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ACTORS

Fischer-Tropsch Reactions can be carried out in fixed bed, fluid bed,
and slurry bed reactors. One of the advantages claimed for slurry bed
reactors is the ability to operate at lower hydregen to carbon monoxide

ratios than the other two reactors.

Reasons for this difference have

not previously been fully established. The present investigation has
concentrated on two factors which may contribute to the ability of the
slurry reactor to tolerate lower hydrogen/CO ratios. These are: (1)
greater isothermicity, and (2) mass transfer effects on the gas-liquid

interface in the slurry reactor.

Work with smail diameter fixed bed

reactors has shown that there is a critical temperature at which plug-
ging of the reactors using an iron catalyst will occur. The exact
temperature is a function of both the hydrogen/CO ratic and the space
velocity. A difference of 10 to 15°C separates operability from non-
operability. It is therefore Tikely that in the critical temperature
range around 300°C hot spots on the catalyst may be the cause of plug-
ging and deactivation at low hydrogen/CO ratios and that such hot spot
development can be inhibited by operation in the liquid phase.
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The influence of mass transfer on the hydrogen/CO ratio in the liquid
phase of a slurry reactor has been analyzed theoretically, again using
an iron catalyst. The basis for the model was the operation of an
experimental slurry reactor. 1t was determined that even uynder circum—
stances where the gas-1iquid mass transfer resistance is 2 small frac-
tion of the over-all resistance, differences in the solubilities and
diffusivities of hydrogen and carbon monoxide can give rise to Tiquid
phase hydrogen/CO ratios which differ substantially from that of the gas
fed to the reactor. The direction and magnitude of the change in the
1iquid phase ratio is dependent on the consumption ratio of hydrogen
respectively carbon monoxide, the interfacial area for mass transfer
from the bubble face, the Damkohler number and the space velocity of
the feed gas.

Because of space limitations only the reactor model is described in this
preprint.



NOMENCLATURE

a Bubble interfacfal area per unit reactor volume {cm1)
cs.i Gas-phase concentration of component i {mollcm3)

GL,i Liquid-phase concentration of component i (moUcmB)

Da DamkohTer number

L'tL.1 Liquid-phase diffusivity of component 1{ (cmzls)

ko Rate coefficient (s'IJ

I:L"Ji Liquid-phase mass-transfer coefficient for component 1§ (cmzis)
L Reactor length (cm) _

g Solubility coefficient for component §

"i Stanton number for component i

QL Liquid-phase flow rate (cm3ls)

r3 Rate of formation of consumption of component i (mol Icm3s)
UG Superficial gas velocity (cm/s)

v. Reactor volume (cm”)

" Catalyst loading (glcma)

z Distance from the gas inlet (cm)

q Fraction of total reactor volume occupied by bubbles

4 Dimensionless axial distance

n Column efficiency

¢ Dimensionless gas—phase concentration

°G,i Dimensionless gas-phase concentration of component 1
°L.i Dimensionless liquid-phase concentration of component 1
u Liguid viscosity {cp)

v, Stoichiometric coefficient for component i

oL Liquid density (glcm3)

g Gas space time (s)

T Liquid space time (s)

v Dimensionless gas velocity
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REACTOR MODEL

The following assumptions were jntroduced to simplify the reactor model:
(1) the liquid phase is well-mixed; (2) the catalyst is uniformly dis-
persed; (3) the gas is in plug flow; (4) the primary resistance to mass
transfer is at the gas-liquid interface. It was further assumed that
there is a small, but constant, flow of liquid into and out of the
column.

The gas-phase mass balance for each component, written over a differen~-
tial element of the reactor, is given by

d(ULe +)
AL S LSRG (0

2z
where C: i= (:G 1!m1.. To account for changes in gas velocity
L] ]
with position in the column, one must also consider an overall mass
balance, given by

dUG n - '
@ = 2 Lt T G4 (2)
The boundary conditions on Egs. 1 and 2, defined at z = 0, are
Ug = Y
0
The liguid-phase mass balance for each component, assuming that no
reactant or product enters with the 1iquid, can be written as
V'_
o
1f the average gas phase concentration for each component is defined as
1 Y
EE.i - V:f ca,idvr * (5)
o

then Eg. 4 can be written as

IR
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0,4t vrkL,ia(c-I:i SO, =Vl ey (6)

Equations 1, 2, 5 and 6 are non—dimensionalized by use of the following
definitions

0
°6.i = cs.ifcs.uz v = g/l
. .
°Li = &, im/ CG.HZ g = L/UG (7
0
kL 52 L
¢ = 2/L Ny wbaf
'"i"g

Thas,
d(Vos 4 )

TTa = Mileg g -e ;) ° (8)

dv n
-96 - i -1 Ni(°e,i - °L,i) (3)
1
g, i ',/ %, d¢ (10)
-]
m, Y w(l-c.)r
p—- + N -l—l.‘. (— - ) - ir G i (11)
2 QL..G,HZ

The dimensionless group I'l,i appearing in Eqs. 8, 9, 11 is the Stanton
number for component i and represents the ratio of the gas space time to
the characteristic time for Tiquid-phase mass transfer,

Studies by several groups have shown that the kinetics of methane
synthesis and €O consumption over iron catalysts zre, to a good approxi-
mation, first order in Hz concentration and zero order in CO concentra-
tion. Accordingly, the rate of formation or Consumption of component j
Can be represented by
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Substitution of Eq. 12 into Eq. 11, allows us to rewrite Eq. 11 as
5 G I
g mHz

The dimensionless group Da appearing in Eq. 13 js the Damkohler number,
which is defined as

T
L
TR o e @5 - O, i) = vk ®L.H, (13)

Lw{l - :s) ko

(10)
U

D2 =

Numerical Methods

Equations 8-10 and 13, together with the boundary conditions given by
Eq. 3, were solved numericaliy. The function fi was defined by adding
the right-hand-side of Eq. 13 to its left-hand-side. A zero solution to
f.i was then sought by a requla-falsi technique. Convergence was
accepted when the values of cL.i used to predict new (:]_’i were within
1 percent.

RESULTS AND DISCUSSION

Figure 1 illustrates the axial concentration profiles for each component
in both the gas and 1iquid phases, for the case in which g™ 70 s and
- 700 s and for the reaction Zl-l2 + CO »CH, + coz. The gas-phase
concentration of Hz falls off very rapidly near the entrance to the
column. and for ¢ > 0.4 approaches a nearly constant value, approximating
that corvzsponding to equilibrium with the liquid-phase concentration of
Hye The decrease in the gas-phase concentration of CO with increasing

¢ s much less rapid than that for H,, and equilibrium between the
gas-phase CO concentration is not attained at any point in the column.
This difference in the gas-phase concentration profiles is attributable
to the significantly larger mass-transfer coefficient for “2 than for CO.

The gas phase concentration profiles for CH, and coz are similar in shape
but the concentration of CH4 exceeds that of (:02 over a major portion of
~ the column. This relationship can be ascribed to the fact that the
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mass-transfer coefficient for CH4 is larger than that for C0,. It is of
further interest to note that for ¢ 3 0.5, the dimensionless gas-phase
concentrations for CI-!4 and CO2 exceed the dimensionless 1iquid-phase con-
centrations for these components. The following explanation can be given
for this pattern. As gas bubbiles travel up the column, their content of
CH4 and CO2 increases due to mass transfer from the Tiguid phase. The
gas-phase concentration of these components also fncreases due to the
depletion of "2 and CO from the bubbles. It is this latter effect,
coupled with the relatively slow mass transfer rates associated with

CH, and COZ’ which permits the gas-phase concentrations of CH, and co,
to exceed the level expected for equilibrium with the liquid-phase con-
centrations of these components.

An important consequence of the difference in the mass-transfer rates of
different components is that the HZICD ratfo in the Tiquid phase is
greater than that in the gas feed. This results directly from the fact
that while the fluxes of CO and H2 to the surface of the catalyst parti-
cles are identical, the 1iquid-phase gradient for Hz is much smaller than
that for CO.

The influence of a reduction in the gas-phase space time to 35 s is shown
in Fig. 2. In performing the calculations shown in this figure, it was
assumed that both g and a are independent of gas velocity. This
assumption is supported by the experimental observations reported by
Calderbank et al. (2) for UG > 4 cm-sec™l. As a result of the Tower
space time, the gas-phase concentrations presented in Fig. 2 change more
slowlx’with ¢ than those shown in Fig. 1, but otherwise the trends
observed ir both figures are qualitatively the same. Comparison of the
liquid-phase nzico ratio for the two gas—phase space velocities shows
that the ratio is higher for the lower space velocity. Thus,

CL H IoL co = 2.75 for - 35 s, and CL H ICL o= 1.67 for 1 = 70 s.

This, d1fference can be explained in terms of the differences in the
gas-phase concentration profilas for the two cases. For G 35S s, the
gas-phase concentrations for H2 and CO deviate to a lesser degree than
for T = 70 s. As a consequence, the 1iquid-phase concentrations of

H, and CO must differ by a more significant degree for the lower space
time, in order to maintain the required relative driving forces for mass
transfer through the liquid phase. For g - 70 s, the average CO

NS BT
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concentration in the gas phase js much higher than the average Hz con-
centration, and, consequently, the liquid phase concentrations of H2 and
CO need not differ by as much to satisfy the liquid-phase mass balance.

The extent to which the HZICO ratio in the 1iquid phase exceeds that

fed to the column in the gas phase js a strong function of the relative

magnitudes of k, and k; cqe as shown in Fig. 3. The two curves shown
» z k

in this figure were generated by varying kL Ho? holding kL co and all
| | z

other parameters constant. The nzfco ratio at "L,H - "L.CO depends on

2
the feed HZICD ratio as well as the ratio of H, to €O consumption during

synthesis. For the case ynder consideration, both the feed ratio and the
consumption ratio are unity and, hence, the 1liquid-phase Hzlco ratio
becomes 0.76, the ratio of the solubilities of Hz and C0. As the value
of NL,H ’"CO increases above unity, the Hzlco ratio in the liquid phase

rises rapidly and then passes through 2 broad maximm. This trend,

which is different for each value of Tge Can pe explained in terms of

the effect of increasing kL y. on the axial-concentration profiles for
-

H., and C0. As k increases, the H, profile falls progressively below
2 L.H2 2

that for CO, as a consequence of the increased rate of Hz mass transfer.
This causes the liquid-phase concentration of Hy to rise above that for
c0. Eventually, the liquid-phase H2 concentration rises co the point
where it is in equilibrium with the exiting gas phase concentration.

The influence of the ratio of the solubility constants for H, and CO on
the ué;co ratio in the Viquid phase is shown in Fig. 4. The solid curve
traces the effects of “Hz““cn on CL,Hzch,CO in the presence of mass

transfer effects, and the dashed 1line indicates what would occur in the

absence of any mass-transfer limitations. It is apparent that as the

solubility of H, relative to CO increases (i.e., Weq/my ), mass-transfer
2 co'H, _

effects have an jncreasingly larger affect on the liquid-phase ratio of
H, to CO.

The stoichiometric relationship between the rates of H, and CO consump-
tion depends upon the nature of the products produced. In the example
considered thus far, it has been assumed that CH4 and coz are the prin-
cipal products and, hence, that equivalent quantities of H, and CO are
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consumed. If, on the other hand, one considers that olefins and CO2 are

the primary products, then twice as much CO as H2 wili be consumed.

Figure 5 shows the effects of varying kL R.» keeping all other parameters
172

constant on CL ICL co for the case in which pentene is taken as a
»

oH
typical olefin pfoduct. It is apparent that the HZICO »3tio in the
1iquid phase can be substantiaily greater than the ratio in the feed gas,
0.67, and that the maximum ernhancement in the liquid-phase Hzlco ratio
is greater in this case than in the case where CH4 is the primary hydro-
carbon product (see Fig. 1). Both of these gbservations are a direct
result of the fact that the consumption of CO exceeds the consumption of
HZ' It is interesting to note that the liquid Hzlco ratio does not go
through a maximum as kL,Hz increases. Since the feed concentration of

CO is high, changes in the gas phase CO concentration profile have only
a smal] effect on the driving force for transfer of CO, and as a conse-
quence the ligquid-phase concentration of CO does not increase noticeably
at high values of kL.Hz'
CONCLUSICHS

The present analysis has shown that the Hzlco ratio in the liquid phase
of a slurry reactor used for Fischer-Tropsch synthesis is a senrsitive
function of differences in the solubilities and mass-transfer coeffi-
cients for H2 and CO, and that the liquid-phase HZICO ratio can differ
substantially from that of the gas fed to the reactor. In addition to
the factors mentioned, the direction and magnitude of the change in
liquid-phase HZICO ratio is dependent on the HZICO consymption ratio,

the interfacial area, the Damkohler number, and the space velocity of the
feed gas. It has been demonstrated that the influence of mass-transfer
effects on the liquid-phase HZICO ratio can be large even under circum-
stances where the gas-liquid mass-transfer resistance is a relatively
small fraction of the overall reaction resistance. Since the Tiquid-
phase HZICO ratio influences the average molecular weight of the products
formed, the olefin to paraffin ratio of the products, and the formation
of free carbon, knowledge of the dependence of the HZICO ratio on reac-
tion conditions should be taken into account in the design of slurry
columns used for Fischer-Tropsch synthesis.

RS Y L X LY RO



-10 -

ACKNOWLEDGMENT

This work was supported by the Assistant Secretary of Fossil Energy,
Office of Coal Research, University Contracts Division of the U.S.
Department of Energy under Contract Number DE-AC03--76SF00098.

—



- 11 =

FIGURE CAPTIONS
Figure 1. Oependence of Ba j and @ jong for the reaction 2H2 +

Figure 2. Dependence of s, i and o ; on ¢ for the reaction 2H, +
2C0 » CHA + COZ: Tg = 35 s; T = 700 s; Ny = 6.60;

NCO = 0.79; NCH = 3-71; Nco = 2.21.
4 2

Figure 3. Dependence of CL,HZICL.CO on kL.Hz and g for the
reaction 2H2 + 200 » CH4 + (202.

Figure 4. Dependence of CL,HZ"CL.CO on mH;I for the reaction

2H2 + 2C0 » CH‘4 + CDZ: T 70 s; T = 700 s;

Figure 5. Dependence of CL,HZICL,CO on kL,HZ for the reaction
10 CO+5H2"CSHID+5CO2; tG-7OS; TLa7DOS;

Ny = 1.57; N =~ 2.80; N = 4.41.
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Figure 4
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