- 76 =

4.22. Solution of the reactor model

The set of algebraic equations resulting from the discretization of a PDE is first reduced to
the standard form shown in eguation 4-6. This is accomplished by solving the linear
equations of the boundary conditions for the values of y at the boundary. The boundary values
are then substituted into the equarions of the discretized PDE giving a totai of NR-NZ
equations of the form:

Dy+g+r=0 @-6)

where y is a vector of the dependent variable at the interior grid points, D is a matrix
containing combinations of clements from the collocation matrices and the model parametess,
& is a vector dependent on the input values of y and r is 2 vector of reaction rates at the grid
pomts. If the kinetics are non-lincar cquation 4-6 becomes non-lincar. The matrix D is
constant if the modcl parameters are independent of conversion. The necessary steps of
algebraic manipulations in order to obtain equation 4-6 arc given in detail by Windes
(Windcs, 1986).

If there are more than one FDE, more cquation sets are obtained, and the sets may be coupled
through the kinetics. The sets can be combined 0 give one sct of the form shown in cquation
46, where y now is composed of the elements ¥,, ¥, . ¥igue- The clement ¥, is a vector
of all the dependent variabies at 2 grid point.

The equation system 4-6 czm be solved by the Newton—Raphson method shown in equation
47, or the faster successive substitution method (Finlayson, 1974) shown in equation 4-8.
The Newton—Raphson method should be tried if the successive substitution method fails to
converge. It can be advantageous oot to lump all equation systems into one big system, but
. mstead lump into 2 few swaller systems and solve the systems in a nested fashion. This can
give the solution procedure better convergence properties. The principles for solving the two
Dested sets of equations {f(y,.¥)=0; 2(y,,¥.)=8} are to soive gfy, y,)=d with respect to ¥,
usingaconstantmlu:fory,.'l‘his'sdoneafhermhitmtiouof!(;,,yz)w-'l'hcvalucofy,
used in g is obtained from the jtevation of £, and f is only solved with respect to ¥,. The value




of ¥, used in f is obtained from the solution of g at cach iteration step of £.

For the fluid phase model it was found that lumping of all the mass balances into one set of
equations and solving the beat balance and the lumped mass balances as nested sets was the
best choice 10 ensure convergence. In the notation used above the nesting is defined as:
{heat_balance{temperatures, concentrations);
mass_balances(temperatures,concentrations)}

The solid phase model equations, if applicd, are solved at each fiuid phase grid point at cach
iteration of the fluid phase equations. From the solution of the solid phase equations the mean
pellet reaction rates are caiculated using the integration formuiz znd the quadrarure weights
given by Villadsen and Stewart (Villadsen and Stewart, 1967). The calculated mean rates are
passed on to the rate vector, I, of the fluid pbase equations.

ThepmymlnstheopﬁonofchmsinghetwemNmon—Raphsmmdtheme
substitution method in solving the equation sers. The iteration formulaes used to solve

equation 4—6 arc given by cquation 4-7 and 4-8.

Iteration formulaes:
Neéwton-Raphson

Iy = (riay)y" - (g + r(Y) @7
where J = D + 3r/ay

s -ve substitui

Dy*! = - (g + r(y")) (4-8)
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43. PROGRAM STRUCTURE

This chapter outlincs the main structures of the computer implementation for the reactor
model and it's solution as described in the previous chapters. The various data needed for
definition of the model, and for definition of data areas for storing parameters, grid
definitions, matrices used for discretization and results from the model solution are grouped
together in data structyres. This is accomplished by the use of the structure definition in the
C language. Furthermore, there are structures for partitioning of the dependent variables into
equation sets or partitioning between different phases. An equation set is defined by equation
4-5. The equation sets are stored in an array and are solved in a nested fashion as described
in chapter 4.2. The definitions of the main structures and theit connections are shown in
Figure 4-1.

The main program structurc is shown in Figmre 4-2. In addition to the mathemarical
subroutines, the program contains subroutines for managing the structurcs. These arc
subroutines for initializing the stuctures und for updating with new data. Dynamic memory
allocation is used both for initializing strucrure data areas and for resizing at update. The grid
structure data space is initialized to zeras ar allocation.

All matrjces are stored in memory locations corresponding to consecusive columps, like it is
done i FORTRAN. Thus, standard FORTRAN routines could be used for matrix
manipulations. Solution of the itcration equations 4-7 and 4-8 is performed by LU
decomposition using gaussian elimination with partial pivoting, followed by backsubstitution.

Estimation of parameters from experimental data wes accomplished by interfacing the model
PTOgIAI 10 3 parameter estimation package. The MODFIT program was used for this purpose
(Hertzberg, 1970). 1t uses the SIMPLEX method (Nelder and Mead, 1965) to locate the
optimum of the abject function. Optionally a second order surface can be fitted to the output
21 the obtained optimum t0 locate 2 more exact optimum and 10 calculate parameter staristics.
A least square criterion was choosen as the object function.
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Figure 4-1. Arrangement of main daa structures.
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44. PARAMEIERS

The mass dispersion coefficients and the cffective axial conductivity are relatively
unimportant parameters in the sense that the model output is rather insensitive 1o variations
in their values at nommal steady statc conditions. These parameters were therefore assumed
to have constant values, independent of radial position. The values used were obtained from
available correlations, and the comelations nsed were the ones recommended by Vortmeyer
and Haidegger (Vortmeyer and Haidegger, 1991) They are listed in equations 4-9 to 4-11.
The static contribution to the effective thermal conductivity of the bed, A°, was estimated
from the relation shown in equation 2-17.

Further assumptions made in the modeling were that the superficial velocity and the physical
properties of the fluid phase are independent of conversion. For the Fischer~Tropsch synthesis
there is actually a decrease in velocity and an increase in fluid density with increasing
conversion, but the dilution with nitrogen used in the experiments will diminish these cffects.
Both velocity and fluid propertics were calculated at inlet conditions. Stmulation input data
for the three experiments are shown in Table 4-2.

. S, I;B 1 (4-9)
Pe  Rejc 2
1-J1
1 1fTeey 1 10
Pe

e P [2-(1 -3;‘2)’]

1 _ A,
— = F,i,—!’ 0.7 (4-11)




Reactor dimensions and catalyst properties are shown in Table 4-1. Details on reactor design
are given in chapter 3.3 and on the catalyst in Appendix I.

Tabie 4-1. Reactor and catalyst data.

L (m) 15

R (m) 12.5x10°
Ro (m) 17.5x10
o, (kg/m’) 0.89x10°
Py (kg/m’) 1.59%10°
& 044

e, 0.485

d, (m) 33x10°
G (/(kg K)) 965

A, (Wim K)) 04

a, (W/(m® X)) _ 430

A (W/m K)) 180

The values of the solid phase hear capacity, G, and the effective conductivity of the catalyst
particles, A, were not known for the specific catalyst used in this study. Thus the values
reported in Table 4-1 had to be estimated from available literature data. The accuracy of this
approach may be difficult to judge, but these parameters are relatively unimportant in steady

stale sunulations models for the samc reason as for the mass dispersion and axdfal
copductivity.



Since little is known about composition and structure of the cobalt—oxide phase, the heat
capacity is taken to be that of amorphous silica which constitutes about 50 % of the catalys:.
The value is taken from Perry (Pery, 1984) at 500 K.

The thermal conductivity of porous pellets depends on the conductivities of the solid and fluid
phases, the pore structute and the contact arca between the particles making up the pellet.
This parameter is therefore a complex function of a aumber of factors and should
preferentially be determined by mezasurcments on the actual catalyst. Harriott (Harriott, 1975)
has presented some rclations for cstimation of the pellet conductivity based on particle
modsls, but these relations are dependent on parameters which arc often unknown. A value
of about 0.4 W/m K has been reported for silica—alumina cracking catalysts with mean pore
size less than 50 A and a relatively narrow distribution (Harriott, 1975). Since silica is the
main constituent of the catalyst used in this study and the pore size distribution is narrow with
a relatively small mean pore size (Appendix I), a value of 0.4 W/m K is used for the peilet
conductivity.

The parameter A, in Table 4-1 is the thermal conductivity of the stainless steel reactor wall
and o is the heat transfer coefficient at the coolant side of the reactor wall, The value of the
latter was estimated from data on Dowtherm G heat transfer oil given by the supplier
(Dowtherm Organic Heat Transfer Fluids, The Dow Chemical Company) and available
corzelations on heat tapsfer coefficients at the annulus between concentric  tubes
(VDI-Warmeatlas, 1984, p. Gd2). The valuc reported in Table 4~1 was calculated at 500 K
for the reactor dimensions and oil circulation capacity given in chapter 33.




Table 4-2. Summary of model input and Buid data used for simulations and parameter

estimation.
Run no. 1 2 - 3
T. (K) 497 499 499
Inlet conditions
T, (K) 498 503 500
P, (MPa) 1.0 1.0 1.0
Py, (MPa) 0.77 0.82 0.70
Vo (mss) ? 0.16 0.15 0.15
Con, (molim?) » 186.0 1961 168.4
Coco (mol/m®) ¥ 174 135 226
Can (molm®) » 382 29.6 49.6
Physical properties of the gas mixture at inlet conditions
Py (kg/m’) © 577 593 545
G, Fikg K)) @ 1333 1295 1398
u, (N s/m?) 29 2.56x107 2.58x10°° 2.56x10°
A, (W/(m K)) 0.05972 0.05526 0.06701
Dimcnsionless groups related to inlet conditions
Re, 119 113 105
Pr 057 0.60 0.53
Carbon mumber distribution parameters (weighted average values at reactor outlet)
a 0.69 0.64 0.68
Y 038 086 093

! Estimated from the ideal gas law at inlet temperature and pressure.
? Data for the individual components were estimated from relations given by Lydersen
{Lydersen, 1979, Appendix 2),

? Data for the individual components were cstimated from relations given by Reid et. al.
(Reid et al,, 1987, Table 10-3).

9 Viscosity of mixture was cstimated by Wilke's method (Reid et al., 1987, p- 407).

*) Thermal conductivity of mixture was estimated by Mason and Saxena's method
(Reid et al,, 1987, p. 531).



Valucs for the molecular diffusivitics of the gases are needed for the estimation of effective
diffusivitics in the bed. These values are given in Table 4-3. They are binary diffusion
coefficients calculated from the Chapman-Enskog relation (Reid <t al., 1987, p. 581) with N,
as the second component. This simplification was done because the feed gas was highly
diluted with nitrogen in the experiments.

Table 4-3. Gas phase diffusion coefficients,
T=500 K, P=1.0 MPa

Component | Molecular diffusivity
D, (m*s)

Cco 4.96x10°
H, 1.81x10°

CH, 5.44x10°¢




5. RESULTS AND DISCUSSION

5.1. INTRODUCTION

The first obsject of the experimental work was to make an cvaluation of the performance of
the reactor and to see if the plant, analysis system and control system performed up to
expectations. When this was established, a search for an area of useful stcady state operating
conditions was performed. Initially it was determined to restrict the range of operating
conditions to an arca where substantial amounts of high molecular weight products are not
likely to be formed. This was done because on-linc analysis of high molecular weight
products on a gas chromatograph was considered problemmatic as it can be expected that such
products are oot in the gas phase under reaction conditions. This may give inaccurate mass
balances as well as wax condensation and possibly plugging of the small diameter tubes in
the analysis system. It was therefore decided to restrict the lowest operating temperature to
ca. 483 K and the jowest H/CO ratio to ca. 2.

All cxperiments were carried out at 1.0 MPa total pressure with nitrogen as diluent. The
teriperature at the reactor inlet was kept approximatcly ecqual to the ol tempezature. The
pressure and space velocity of symthesis gas were varied while the gas flow of nitrogen was
kept in the high range of the flow—controller in order 10 minimize heat and mass transfer
limitations. The initial tests showed that the reactor was very semsitive to variations in
temperature and partial pressure of synthesis gas with this highly exothermic reaction, and that
only a narrow range of temperatures could be used for steady state experiments when other
operating conditions were fixed. Below this range, virtually no reaction occured, and above
the range the reactor became upstable resulting in a thermal runaway of several hundred
degrees. The progression of such a rumaway is shown in Appendix II. Due to these
restrictions, temperature could not b i

At partial pressures of synthesis gzs belov ¢ca. 03 MPa the uscful stcady state operating
temperature was about 500 K and rciatively independent of the pressure. At higher partial
pressures instability problems became more severe, and possibly useful operating temperatures



seemed to be much lower than 500 K which could lcad to formation of mainly wax products.

During the first hours on streem in each run the catalyst showed an apparent rapid declining
activity which after a time levelled cut as indicated by the rate of decline of the temperahire
differences across the reactor bed. Beczusc of this higher initial activity the start temperature
bad to be set lower than the steady state temperature, and temperature was gradually increased
until steady state was obtained. But cvea at steady state there was z slow decline in catalyst
activity as shown in chapter 5.2. The higher initial activity was completely restored when
performing 2 new Tun after shutdown of the previous run using the same catalyst load.

Three steady State experiments were performed. The object of these experiments was to
provide data for use in mode] evaluation and parameter estimation. During each experimental
ran a complete axial concentration and selectivity profile was recorded by taking a FID and
a TCD analysis at each of the ten positions in the reactor as well as an inlet gas analysis.
Temperature profiles were recorded at frequent intervals during experiments.

The main object of the reactor modeling was to cvaluate the heal transfer characteristics of
mmmmﬁcm'm:osﬁmmmmummmmm
data The kinetic study was therefore mainiy concerned with reactions of importance for heat
geperation in the bed. For a Fischer~Tropsch catalyst with low shift activity these are the rate
of CO consumption and the rate of mcthane formation-

The experimental investigations were performed on a catalyst with no prior knowledge of the
kinetic and selectivity parameters cxept for the general conclusions which can be drawn from
litezature data. Before any model evaluations could be done, 2 kinetic moxiel bad to be
cstablished and kinetic parameters bad to be estimated. This was done using data from the
three steady statc experiments although determination of kinetic data from a non-isothcrmal

fixed bed reactor-under-a-restricted set of operating conditions is pot completely satistsoroty.

The kinetic parameters thus obtained were then used in modeis for finther evaluation of the
heat transfer characteristics of the bed. The models were of the pseudo—homogencous type,




52. EXPERIMENTAL RESULTS

This chapter summarizes the results from the three experiments at steady state conditions. Tz
nuns were performexd in sequence using the same catalyst load. During start up of e 3 a
thermal rupaway occured causing a permanent deactivation of the catalyst, The caatyst
showed about the same activitiy i run 1 and 2, but the activity in run 3 was somewhat lower.
Expecrimental conditions and conversion and seiectivity at reactor outlet are shown in Table
5~1. The hydrocarbon product mainly consisted of n-alkanes with smaller amocunts of alkenes
and isomers. Oxygenates were not detected. Details on product analysis and selectivity
calculations arc given in Appendix II.

Table 5-1. Effect of experimental conditions on catalyst activity and selectivity.

Run no, 1 2 3
Wall temperature (K} 497 499 499
Inlet conditions
Temperature (K) 498 503 500
Total pressure (MPz) 1.0 1.0 1.0
Pr.co (MP3) 023 0.18 030
H./CO molar ratio 22 22 22
GHSV (Nl oo/kg catalyst - h) 540 400 670
Outlet conversion and selectivitics
CO conversion (%) 344 48.5 245
Carbon sclectivities (%)
CH, 160 184 145
C.-C, 29.7 34.7 295
L e . 478 . 429 449
co, 6.6 4.1 111

'Carbon recovery (%) 96.1 90.1 90.8




During each experimentzl nm a complete axial composition profile was rccorded exept for
run 1 where analyses at z = 1.2 m and 1.35 m arc missing due 1o 2 plugging of the sampling
tabes caused by catalyst dust. It took about 2 hours to consplete an analysis in one reactor
position beforc moving to the next position. As 2 consequence the analysis points in the
profiles were recorded at different cazalyst activity sinoe the catalyst deactivated slowly with
time. This means that the recorded axial composition profiles are not "true” axial profiles, but
arc somewhat distorted by the time dependence. This time dependence also caused slight
erors in carbon balance calculations since the analyses on the TCD and the FID had to be
taken consecutively. The FID analysis was taken first and the TCD more than an hour later.
But the carbon balances were nommally within 90 0 100 % except near the inlet where

conversion was fow.

In run 1 the axial composition profile was recorded scquentizily from inlet to cudet. The
results are shown in Figure 5-1 where increasing distance from inlet aiso means increasing
time. To get an idea of the effect of time, two consecutive profiles were recorded in the two
other runs taking analyses sequentially from inlet to outlet at every otber axial point within
cach profile. The results arc shown in Figares 5-2 ard 5-3. Details on sampling order for
cach profile and composition data at each sampling point are given in Appendix II for the
three mms.

The data of Appendix II also includes the Schulz—Flory parametet, ¢, obtained from a plot
of In(X_) versus n for the C,~C,, fraction at the various axizl positions. The values of a thus
obtained are weighted average valucs depending on the local valuss at all previous reactor
positions. If the hydrocarbon distribution follows Schulz-Flory in each point in the reactor
then the average distribution detected at reactor outlet will also approximately follow the
Schulz-Flory distribution with a weighted average value of o Deviations become pronounced
only for hydrocarbons with more than ten carbon atoms (Lox and Fromeat, 1993a). Schulz-

fraction. These plots show that the C,—C,, fraction closely follows Schulz—Flory and that the
C,ﬁ'actionishjghcrandthcClﬁactioulawenhanexpeued.l‘h&sedeviaﬁnnsfan,andCz
are commonly observed on cobalt and iron Fischer-Tropsch catalysts.




The effect of deactivation is shown in the differences of the QD conversion profiles in Figures
5~2 and 53 and in the decreasing reactor temperatures with increasing ime shown in Figure
5—5. Because of the correlation between temperature and catalyst activity this decrease in
tempezature wili be partiafly responsible for the decrease in conversion with increasing time
on stream and may affect selectivitics too. Both the rapid initial deactivation and the long
term more slow deactivation have been described in the literature, but the underlying causes
of these observations seem not folly wixderstood. Formation of inactive carbonacous deposits,
sintering and changes in the catalyst composition with time have been proposed as
explanations of the observed deactivation, c.g. (Bukur et al, 1990). It is known that
unpromoted cobalt catalysts like the one used in this smdy, show poorer stabilty than
promoted catalysts (Winthers et al., 1990; Varma et al., 1985).

Liquid accurgulation in the catalyst pores is known to impose intraparticle mass wansfer
Testrictions on reactants and products, thus lowering the observed rate of OO conversion
(Zimmerman et al., 1989; Post et al., 1989; Iglesia er al, 1993) and may also affect selectivity
(fglesia et al,, 1993). Bokur et al. (Bukur et al., 1990) atrributed the rapid loss of activity
dming&cﬁrstSOhmnsonmintheﬁndbedmormmchmmmuhﬁmlth,
however, pot likely that the initial rapid loss of activity obscrved in this study can be
attributed 10 increased mars transfer Limitations caused by liquid accumulation in the pores.
Concerning the low selectivity to high molecular hydrocarbon products obtained, it can be
expected that it would have taken a quite a long time to 611 up the pores with lignid. With
values of the chain growth probability below 0.7 as shown in Figure 54, it can be estimated
from the simulations of Huff and Satterficld (Huff and Satterficld, 1985) that the time vo fill
up the first porc must be several lundred hours or more. But the long term deactivation
observed o persist throughout the duration of each nm may at least partially be caused by

While the CO, selectivity generally is below 5 % and fairly independent on axial position and
time, some exeptions are noted in Figures 5-2 and 5-3. There scem to be a noticcable
increase in CO, selectivity towards the reactor outlet at longer times on stream_ These
exeptions are denoted at z = 1.35 m in run 2 and 3 while an analysis is missing at this point
in run 1. A less pronounced effect is also denoted at the outlet in nun 3. Furthermore, an
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" increase i comversion is observed at the same points. A detailed analysis of the axial
concentrarion profiles showed that the yicld of the C,, fraction 2s well as the carbon number
distribution of this fraction (Figure 5—4) are not affccted by the anomalics at these points. So
concerning the production of C,, hydrocarbous, the catalyst opesates normally although their
selectivity is lower because of higher CO conversion. The increase in conversion leads to
formation of methanc and ethane with about the same selectivity as normal, but the rest of
the product is just CO,.

An explanation of these irregularitics could be structural or compositional changes in the
oxidic phase of the catalyst during an experimental run, tuming inactive points into active
opes. The catalyst contained substantial amounts of unreduced cobalt axide (Appeadix I) and
production of significant amounts of OO, is reported to occur on poorly—-reduced cobalt
catalysts (Reuel and Bartholomew, 1984). Furthermore shifts in selectivity towards lighter
hydrocarbons (Winthers et al.,, 1990; Varma et al, 1985) are reported at longer times on
stream for cobalt catalysts. But explanations involving changes in the catalyst performance
Bquwdomblcmﬁngh:omummmeweﬁmmdslecﬁvhymesmhmgml
values where the conversion and selectivities at the outlet are weighted averages of the values
throughout the whole reactor. Drastic changes must have occured with the catalyst near the
outlet within 2 short period of time towards the ead of the run if such an explanation is
correct. Another explanation could be that a local bot spot had developed in the bed at the
entrance of the sampling tube at z = 135 m, or catalyst dust could have entered the sampling
tube and created a hot spot inside the tube. There were weak indications of irrcgularitics in
the temperature profile at this point in the reactor becanse of a peak in the wall temperature
of a few degrees at this point during all the rans. But the thermocouples at the other two
radial positions showed no such deviations. A local hot spot possibly originating from a
caralyst particie of higher activity or maldistribution of the flow pattem around the entrance
of the sampling tube could cause an increased conversion locazed to this area giving risc to
analysis data pot representative for the bulk gas phasc. Conversion at higher temperatures

would be expected 10 give mainly light hydrocarbons and CO, from the shift reaction (Huff
and Kobylinski, 1991; Gottschalk ct al, 1988). But the question of the higber conversion and
mzsdec&ﬁqmz=15mobsuvedhm3mﬂmwaedbythisexplanaﬁmhis
thus not possible to give a satisfactory explanation of the observed deviations. But the



obsavaﬁonsmnalhlhcsmscma:thmar:mindicaﬁomofanalyﬁalms.

lhemeoffmmaﬁanofmzbythcshihmcﬁanoncobaltwdminauscswﬂh
hﬂa&singpuﬁﬂmofwmuandkmhibhedbymalmahigbapuﬁalpm
(Grenoble and Estadt, 1981; Huff and Kobylinski, 1991). The selectivity to CO, caused by
m:ﬁﬁmﬁmmudmmﬁmm;mvaﬁonmuﬁmmﬁmﬁ, 1991)
andmmfmmhamcincozsdecﬁﬁ:yshmﬂdbcobwvdwi:hinausingdimﬁom
the inlct. Under nommal catalyst operation the selectivity is, however, rather constaat. The
selectivity value of about 5% observed in run 1 and 2 is also somewhat higher than can be
expected on a Co on SiO; catalyst (Vamma et al., 1985; Withers et 2., 1990). It is thercfore
mtunﬁkdythatthccozpmduudwhmtheanlyaopaatesudthalowcozsdwﬁvity
comes from other rcactions than the shift reaction. This could be the Boudouard reaction
(equation 2-44). The exceptionally high CO, selectivity observed is, however, most likely
muibutedwhamedshiﬁacﬁvhym«lbyd:hammnalchangsmmcahlmaloal
hot spot or possibly some other unknown eficet.

Apm&ommcdeviaﬁonsdismdabovcthesdediﬁﬁcsshownhﬁgmas-lms—3md
the chain growth probabilities shown in Figure $--4 reveal only small variations in their valaes
mmwpoﬁﬁonaﬁﬁmcmmmmwmmvaﬂaﬁmin
mmmmmmmcomoftbfedpsmkmmmcmgcn&o.
Itfoum&omchap:uﬁ.{thamcmininﬂummsdedivitym&ommmm
andmcHzlmnﬁo.Gmuzuythmisasﬁghtdminmﬂhanesc!eaiﬁtyanda
mu@spmdinﬂyinaasehﬂ::sdecﬁﬁtyofhigbumolcaﬂmwﬁgmhydmmbomwim
incashgdismmeﬁommchlu,mdalsoﬁminacashgﬁmemsmmfothZasshown
iangumS-ZMvmiaﬁommayaﬂmpuﬁaﬂybcaplaﬁndbythevniaﬁomof
temperature with axial position and time on stream.
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Figure 5-1. CO conversion and product selectivities dependent on axial reactor position

and time on stream for run 1. The data points were recorded in sequence from inlet to
outlet within the specified time interval. Experimental couditions are given [n table 5-1.
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Figure 5-5. Centerline temperature profiles recorded at different times. Experimental
conditions are given in tabic 5-1.




53,  KINETICS

53.1. Reactions and stoichiometry

The stoichiometry and heat of reaction for the synthesis of bydrocarbons are cxpressed by
equation 5—-1. For the synthesis of C,, bydrocarbons the reaction enthalpy per mole CO
converted is pearly independent of the carbon number while the heat of reaction for methane
formarion are somewhat higher as shown in equation 5-2. The temperature dependence of the
reaction enthalpy is minor (Mc Ketta, 1985).

CO + (3+V0)H, — (1/0)C,Ha,, + H,0, AH, = -165 X 5-1)
CO +3H, — CH, + H,0, AH, =215k 5-2)

if CO, selectivity is of importance the water—gas shift reaction and possibly the Boudouard
reaction must be taken iaro account, but these reactions are neglected in this study. It follows
from chapter 5.2 that with a few exceptions the CO, selectivity is low. Furthermore, the CO,
concentration analyses are not very accurate due to low concentrations and a bad base—line
onmcchrommogmnsmmecozmgiomThcpoinsinthcmwhmmcanﬂysesshowad
unusual high CO, selectivity were omitted in the parameter estimations. These were the
concentrations measured at z = 135 m in mo 2 and 3.

The modeling was concerned with the conversion of CO and the formation of CH, according
to equations 5-1 and 5-2, necessitating only czlculation of the concentration profiles of CO,
H, and CH,. The rate of H, consumption are in addition to the dependence on the rates of CO
corsumption and CH, formation, also depeadeat on the carbon number distribution of the C,,
fraction according to equation 5-1. RWMM-M-WHW—--
parameter & for C,, and the C,/C, ratio y for C,. Thesc parameters were considered constant,
ﬁ:dependemofmaaorposiﬁmandﬁme,andmevﬂucswueobminedﬁom!heanalyscsa:
the reactor outlet. The valucs obtained for the three runs are given i Appendix II and in
Tabie 4-2,



The selectivity parameters are dependent on iemperature (Les and Anderson, 1984) and the
partial pressurcs of CO and H,, but since there are small variations in temperature and the
CO/H; ratio, the variations arc expected to be small. These assumptions arc confirmed by the
data in Appendix II and Figure 5-4.

5§32, Model and parameter selection

The relatively simple Langmuir—Hinshelwood type eguation 2—46 proposed by Yates and
Sarterfield (Yates and Satterfield, 1991) was choscn as the basis for the calculation of the rate
- of CO consumption because it was shown to correlate well with experimental data from
several investigations. The same relation was also recommended for the calculation of the rate
of methane formation (Yales and Satterfield, 1992).

In cquation 2—46 both the mte constam and the adsorption constant are dependent on
temperature as shown in equation 2-51_ It was not possible to quantify these dependencics
from the experiments performed in this study because of the small variations in temperature.
Thesefore, the activation energy and adsorption enthalpy had 10 be evaluated from literature
data.

A wide range of values bas been reported for the activation energy of cobalt based Fischer-
Tropsch catlysts, and the valucs varies with support, preparation and metal loading (Reucl
and Bartholomew, 1984). For CO conversion on SiO, supported cobalt catalysts values
between 32 and 131 kJ/mo! bave been reported (Reuel and Bartholomew, 1984), but most
reports find valucs in the range 90 ~ 100 k¥/mol (Yates and Santerficld, 1991). There are
fewer reports on values for the activation energy of methase formation, but the values are
generally 20 — 60 ki/mol higher than the values reported for CO consumption (Reuel and
Bartholomew, 1984). _ __ . ... } ..

T‘Bcobsmﬁacﬁvaﬁmmgisusingahmogmusmmmoddmyalsobebwam
the actuai ones if intraparticle mass transfer limitations are of importance (Sancrfield, 1970).
It is known that severe mass transport diffusional limitations may exist in the catalyst pores
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if the pores are filled with liquid hydrocarbon products (Tglesia et al., 1993). This will make
the apparent activation energy dependent on catalyst particle size. For a cobalt catalyst
pmmmed“ﬁm&mniummapproximhalﬁngofth:appmemaahmionmugyformc
rate of CO conversion was observed for catalyst particles of 2.4 mm diameter compared with
038 mm particies (Sic et al,, 1991). The obscrved activation energy was 120 ki/mol for the
038 mm particies and 60 - 70 kJ/mol for the 2.4 mm pacticles. It follows from the discussion
inchapt:rs.zmatitisnmﬁkdythattheca:alystpornswmmmplaclyliquidﬁncddumg
the time that the measurements were performed for the experimental runs reported here. Thus,
the degree of diffusional Iimitations were not known. If liquid accumulation in the pores
occured during the timic of the analyses, both a time and reactor positional dependency on
actjvation energies can be expected.

Duetothcuminﬁsregaxdingtheva!usofthcacﬁvaﬁonenezgis of the caralyst used
mmisaudyandthcmknowndcgreeofinuapmﬁdedifﬁmimﬂmnsfcrmsimnc,m
different sets of values for the activation energics are used in the simulations. One set is in
the high range and the other in the low range of the values reported in the literature. The
sclected values are shown in Table 5-2.

Theadm;pﬁmmmmofCOd@mdsmwmpaammamdingmequaﬁmz-Sl.qu&w
mm@&hﬁmﬁs@m&p@mm&rm&kmﬂm.ﬂnﬁmww
(Huff and Kobylinski, 1991) have estimated a value of 25 kJ/mo! for the adsorption eathalpy
and 113 K¥/mol for the activation energy when fitting experimental kinetic data to a
Langravir~iinshelwood expression similar 1o equation 2—46. Thus the temperature
dependenoeoflhemecommseemsmuchmommmmcedthanthetcmpam
depmdmccofmcadsmpﬁmmnsmmﬁmmonhismsmandmclackofanymco{
thevalucofthcacbmpﬁmcmhalpyforCOfonhcumlystused‘hthismdy,itwasdecidcd
t0 neglect the temperature dependence of K, in the model.

Equaﬁmz—%“vasusedinthcpmliminmyldneﬁcevalnaﬁons,bothfort.hcmodelingoft.he
meofCOmmpﬁonandthcm:ofmhamemaﬁmAﬁmcdcpmdmacﬁvitymm
shown in cquation 5-3 was included in the rate expression 20 account for the observed
deactivation.
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In.iti‘allyapswdo—homogmeousmodcl including both heat and mass transpost was applicd
in the attempk to estimate the kinetic parameters, i.. the preexponcntial faciors, the rates of
deactivation and the adsorption constant. The model was of the traditional type with constant
void fraction, velocity and dispersion cocfficients across the bed.

In the first instance, the comelations recommended by Vortmeyer and Haidegger (Vortmeyer
and Haidegg>r, 1991) showr in equations 2-21 1o 2-24 were used in estimation of the axial
and radial dispersion cocfficients. Howcver, this approach failed due to the nsc of a too low
value for the effective radial thermal conductivity, predicted by equation 2-24. With this low
value of the radial conductivity, heat transfer to the coolant could not be properly matched
to the heat production, and the soiution of the model cguations was unable to converge to a
steady state.

Then an estimation of both kinetic parameters and the cffective radial conductivity was tried.
Tbe kinetic parameters and the radial conductivity were estimated by fitting the model output
to the concentration and temperature data from the three steady state cxperiments, using a
weighted least square critetion of fit. Due to expected differences in initial catalyst activity
and rate of deactivation for the three experimental suns, the three runs were treated scparately
cstimating a sct ofpmametasfarachmn.ﬂmver,thelmtsqumobjectﬁmcﬁonshowed
an evident lack of a distinct minimum, using this approach with the experimental data, thus
making accurate parameter estimates impossible. The values of the estimated parameters were
to a considerable =xtcnt dependent on the choice of injtial values. Furthermore, the traditional
dispersion model was not able to give a very good description of the observed temperature
profiles as shown in chapter 5.4.3. ‘

It was therefore decided 10 estimate kinetic parameters using a pseudo—homogencous model
for mass transport only, fitting the calculated concentration profiles to the experimental data
and using the measured temperature profiles for the calculation of reaction rates. This decision
was taken on the generally accepted basis that mass transport is more "plug—flow” in nature
than heat transport. Most simulations under steady state conditions predicts nearly flat radial
concentration profiles (Doraiswamy and Shanma, 1984, p. 228). This makes the mass transport
model relatively insensitive 10 the values used for the dispersion coefficieats and consequently
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exact knowledge of their values is not necessary.

Thconhogmalmuouﬁonmab@usedforndialdisacﬁzaﬁon,scsmm?aimsonmc
choice of radial positions where concentrations are calculated in the model. If the points do
oot coincide with the position of the thermocouples, interpolation between the measured
temperatures bas 1o be made. This, however, requires some knowledge or assumptions as for
the shape of the radial profiles, especially whea the prefiles arc steep or there are few radial
measuremen: positions.

To avoid making such assumptions it was deceided 10 use the mass balance equation 4-2 with

" one radial collocation point in kinetic parameter esiimation and to use the temperature profifes
measured at £ = 0577 as a representation of the mean radial temperature. This approach is
equivalent to the one—~dimensional plug—flow model with axial dispersion and varying axial
temperature. The axial dispersion cocfficient was calculated from equation 4-9, and the rate
constants were calculated from the temperature measurements at r' = 0.577.

Shdmesﬁm%ofpwupomﬁﬂ&mmndﬂeinh‘biﬁngeﬁwofmexpmd
bythcadsorpﬁmmusmmemmiedmgmlaﬁonbmmcpmmmmaﬁng
mcsﬁmatcsdiﬂiaaltWitbanilﬁﬁalchoiccforthevalneofKQinthegc14—ﬁ
Ummcpmmms&maﬁmdidnmﬂuthisvalucmmymamwadjuﬂed
the activity and deactivation parameters to obtain the best fit, and the goodaess of fit scemed
fairly independest of Ky, within this range. Although estimated activity and deactivation
parameters differed for the dove experiments, the ange of Ko, was the same. It was thus
concluded that the value of K, was in the range of approximately 14 — 20 1/MPa which is
inwwiﬂ:tb:valmmwdbyYammdSmuﬁdd(YatesndSamﬁdil”l}
of 11.61 L/MPa at 493 K and 2226 1/MPz at 513 K for a Mg promoted cobalt on $i0,
aﬂlmﬁmﬁmﬁnﬂhgsifwasnhdddmﬁxﬁcvﬂuof%ul?ﬂhﬂnhme
simulations and estimations of catalyst activity and deactivation rates for the three
cxperimental funs.



