balance for comonent i is written: 
"% 

2~ 
EG_~_ ~ - d(USG~i) 

Pe G d~ 2 dE - NG,i(~G,i-0L,i) =- 0. (3) 

2. 

The boundary condiCioRs on eq. (3) are: 

^0 
8G,i - PeG 1 dK = ~G,i at ~ = 0. (4) 

dSG, i 
-- = 0 at ~ = I . (5) 

d~ 

To de~ermineu~it is necessary to write an overall ma~s balance- This is 
done by summing ~e-~cgmponent balances and noting tha~ the total gas-phase 
concentration is independent of position in the reactor- Thus, 

d,, I o. 8G ~ i 
(6) 

The boundary condition on eq. (6) is: 

u I at ~ = 0. .. ( 7 )  

The liquid-phase'mass balance for each component is given by: 



~L 

Pe L 

d2eL,i _ d(eL, t) 

d~2 d~ + NL,i(OG,f-eL,i) + Pi = 0. ( 8 )  

. 

The appropriate boundary conditions for eq. (8) are: 

eL dO 
o ____ Z_b/ = ~o 

L , i  Pe L d~ L , i  
at ~=0. C9) 

d S G ' t  = 0 a t  ~ = I .  ( I 0 )  
d~ 

The axial distribution of catalyst is governed by gravitational settling 
and axial dispersion due to agitation of ~he catalyst slurry by the gas flow. 
Assuming that ~he volume fraction of liquid is eseutially constant along the 
column length, ~he mass balance on catalys~ can be written: 

-I d2~ d~ 
Pe ~ +  -- = 0 . (ii) 

s d ~ -  d~ 

The boundary conditions on eq. ii are: 

- Pe -- = 0 
s d~ 

at ~ = 0 (L2) 

1 
f j ~d~ = i . 

0 
(13) 

Hydrocarbons and water are the primary produces of the Fischer-Tropsch 
synKhesis over iron ca~alys~s. As a consequence, the overall reaction 
stoichiome~ry can be represented as 

l l  olCO ÷ ÷ ÷ l  ola20 

The values of ~i' x, and y depend on the probability of chain gTovth, a, and 

the overall fraction of C~ paraffins, Y. Thus, 



-i 
~) -- 

CO 3 + (i-=) 2 + y=(l-~) 

4 .  

2 

2 + (i-=) 2 + y=(l-=) 

3 ~:.-(l-=) 2 + ya(l-=) 

(14) 

-1  ' ~  = 

: H2 0 3 + (1-6) 2 + 7e(l-e) 

~c 
(I-=) 

3 + CI-=) 2 + Y={I-~) 

x = (I-~) -I y = 2 {l-e) -I + {l-e) + ya 

A derivation of the expressions for vi, x, and y has been presensted hy Stern 
e t  a l .  (2). 

Carbon dioxide is produced by a secondary process: the wager-gas-shift 
reaction. The sto£chiometry of the water-gas-shift reaction is represented by 

z I '~' ° ÷ I 'col c°  i I"'co21C°2 ÷ 1"~'~-1"2 H20 . Z" 

where ~' = = -i and ~" = ~' = I. H20 ~'C0 H 2 CO 2 .= 

For the synthesis reaction, the rate expression sugges=ed by Dry (3) has 
been used. Thus, 

~SL, COSL,H2 
= (15) 

= PFTS b' 8L,H20 + ~L, C0 

where Da L is defined 

(I-8 G) ~L ~s 
= (~6) 

DaL U L mH 2 
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This rate expression accounts for the inhibition of the synthesis race by 
water, an effect which may be important at high conversion. Note that the 
knowledge of U or of the water-gas-shifc reaction kinetics is required to 

determine @L,R20. 

The expression su~ested by Moe (4) has been used to determine the rate 
of the wacer-gas-shlft reaction. Thus, 

l 

PWGS = ~Da'L (SL,H20 DL,C0 - ~ OL,CO2OL,H2 ) (17) 

In eq, 19, Da' is defined 

~CS ( 1 -£ G)wLCG, H2 

Da' = ([8) 
L uL z0%0 

The dimensionless race of production (or consumption) of component i, Pi' 
is g~ven by the sum of the rates of production (or consumption) of that 
comonent via the synthesis and waCer-gas-sh/f~ reactions. Thus, 

v 

o i = ~iOFTS + v i 0WG S (19) 

Equations 3, 6, and 8 constitute a set of second-order, ordinary 
differential equations. These equations, together with the boundary 
conditions given by eqns. 4, 5, 7, 9, and I0 were solved by a collocation over 
a finite element using a subroutine known as COLSYS (5). Equation ii was 
solved analy~ically to obtaine ~ as a function ~. Thus, 

Pe exp (-Pc ~) 
s s 

= [I - exp(-Pe )] (20) 
S 

The parameters appearing in the model were evaluated using data and 
correlations taken from the literature. Specific values of individual 
parameters can be found in Refs. (3,6). 

The model ooutlined above was solved for a variety of reactor dimensions, 
gas flow rates, and catalyst activities to establish the extent to which 
transport parameters (kLa , DL, D~, and D S) influence the performance of a 
bubble column reactor. These calculations together with an analysis of the 
mass balance equations for the gas and liquid phases led to the conclusion 
chat gas- and liquid-phase dispersion can he neglected when 

(Da*)2/pe * << 1 (21) 

where 



[UL/ ) ]@ + 1 (UG~ 2 
Pe= (22) 

[U L / (uO~2) ¢ ~L/P~+eG/Pe G ] 

. 

. ULCVR2DaL 
Da = (23) 

o (ULIU o ~2)1 ¢ + i U G 

The condiuion represented by eqn. 21 is fully satisfied for all laboratory and 
most pilot-planu scale reactors, but would not be satisfied by reactors used 
for FTS on an industrial scale. 

Inspection of eqn. 20 indicates that ~ will deviate from unity for 
7?e~:yf U6nseqdedEIy~gxla[gr-~i~t-~are to e~xpecced for large catalyst 
particle diameters and low gas velocities. ~%ere such gradients do,occur, it 
is found that their effects are most severe for values of Da G and Da G greater 
than 1.0. 

The validity of the proposed model was confirmed by using it to predict 
the syngas conversion (XCO+Hg) and utilization ratio for several laboratpry 
and pilot-plant scale reactors. The effects of H2/C0 feed ratio end gas 
velocity on syngas conversion and consumption ratio =predicted by the model 
are in very good agreement ~ith the experimental results reported by Deckwer 
e~ al- (7) and Kuo £8). Our analysis suggests that as a result of higher 
catalyst activity the reactor operated by Deckwer etal. (7) was influenced : 
by gas-liquid mass transfer to a greater extent than that operated by Kuo (8). 
it also appears =hat water-gas-shift eqE~librius was not fully achieved in the 
reactor of De=kwer etal. (7) but was in the reactor of Kuo (8). The water- 
gas-shift reaction causes an increase in the H2/C0 ratio near the top of the 
reactor. This effec~ is most pronounced at high syngas conversions in the 
presence of a finite resistance to gas-liquid mass transfer. The water-gas- 
shift:equilibrium acts to decrease the stoichiometric coefficient of =he 
limiting reactant, with the result that at high conversion, the syngas 
consumption ratio approaches the feed K2/C0 ratio. 

: 

Raving established that the model ac~rately describes the performance 
of small scale reactors, it was used to predict the influence of process and 
design variables on the performance of large scale reacEors. These calcula- 
tions showed that the most efficient use of a given reactor volume is obtained 
withsmall diameter reactors. ~or a given space time, the conversion goes 
through a broad maximum as velocity increases. The optimum velocity depends 
on the variation of kLa and E G wi~h velocity, as well as on the catalyst 
loading and activity. The mosD effective use of a given mass of catalyst 
occurs when m is low; however, the highest value of the space-time yield 
occurs when ~ is large. Increasing the water-gas-shift activity moves the 
~/C0 utilization ratio closer to the feed ~/CO ratio and increases the 
space-time yield by lowering the race of H 2 consumption relatlve to the rate 
of syngas consumption. Thus, catalysts with high water-gas-shift activity are 
best suited to processing C0-rich syngas. 



7. 

Experimental Studies 

The performance of a laboratory-scale bubble-column reacuor was investi- 
gated usin~ 5.0% a 03 catalyst. The reactor used for these studies had 

Ru/AI 92 high. Molten paraffin wax was used to suspend an ID of 1.8 cm and was -60 cm 
the catalyst. 

The product product distribution is highly ~dependent on the partial 
pressures of H 9 and CO, and on the ~emperature. For temperatures below about 
533 K, strong deviations from a Schulz-Flory distribution are observed in the 
CI-C 3 range. Methane lies above the Schulz-Flory llne extrapolated through C~ 
products, C 2 and C 3 products lie below the line. The deviation of methane 
form the Schulz-Flory line decreases and the deviation for C 2 and C3's 
increases with decreasing H2/CO ratio of the feed- For te=peraEures above 
533 K, the product distribution closely approximates a $chulz-Flory distribu- 
tion. The value of ~ is a strong function of temperature, decreasing with 
increasing temperature, but is only weakly dependent on synKas composition.: 

The kinetics of formation of C 1 to C 4 hydrocarbons arezwell represented 
: by power-law rate expressions. The parameter values obtained for synthesis 
in the bubble column reactor are in good agreement with earlier studies ~ 
with Ru/A1203 conducted in fixed-bed reactions. For C 5 and higher products,: 
the rate of produc~ formation can he represented by~_/~rate of forming C 4 
products times e n- . 

The operation of a bubble-column reactor under conditions where gas- 
liquid mass transfer is significant can be desceribed successfully using a 
model recently proposed by Stern eL al. (3). The model properly predicts t~e 
dependence of syngas conversion and H2-CO utilization ratio on the feed gas 
velocity and composition. 

During Fischer-Tropsch synthesis, carbon deposits on the catalyst. A 
part of this deposit is the reactive intermediate involved in hydrocarbon 
synthesis, while the rest is more refractory carbon with eventually leads to 
catalyst deactivation- The dis~ribu=ion of carbon forms present on a catalyst 
can be assessed by isotopic tracer studies. In the course of the present 
project, a novel mathematical technique was developed for the interpretation 
of isotopic tracer experiments. The method predicts the distribution of 
carbon types and the spectrum of carbon reactivities. 
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kFTS 
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NOTATION 

-I Interracial area per unit volume, cm . 

Dimeuslonless rate parameter appearing in equ- 15. 

Total gas phase concentration, mol/cm 3. 

Gas-p~mse concentration of component i, mol/cm 3. 

Inlet gas-phase concentration of compouent i0 mol/cm 3 

Liquid-phase concentration of component i, mol/cm3. 

Damkohler number based on liquid velocity° Defined in eqns. 16, 18. 

Gas-phase dispersion coefficient, cm2"/s- 

Diffusivity for component i, cm2/s. 

Liquid-phase dispersion coefficient, cm2/s. 

Catalyst dispersion coefficient, cm2/s. 

Reactor diameter, cm. 

Inlet H2/C0 ratio. 

Equilibrium coefficient for the water-gas-shift reaction. 

Mass transfer coefficient from gas-liquid interface to bulk liquid, 
L 

C rn/S - 

Kate coe f f i c i en t  f o r  the Fischer-Tropsch synthesis,  cm3/g s. 

Ra~e coe f f i c i en t  f o r  ~he wate r -gas-sh i f t  react ion ,  (cm6/mol)/g s. 

Reactor length, cm. 

Solubility coefflcienu for co~ponent i, (mol/cmS)L/(mol/cm3) G- 

Number of carbon atoms in a product molecule, 

Gas-phase Btanton number. Defined in eqn. 2. 

Liquid-pY~se Scanton number. Defined in eqn. 2. 

Gas-phase Peclet number. Defined in eqn. 2. 

Liquid-phase Peclet number. Defined in equ. 2 



I0. 

Pen 

r i 

~FTS 

rWGS 

U 

us 
w 

X i 

z 

Solids Peclet number. Defined in eqn. 2. 

Rate of production of componenE i by the Fischer-Tropsch synthesis 

reaction, (=ol/cm3)/s. : 

Eate of consumption of CO and H 2 by the Fischer Tropsch syu~hesis 

reac=!on (mol/cm 3 )/s. 

Ra~e of the water-gas--shift reaction, (mol/cm3)/s° 

Utilization ratio, tool H 2 consumed/tool CO consumed. 

~rLlet gas superficial velocity, cm/s. 

Gas superficial velocity, cm/s. 

Liquid superficial velocity, cm/s. 

Solids settling velocity, cm/s. 

Catalyst concentration, g/cm 3 slurry. 

AveraEe catalyst concentration, g/C m3 slurry. 

Conversion of component i* 

Axial position, cm. 

S 

X 

8 G 

8G, i 

8L, i 

8 o 
L,i 

Pl 

Chain Erow~h probability. 
i 

Ratio of H20 foz~ation rate to CO 2 forma£ion ~ rate. 

Fraction of products that are paraffins. 

conhr ction factor, (UG(X { - U 8 

Dimensionless axial position. 

Dimensionless total gas concentraEion. 

Dimensionless gas phase concentration of component i. 

Dimensionless iule~ gas phase concentra£1on of component i. 

Dimensionless liquid phase concentration of component i. 

Dimensionless Inle~ liquid phase concentration of componen~ i. 

Dimensionless rate of production of component i. Defined in eq=. 19. 



11. 

PFTS 

P~S 

v i 

I 

U 

Dime~s to rc les s  r a t e  o f  consumpt ion  of  CO and H 2 by the  s y n t h e s i s  

r e a c t i o n -  

D i m e n s i o n l e s s  r a t e  o f  ~he w a t e r - g a s - s h i f t  r e a c t i o n .  

S ~ o l c h l o m e t r ~ c  c o e f f i c i e n ~  f o r  consumpt ion  of component i by the  

Fischer-Tropsch synthesis reaction. 

Stoichiometri¢ coefficient for cousump~ioa of component i by the 

ware r-Eas-shift reaction° 

: StoichiomeEric coefficlen~ for component i when ~i do not depend on 

concen~ra~io~ of H 2, CO, C02, or H20- 

Dimensionless gas velocl~y. 

Dimensionless catalyst concentration. 
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