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INTR CTION

Sturry bubble reactors arg cxpected to be nsed for a2 number of applications which include
production of methanol and hydrocarbon fuels via Fischer-Tropsch route using synthesie gas from
coal gasifrcation, These reactors can operate with low Hy/CO ratio without the possibility of
plugging as a consequence of wax and/or caraon buildup, [n addition these teactors also offer the
advantages ol high heat wansfer rate, isothermel conditions of operation, redused rate of cztalyst

deactivation due to washing effect of the liguid and on-line calalysl addition and withdrawal,

The ohjective of this project is to desipn and mede) a conceptual slurry reactor for twe indirect
liquefaction applications; 1) production of methanol and 2) production of hydrocarbon fuels via
Fischer-Tropseh roule. The reactor models for the two processes have been formulated using
computer simulation. Process deta, kinctic and thermodynamic data, heat and mass transfer dag
and hycrodynamic data have been used in the mathematical madels to describe the slurry reactor
for each of the two processes. For task i, a mathematical model for methanol svothesis was
developed and tested. “This paper presenls the mathematical modal and technical appraach vaed to

design at meodel the slerry rezetor for Fischer-Tropsch synthesis.

[ischer-Tropsch synthesis is essentially hydrogenation of carbon monnxide which yield saturated
and unsaturated compounds of the homologous series. It permits the synthesis of hydracarbons
ranging from methane to high melting paraffing depending on the catalyst, temperatura and type
of process emplayed, A small quantity of byproducts such as alechols, aldebydes, ketones eic, are

also formad.
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Fischer-Tropsch Slurry Reactor;

The problem of reactor design and modeling problem for Fischer-Tropsch synthesis has been

divided into two parts.
1) Estimation of syn gas conversion in a given reactor volume.
2) Detailed calculation of compositions of vapor and liquid product streams

based on phase equilibria.

Reactor Model

The development of a reactor model starts with writing ‘the differential mass and energy balance
equations. The resulting differential equations can then be solved using suitable boundary
conditions. Given the large number of products formed during FT synthesis, it is not practical to
make individual component balance. For design purposes, however, some products can be grouped
together without significant loss of accuracy. The reactor design configuration and its operating

conditions also allow for some simplifying assumptions to be made.

The following assumptions were made for the development of FT synthesis reactor model.

Assumptions for FT reactor model;

1) The synthesis products obey Schulz-Flory distribution. This assumption has been found to be
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valid over the enlire range of products of an iron catalyst (Satterfield and Huff, 1982).

-pn=upn—l=an-lpl {l:l

Here, p, refers to the product distribution as formed on tha catzlyst. The peobahility of chain

prowth o 1 taken w be constant over e enlive cacbon distribution.

2) The hydrocarbon products consist of n-alkanes and n-alkenes only. These are in fact the main
products of catalysts and little desipn errar is introduced by lumping the methyl branched isomers

with n-alkenes and n-alkanes.
3) The gas phase component balance is made only for i} CO, i} H,, i1i) CO,, iv) 0 and v G,
to C, hydrocarhons. The contrihufion of hydrocarhans heavier than C, ts estimated (o be less than

4% of the gas flow rate in the reactor,

41 The effectiveness factors for the catalyst particles are taken as unity, Due to the relatively small

particle sizes (< 5 um) uscd in the reactors, diffusional Hmitations should be negligible.

5] Again, as a cansequence of the small particie size, mass and heat transfor resistances between

the catalyst and liquid are assumed to be neglipible.

6) The gas and sluery phases are modeled using the axial dispersion model, the mast appropriate
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model for bubble calumn reactors (Deckwer et al., 1953}

7) The catalyst is not uniformly distribuiid in the reactor and the sedimentation-dispersion madel

(Cova, 1966; Kato et al_, 1572, Smith et.zl, 1985) is used for modeling Lhe catalyst concenlzation.

%} The hydrodynamic parameiers, namely gas holdup, interfacial area, heat and mass Lransfer

cocfficients and dispersion coefficients are assumed to be spatially independent.

9} The temperature dependerce of the gas phase concentration Cg = P/RT can be neslected since

d(1/Tydz = -1ITYCTidz) ~ O

L) Steady-state condilions prevail

Model Equations:

Based on the above assumptions, mass and energy balance were developed for the reactor model.
Component halance were made for the fallowing components, Definitions of the variahles,
coetiicients and dimensionless groups are given in the Notation.

13 CO

1) Hy

HCQ;

43 1,0

5) C, o G
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{3 e Nass Halance:

The gas phase mass balance with axial dispersion for component | can be written as:

2 )y = 0 @

1 &
L . & or=0 {3]
e Pe, 4z i z
LiiC af 7=1 (@
&

The molar flow rate of gas will vary along the column due to resction. The affect of change in
molar flow rate on the superficial gas velocity can be determined by writing an overal] mass

balance. Thusg

-% - ¥ Stofyx) = 0 5)

The above equatinn is subject to the boundary condition
v=1 arz = {6]

The volumetrie flow rate of the gas will also vary along the column due to change in hydrostatic

head. The local pressure along the column is given as

Pz} = Py [1+B{1-2)] Y|

where




B = pys(l-e )Py ®

Liguid Phase Mass Balance:

The liquid phase mass balance for component i can be written as:

2y, dx,
L ﬂ - = S Ox) ¢ X8,,(1-€ )C o (HLIPUY = 0 ®)

dx,

R Sl B at 7=0 (10)
Pe, dz -

dxjdz = 0 atz =1 (11)

Solid Phase Mass Balance:

The axial distribution of catalyst is governed by gravitational settling and axial dispersion due to
agitation of the catalyst slurry by the gas flow. From assumption (8) the volume fraction of the

liquid is constant along the column length and hence the mass balance on catalyst can be written

as:

2
Pe_ di? dz
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with boundary conditions:

w = 1fPe{dwidzy = O (13

fu Wbz = 1 (14)

An analyticz] solution to the above equation is possible and is given below:

FPeexp(-Pez)

W = (L5}
[1 ~ exp{-Pe)}]
Storchivmetry of Fischer-Tropsch reaction;
The: general stoichiometry of Fischer-Tropsch reaction can be given as:
¥ CGCD*THIH:t"THECaHm"'YH:cero (16)

Water formed 28 primary product is converted to carbon dioxide by the water gas shift reaction

in pres=nce of iron catalyst.

H,0+C0 = CO+H,0 (17)

As shown by Stern ot al. (1985, the stoichiomerric coelficients {7.) and average number of carhon
(m) and hydrogen (m) atoms in the hydrocarbon products can be expressed in teans of the

probability of chain growth (o) and the fraction of paraffinic hydrocarbons (A) variables.
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1 (18)

Yeom
_2+(t-ePrie(l-a) (19)

TH: D
__{1—0‘.} an

¥ Ec D

1
TH!ﬂ:E (a1}
D=3+{1-e¢¥+la(l-a} {22)
n=(1-2)"! 23
m=2[(1-u) e (1-0)+ 2 2] (24)

The value of chein growth proability factor (o} and fraction of paraffins in the product {\) arc a

fupction of the catalyst and operating conditions. For the production of high molecu.ar weight

products, value of o has been found to be in the range of 0.85-0.95.

Kinetics of Fischer-Tropsch Synthesis;

The reaction kinetizs of Fischer-Tropsch synthesis over iron catalyst have been investigated by a

number of researchers. The various kinetic expressions have been reviewed by Huff and Satterfield
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(1984) and Zemmerman and Bukur (1990}, The rais expression propozed by Anderson (1956} was

found to be particularly useful,

kPooPy, o

IFT=
Peord Pyup

This eguation mcludes water inhibition effect. At synthesis gas conversion below about 60 %

Equation (25) reduces to
rn;k,Pﬁ,: (26)

Hulf and Satterfield (1934) derived an alternate form of expression based on the hserved
hydrogen dependance for a fused-magnetite catalyst,

2
e ————————
Peod H‘z_"'blPH:ﬂ
Equationg (25) and (27) have the same form if the constant ‘a,’ in Equation (25) depends gn the

H; partial pressure i.e. 3, = b/H,.

For precipitated iron catalyst {100Fe/0.3Cu/0.2K), Zimmerman and Bukur (199¢) obssrved that
Equation (25} gave a berer fit to their data compared to Equation (.2?}, Limilar observations were
made by Nettelholff et al. (1985) using a precipitaled, vnpromoted iron catalyst, Based on these
ohservarions, kinctic expression given by Equation (25) was selected for precipitated tran catalyst
in the FT reactor model, The | rate constants and adsorption constants were oblined from

experimental data of Zimmerman and Bulaur {1990).
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Water gaz shift reaction:

The water gas shifl reuclion occurs readily over medassium promoted iron catalyst. The shift
reaction enables CO rich feeds to be utilized efficiently without the need for external shift. Bath
Equations (16) 2nd (17} for the FT and WGS reaction must be considered to accurately predict
both H, +CO conversions and H,fCO usage ratio which requires knowledge of WGS kinetics. The
tollowing rate expression for waler gas shift reaction has been selected based on litcralure
information (Kuo, 1983; Zirmmeninan and Bukur, 1990).

Prof HIU_P :..'ujP HJKP)

Prota)Pyg

(25}

el

It may be pointed out here that literature kinctic expressions for FT synthesis are based on partizl
pressures in the gas phase while in a slorry reactor the rate depends on the liguid phase
concentrations. Zimunermar: and Bukur (1990) pointed out that for FT synthesis in a well mixed
slurty reactor (i.e. stirred autoelaves), the partial pressures and liquid concentrations can be related

by assurning ideal gas phase and Henry's law behavior in the liquid phase.

P=HC (29)

i Ly
Kinetic expreasions based on liquid phase concentrations were obtained using Equation (29).
It may be noted, however, that the underlying assumption of gas and liquid phase equilibrium may
not be justified for fast reaction systems. Therefore kinetic expressions based on actual liguid

phase concentrations need to be developed.

I[85



Estimation of Model Parameters:

Gas Holdup

Recently Bukur etal. (1990) reported hydrodyramics of three-phase sivrry Fischer-Tropsch bubble
column reactors. Experiments were conducted in hoth batch bubble column mode and continuous
bubble colwnn mode w investigate the effects of solids concentration (0 to 30 wt. %), solid
particles type and size ( iron oxide and silica particles; 0-5 um and 2244 um). Two types of
liquids, namely hydrotreated eeaclor wax {FT-300) and SASOL reactor wax were used. The
operating conditions were generally selected to closely simulate sturry bubble eofumn reactors for

Fischer-Tropsch synthesis.

Bukur et al, {1990} tested various literaturc eorrelations using their experimental data. It was found
that correlation of Zheng et al. {1983}, Badjugar etul. (1986} and Hughmark {1967 could provide
teasonable estimates of gas holdups in slug flow and churn wrbulent regimes. Tt may be pointed
ont that we selected the comrelation of Hughinark (1967) for methanol synthesis reactor simulation
based on a test of various literature coarrelations using the cxperimental data of Air Products PDU
operation (lrakash and Bendale, 1930). Based on the observation of Bukur et al. (1990), the
correlation of Heghmark (1967) could also be used for a Fischer-Tropach reactor model. Bukur
et al. (1990) also developed a general correlation for gas holdup by combining the data od two-
phase studies (Bukur et al., 1987a,b) and three-phase smdies. This correlation is recammended
by the authors for estimatfon of gas holdups in Fischer-tropsch sharry bubble column reactors

opetating in slug flow and ¢hurn turbulent regime
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€ g=0.24Frg B (30}

This correlation has alse been included in the slurry reactor model.

Voiumeiric Mass Trangfer Coeff.

The correlation of Nguyen tien et al. (1985) as modified by Nigam and Schumpe (1987) was
selected for the estimation of volumetric mass transfer coefficiznt, The proposed cormelation is

applicable to both continuous and batch aperated slurry hubble columns,

£, =0.35(1 -&_ J0. 58U (31

Nigam and Schumpe (1S87), however, observed that for slurry bubble columns with batch
operation of the liquid phase, the mean solid fraction (£, o} Should be replaced by salid fraction

ar the reactor botiom (g, ).

Although the correfation of Nguyen-tien et al. (1985} accouns for the effects of solids
concentration and pag velocity, it is based on data ohtained for oxygen mass transfer in agueous
solutions. For other systems, it needs to be corrected for the cilects of diffussivities, physical

properties of liquid and coalescing behavior of the system.
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Correction for Diffugivity:
Correlations for volumetric mass transfer in bubblz columns (Akita and Yoshida, 1973 Oxturk
et nl., I987) show that:

koo D,n * (32)

This assuwmes thit gas-liquid mass transfer in bubble columnns is governed by Higbie’s penctration

theory.

Ligui¢ and Slurcy:

Volumetric mass wansfer coefficient in bubble columns has been found to be affected by
viszasity, surface tension and density of the liguid medium (Akita and Yashida, 1973 Hikita et
al., 1981; Ozturk et al., 1987). Akita and Yoshida (1973) and Hikita et al. (1981) studied gas-
liquid mass transfer in agueous solutions, while Ozmrk ot af. {1987} used organic liquids for their
study, The cffeets of changes in surface tension can be enluncad in agueous solutions of
oxygenaled compounds (i.e. alcohols) dug to a simultancous change in the coaleseing behaviar of
liquid. The correiation of Qzturk et al. (1387) was selected to apply corrections for physical

rroperties of liguid. It gives:

=033 -0.08 037
A Tt Tt Ye (33)

It may be noted that the correlation of Ozturk et al. (1987} is based on daia obtained in solid-free

bubble column, The surface tension effects zre not expected v change in presence of solids. The
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cffect of slurry viscosity is accounted for by the term in the hrackets in the correlation of Nguyen-
tien et al. (1983). For density correction in slurry bubble columns, the liquid density can be
replaced by siurry densily, since fine particles in slurry reactor form a homogeneous slurry phase.
The correlation of Npuyen-tien et al. (1985) cam, therefore, be corrected a8 below to estimale

volumetiic mass transfer cnefficients in other systems:

(34)
(k,0), = (k@) (DD, )00 o o P u fi ) F e ofe 5l

The above correlation is applicable to coalescing media, for noncealescing media (and other high

gas haldup conditinns) it would give conservative estimates of volumetric wass transfer cocfficient.

Ligiad Phase Dispersion Coafficient:

Whils ligui¢ phase disperyion in sofid-free bubble calumns has been invastigated extensively, litle
wark has hesn donz to measure liquid backmixing in slucry bubble columns. However, in the
suspensien of fine camlyst particles used in Fischer-Tropsch synthesis reactors, there is expecled
10 e litrle effcet of the presence of solids on Hgquid mixing, The various correlations available in
the literature for liquid phase dispersion in bubble column were compared by Wendt el ul. (1984).
The correlation proposed by Deckwer et al. {1974) provided a good estimate of the iiquid phase
dispersion coefficient. T'his correlation was, therefore, sclected to estimate the liquid phase

dispersion coefficient in the sherry reactor.
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Deckower et al. (1974)

D,=0.68D¢ U5 (35)

{ias IPhase Dispersion Coefficient:

Earlier we had szlected the corrclation of Towell and Ackerman {1972) to csti-matﬂ the pas phase
axial dispersion coefficient in bubble columns {Prukash and Bendale, 1990), This correlation was
found to provide good estimates of overall gas phase dispersion coefficients for varous literature
studies (Kawagoe et al., 1989), A recant report from Alr Products and Chemicals (Topical Report:
Tracer Studies in the LaPorte LPMEQOH FDU, 1990), however, chowed that literatore correlations
{Towell and Ackerman, 1972; Field and Davidson, 1%80) over predicted gas phase mixing by a
factor of ahout three in their large diameter slurry bubble column reactor. A new correlation was

then recommended based on the best fit of theie data.

Towell and Ackerman (972

b, =20.0D%0, (36}

Alr Producis and Chemicals (1990)

Dz=21.70. 0! 3N
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Axial Salids Distribution:

Although several groups of researchers have investigated distribution of solids in slurry bubble
columng, the work of Bukur et al, (1989), using Fischer-Trapsch waxes, is more relovant for our
purposes. Bukur et al. (1939} observed that ihe axial distribulion for the 0-5 pm and 20-44 pm
iron oxide and silica pariicles were uniform for all runs in the continuous mode of operation, For
batch mode of operation, the 0-5 um particles showed only a slight gradient with high
concentration towards the bottom of the colurnn, However, with 20-44 um particles significant
gradients in axial sotils distribution profiles were phserved in the batch mode of operation. Bukur
et al, (1983 also notad that the correlation of Smith and Rupether (1933) proviced a good

prediction of solids disperaian cocficient in slurry bubble columns.

Smith and Ruesther (1985)

Pe =9 6(FrefRe )" 1 +0.019Re, " (38)
Re, = Arf18 if Re,<0.05 (39)
Re,= {41397 if Re > 0.5 (4

Smith and Ruether {1983) have suggested the foliowing equation for hindered scttling velocity in

particle swarmi.

\ L)
U, =110 0" % 1)
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Various fiterature correlations and models were reviewed to select suitable metheds for estimation

of physical, thermodynamic and transport properties. Whenever possible, available experimental

data was used to develop suitable correlations.

Diffusivities:

Akgarman measured the diffusion ceefficients for synthesis pas in high molecular weight liquids

(n-Cyp and n-Cg} and FT waxes for a DOE contract DE-AC22-84PC 70032 at temperatures

ranging from 273 to 334"K. The following correlation was proposed to estimate diffusion

coefficients.

Here

10°D, 94.5(F, ¢V, )

705 = MJEFM:.TSI{E!EQLIM

e e ———— - - o ———— e e e

(42)

{43}

(44)



Henry Law Corstants:

hao and Lin {1987 investigated the solubilities of synthesis gas in high motecular weight solvents
{n-Cpy, n-C,, and n-C.) and Fischer-Tropsch waxes for a DOE contract No. DE-ACZ2-54P10
70024, Sclubilitics of hydrogen, carbon monoxide, methane and eihylene were measued at
lemperatures In the range of 100-30G"C and pressure 10-5¢ atm. Les (1986 studied phase
equilibria for syngas in Witco40 and Freezene-100 wils. Graff et al. (1988) mezsured solubilicy
of syngas in the temperature range of 210 o 260°C in another high melecw.ar weight solvent
(squalene}. These authurs whserved that the Heary's coefficients could be well approximated by

an equation of the form:

H - Aexp(B}1} (45}

The solubility data of Chae and Lin (1987) in Fischer-Tropsch waxes was used to obtzin the

coefficiants 1 above cquation for different components.
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The major constituents uf the prodocts from Fischer-Tropsch synthesis are the hydrocarbons
ranging from methane o high melting paraffins with relatively small quantities of olefinie
compounds. Fer iren catalyst, carbon dioxide is one of the major preducts formed with relatively
small amounts of product water. Tn the case of cobalt catalyst, however, due to its poor activity
for water gas shift reaction, water will be the major byproduct with relatively small amount of
carbon dioxide. Small guantities of other byproducts such as aleohols, aldehydes, ketones etc. are
also formed,  Straight-chain paraffin: along with some Z-methylated branched paraffins

predominate ameng the saturated hydrocarbons; major clefins are terminal olefins.

The products and the unreacted synthesis gas leaving the top of the slurry reactor will be assumed
e b in equilibrium with the liquid phase in the reactor. A computer program bas been developed
to study the phase equilibria of the vapor and the liquid streams leaviog the slurry reactor. Such
information witl be helpful in cetermining the relative flow rates and the composition of vapﬁr and
liquid streams which can be further used in the process design of the downstream units in the
Fischer-Tropsch Plant. The eonversion and the production yields from the slurry reactor madel
wi's be usad to determine the overall composition for the phase eqnilibrium caleulations. The
problem presen‘ed here is identical with that of determining vapor and liquid compositions in a
multi-component flash separation. Following assumptions will be made regarding the products
formed daring the reaction. The hydrocarbon products consists of only n-atkanes and n-alkenes.
These are, in fact, the main preducts for many of the FT catalyst and little design error will be

introduced by lumping the methyl-branched isomers with n-alkenes and n-alkanes. In the lower




oxypenates, ketones and primacy alcohnls are formed in relatively small amonnts as compared
water and hence these eompounds will be lumped with water. The light hydrecarbors {C, to ;)
will be lumped together; heavy hydrocarbons {Cp, 10 Cyg) wall be lumped together and
hydrocarbons C, and heavier will be considered as the slurry reactar wax with an average
composition of £, paraffin. The olefin to paraffin split of the hydrocarbon products can be
obtained from the literasyre. For example, unreacted synchesis gas arnd reaction products from the
Mobil's pilot plant for Fischer-Tropsch synthesis may be characterized into foliowing [ourteen
components:

Componeni No.  Compooent{s)

1 Carbon Dioxide

2 Water + Ketones & Primaiy Alcohols {Acetone & 1-Propanoi}
3 Hydrogen

4 Carbon Monoxide

5 hbethane

] Ethvlzne

7 Ethane

8 Propylene

q n-Fropans

£ Burylene

11 n-Butane

12 C, to €, Light Hydrocarbons Lumped as n-Octane
13 C,; to C,s Heavy Hydracarbons as n-Tridccane

14 [, and Heavier as Shurry Reactwr Wax (T, Parafiin
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Phase Equilibrinm Uations for Mulfic

A technique has Deen presented by Bendale, 1991, to predict multicomponent vapor-liguid
egquilibria fram the aptimized binary interaction parameters obiuined from the Peng Robinsen

equation of state, which 15 given as:

p-_RT _ Zmte (486)
(Vb VWbt b (V-b_)

For a multicompanent mixturs, the parameters o, and b, are given by the following expressions:

G D 0 %Xy a8 (1= 85) 7
r
bt = 2. %; By (48)

In the zhove equation, 4; is defined as an interaction parameter that describes the deviatjon of
parameter a;, from the geometric mean of the pure component parameters a, and a; and is assumed

to be constant, The pure component parameters a, and b, are piven as:

a, = alT) (T, w) {49)

a(T) =0.45724 (R T24P) (50) .
aff ,wy=[l+x(l -,ﬁ'j)]* {31}
k=C (037464 + 1.54226 » -~ 0.26092 w?) (52)

If w is greater than 0.5, then

The optimized values of correction factors €, and C, for pure comprments are evaluated which
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k= C, (0.379642 + 148503 w - 0.164423 * + 0.01656GE %) (53
b, = C, [0.0T75 (RT{F )] (54)

minimize the sum of absolute relative errors of calculated and experimental suturated vapor
pressure and saturated liquid density. The vaiues of these correction factors approach unity for
small molecules and non-polar gases which the Peng Robinson equation of state is known to modcei
accuratefy. If these values are not available, then the default values are assigned as unity.

The expression for the fugacily coefficient obtained from the evaiuation of the following ecuation,
RTIn® = [T ) - RTy 4v - RTInZ (55)
V' dn, 4

is miven as:

b, Lonlagrag) a 7-04148°°
In®, = —(Z-1) In(Z-B)+[-= - m_ in :
" bm{ Y in(Z- Byl B, bﬁ]* Zi4bRT " Z+2 414
). .b_P (57}

RT
Phase equilibrium c¢alcuiations are performed at constant temperature andd pressure and Known
averall composition to determine the (low rates and compositions of vapor and ligaid streams,
The governing eguations include overall and component malerial balances, male fraction
constraints, and thermadynamic equilibrivm criterion of equal fupacities of each component in
each phase, For an N component system at constant lemperatire and pressure, there will be 2N
independent expressions for these componerts equilibrated in two phases, with 2N unknowns, 1.,

Y, x's and ¥;'3, tespectively,
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On the basis of one mole of mixture I (urreacted reaclants and products formed), an overall

material balance and a component balznce for each component can be represented as follows:

L+¥F=F=1 (58)

Lx,+Vy=Fr-=z, i=1toN (59}

with the following constraints:
PDEEDIE TSI AR i=1teN (60)
L i i
and thermodynamic etitaria,

_ff’=ﬁ or ¢ryiP=d>f.xiP or ¢rf}+‘.-¢fx.., i=1toN (61}
To perform Flash calenlations, temperature T and pregsure P are considered as the known
variables, which are used to calculate the unknown mole fractions x’s and y,'s of the liquid and
vapor phages, respectively. In addition to system temperanire and pressure, the input data required
consists of critical temperature, critical pressurc and acentric factor of each compenent as well as
the optimized binary interaction parameters, d; as applied to the Peng-Robinson equatian of state.
The liguid and vapor phase fugacity coefficients for each component can be readily caleulated from
the expression 56. The set of equations 58, 59, 60 and 61 are solved simultaneously to determine

the flow rates and mole fractions of liquid and vapor streams.
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Develapment af Computer Codes:

The model equations for the Fischer-Tropsch synthesis reactor constitite a set of coupled second-
order non-linear differential equations. These equations are nol amenable to an analytical solution
and thetefore, a numerical methad was selceted for solution. Orthogenal collocation technigues
are particularly suitable for the solution of boundary value problems and the software packape,
COLSYS, developed by Ascher et al. (1981) was selected for the numerical salution of the model
equations. This method is based on spline callocation at Gaussian points using 2 B-spline basis.
Approximate solutions are computed On a sequence of automatically selected meshes until 2 user-

specified set of tolerances 1s satisfied.

Compuler codes for the reactor model have been developad with a modular approach to computer
programming, t0 ensure easy modifications by the user. Standard FORTRAN 77 has been used
for writing the codes since this will ensure transfec to other compatible systems. Computer codes

for the slumy reactor model have heen developed for the following cases:

Wilh external recircolation of slumry
o Gras plug flow; Liquid axial dispersion

o Gias axial digpersion; Liquid axial dispersion

No external recirgulation of slurry
o (as phag flow; Liguid wxial dispersion

o Gas axial dispersion; Liquid axial dispersion



Results of Computation:

For the results of this section, the slurcy reactor for Fischer-Tropsch synthesis was modzled
assumning there was no external recirculation of slurry and both pas and liquid phases were axially

dispersed. Table 1 gives the range of operating varisbles studicd. The model was used to investipae

the following:
o Concentration profile along the reactor length
o Effect of operating variables
o Parameter sensitivity anabysis
o Simulation of demonstration unit

Table 1. Range of input dara used 1o simulate slurry Fischor-Tropach reactor

Diamcter 45m

Length 12.0m
Temperantre 230-270 «C
Preesure 15-2(] atm

Gas Yelocity 0.10-0.16 m/s
Slarry Conc. 30-35 wi. %

Svngas in Feed 90.0%

H,/CO ratio 0.5-1.5

Farticle size {1 (KD 3-0. 00005 1
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Figure 1 shows how the concentration profile varied along the reactar length in both gas and liquid
phases. It can be seen that in both phases the CO conoentrativn declines more rapidly comparzd to
hyilrogen concentration &8 a result of the stoichiometry of the synthesis reaction. It may alse be nated

that the H,/CO ratio in the liguid phase is higher than that in the gas paase.

Figures 2 and 3 show the effects of reactor t2mperature and gas veiority resnectively, on Syngas
conversion., The conversion of syngas increased with increasing reactor temperature while it
decrezsed wilh increasing, gas veloeity. Figure 3 also shows the results obtained with the gas plug
flow case. It can be scen that predicted conversions were always higher for the gas plug flow mode
than the gas dispersion mode and the difference belween the two decreased with decreasing gas
velocity. Figure 4 shows the effeet of H/CO ratio in the feed gas un he conversion of syngas anc
CO. It can be seen that conversin af syngas passes through a maximum with increasing H/CO

TALIO.

Parameter sensitivity analysts for the reactor model was investigated for gas dispersion coetticient
and volumetric mass transfer coefficient. Figure 5 shows that, as expected, the conversion decreases
with increasing gas phase dispersion coefficient. The gas dispersion cocfficient estimatzd by the
selected correlation in the model is alto shown on Figure 5. A 50% ersor in the estimated valus of
gas dispersion coefficient would result in  less than 2% error in the predictions for syngas
conversion. Figure & shows the significance of proper estimates for volumerric mass transfer
eocfficient in the madel. Jt can be seen that syngas conversion wouid be significantly reduced for low
gas-haquid mass transfer rates (kga < 0.4 5. The effect, however, becomes less sighificant for

higher vahies of mass transter coefficients.
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Simulaticn of Demonstration Unjl

The Fischer-Tropsch reactor model was also used to predict the performance of damonstration unit
at Rheinpreussen. Table 2 presents the reactor dimensions and operating conditions used. The
predicted syngas conversion was 12 % higher than reported conversion. This could be attribyied to

higher catalyst activity at the Rheinpreussen plant.

Table 2. Operating conditions and reactor dimensions for Rheinpreussen

Demonstration Unit

Driameter 1.29m
L £nirth 7.7 m
Temperature 268°C
Pressure 11.84 atm
(Gas velocity {.095 mfs
Slurry Conc. 18wt %
n YErSIOn
Reported Fredicted
B9% 7%
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Simulation with Bachtel Desizn Data;

Bechiel presented a design for a commercial size slurry reactor fot Fischer-Trapsch synthesis (Fox

anid Degen, 15907, Our slurry reactur model was used to predict the perfarmance using Bachte! desigh

data. The predicted syngas conversion was within 1% of reported vahue (Table 3.

Tabls 3. Hechtal Design Data

Diameter 4.3 m
Length 12.0m
Met xsect of reactor 15.16 m?
Reactor volume 21.0 m?
Temperature 257°C
Pressure 28.3 atm
Slurry Conc, 35 wi%h
Gas velocity 0.14 mss
Sypeas Conversion
Bechtel Design Madel Prediction
B0% T9%
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Conchisions snd Recammengations:

a A working computer model for Fischer-Tropsch synthesis in slurmy reactor is
available.
Q Thz madel provide reasonzhle predictions {or the demonstration unit,

There is a fack of informalion in the literaiure for the effect of following on reactor hydrodynamics:

0 decregsing zas velocity
0 presence of internals {(1.¢ heal trangter tabes)
) effect of nperating pressuze on gas holdup

Kinctic expressions based on actual liguid phass concentrations need ta be devaloped.

Future Plan of Action:

The reactor medel will be updated to include:

o Kinetic model for cobalt catalyst

o Caleulations for heat warsfer area

In addition we plan o0 present a design for pas distribitor in the slurry reactor and provide

preliminary cost estimatea for commercial size reastors,

04



NOMENCLATURE

a, water adsorpiion coefficient, Equativas (233,{28)

Ak Perg-Raokinson atractive parameter fo: mixmure [am cm® ¢/ gmole®]

a, Peng-Robinson attractive parameter for component i fatm cm® / gmole’]

I, water adsorption coefhicient, Pquation (27], atm

Bz Peng-Robinson repulsive parameter for mixturs |[cm? / gmole]

k; Pana-Rohinson repulsive paramerer for compoenent i fum’ 7 gmi:le]

B cocfiiciemt in EBemgtion 42, a function of mwlecular size of sclue and
solvent

C. 0O, Correction factors in the Peng-Robinson EQS

C.. catalyst concentration, kg/m* slurry

average catalyst concentration, kg/m® siurry

C., gus-phase cu;xntrztinn of component 1, kmalim?
CLi liguid-phase concentration of component i, kmol/m?
Cy total gas phase coacentration, kmol/m’®

Cp heat canacity, kl'kg K

D colunin diameter, m

Dy gas-phase dispersion coefficient, ntfs

D, d:ffusivicy of component i in liguid phase, m*/s
Dy liquid-phase dispersion coefficicnt, mfs

D, dilTusivity of oxygen in water, m'/s

D, salid-phase dispersion coefficient, s

F Males in fead in flash calculacions
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Fugacity ot component 11n vapor phase [atm]

Fugacily of component § in liquid phase [atm]

Henry's constant for component 1, atm, m*/kmol

ratz constant for FT syathesis rate by Equation {23), kmol/kg-cat.s.atm

rate constant for first order FT synthesis cate by Equation (26), kmol/kg-caL s, atm
rate constant for FT synthesis rate by Equation (27), kmal/kg-car £ atm
liquid-side mass transfer coefficient for companent i, s

rate constant for water gas shift reaction by Equation (28], kmol/kg-cat.s atm
reactor length, m in reaztor model or tnolss of liquid phase in flash calculations
average number af hydrogen atoms in the hydrocarbon products

malecular weight of diffusing cornponent 1 (kgfkgmol)

molecular weight of solvent (kg/kmol)

average number of carbon atoms in the hydrocarbon products

Avopgadro number

mole fraction of hydrocarhen products with carbon rumber n

Eeaction Pressere [atm]

{Crirical pressure [atm)

partial pressure of corponent i, am §=CC H, CO; H,0)

Reduced pressure of component i

pressure at reactor op, atm

universal gas constant, 0.082 m*-atm/kmole/K

reaction rate for FT synthesis, kmol/kg-cat.s
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Iy reaction rate for kth reaction, kmol/kg-sat.s

s reaction rate for water gas shift, kmol/kg-cal

T Reaction temperature (K]

T. Critical temparature [Kj]

T, Reduced emperature of component i

Te reactor wall temperature, K

Us £as superficial velocity, /s

Ug, inlet gas superficial velocity, mis

L Lepiid superficial velocity, mfs

Uy settling velocity of caralyst particles in swarm, m/s

L, terminal serling velocity ol a single particla, m/s

v dimensionless gas-phase superficial velocity (Un/Ugr)

K Moles of vapor in flash calculations

v, solvenr malar volume (m*/kmol)

Ve thearatical clase-pasked volume for solvent spheres{10%m? /mol}
' dimensionless catalyst concentration

x; dimensionless liquid-phase concentzation of compenent i (Cp H/P) in slurry

rezctor madel or mole fraction of component | in liguid phase in flash calculations

Vi male fraction of component i in the vapor [or gag) phase
z ditnensianless axial distance (1/L)
A Overall Male {raction of compaonent i in feed n flash calculatinns

Z Compressibility factor of the liquid or vapor phase
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Dimenszionlacs Numbers

Ar
Bo
Fry
Feg
Pep
Pe,
Reg
He

[

St

()

SlT_\i

> Aschimedes number [p) {pqmp 3, 7]

: Bond number (D226,

: Froude mumber for gas (Ug'/gD.)

: gas-phasze Feclet nomber (1], LADy.¢.)
:liguid-priase Peclet number {U; LTy e, }

: solid-phasze Peclet number [(U; - Upfe J{LADy)
: pas Heynolds number (UgDoorfe )

: partizle Heynolds nomber (Ud g Je, )

: gas-phase Stantor, number (Kp al/Ug ;

: liquid-phase Stanton number for component i (K, aL/U;)

Greek Tetters

Binary imteractivn parameter in Peng-Robinson EOS with
ane-paretnetar mixking rule

Fugacity cocfficicnt of component 1 in yapor phase fatm)]

Fugacity coefficient of component 1 in liquid phase |atm)
Accentric factor

stoichiomerric coefficient of component i in reaction K
£as holdup

liguid haldup

volume fraction of solids at reactor battom

average volume fraction of solids in reacloe
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FL

(738

F

G,

L

density of the liquid phase, kg/m?

dengsity of slutry, kg’

density of water, kg/nr’

surface tension of the hydrocarhan salvent, N/m
surface tension of water, N/m

probability of chain growth

ratio of hydrostatic head to the head pressurs
viscosity of hydrocarbon solvent, Pa.s

visoosity of waler, Pas

stoichiometric coefficient for component i in FT synthesis
reaction,1=C0 H, H,O . HC)

malecular dizmeter of camponent 7 (A)

molecular dizmetar of solvent molecules (A)

liguid phase
oas phase

compunent i
kth reaction

inlet condition

solid phase

21



REFERENCES

Alr Praducts and Chemtcals, "Tracer Studies in the LaPonie LPMECQH PDUY, Topical Report 1o
DOE for contract Mo, DE-AC22.87PC SO005 (1990},

Akgerman, A., "Diffusivities of Synthesis Gas and Fischer-Tropsch Procucts in Slurry Media®”, Iinal
Reporl o DOE [or contrzct No. DE-ACU22-84PC H032

Akita, K. and Yoshida, F.,"Gas Holdup and Volumetric Mass Transfer Coeffictent in Bubbie
Columns", Ind. Eng. Chem. Proc. Des. Dev,, Vol 12, p. 76 (1973).

Ascher, U., J.Christiznsen and R.D.Ruossel,"Algorithm 568 COLSYS: Coellucation Soflware fur
Boundary Value ODEs", ACM Trans. Math, Softw., 7, . 223 (1981).

Badjugar, M.N., A, Deimling, B.I. Maorsi, and Y. T. Shah, "Solids Distribution in a Batch Bubble
Culumn™, Chem, Eng. Commun., Vol. 48, p. 127 {1986).

Bendale, P.G., "Bxperimenta]l Measeremenlts and Thermedynamic Madeling of Sepercritical Fluid-
liquid Phase Equilibria for Binary and Ternary Systems”, PiD. KMsseration, University of
Fi'sburgn, Pa, Apcil 1991,

Hrown, DM "Madzlirg of Mcthanot Synthesis in the Liquid Phase"”, Tnst. Chem. Eng. Symp. Ser.,
Val. §7, p. 699-708 (1984).

Bukur, £2.B., J.G.Dely and S.A Patel, "Hydrodynamics of Three-Phase Slurry Fischer-Trupsch
Hubtble Column Beactors”, Final Report to the Depariment of Energy for contract Mo, DE-ACZ2-
BOPCY001Z {1'9440),

Bukur, D.B., J.G. Daly, S A Patel, M.I.. Raphael, and G B. Tatterson, "Hydrodynamics of
Fischer-Tropsch Synthesis in Shurry Bubble Column Reactars”, Final Report o the Department of
Energy for Contract Number DE-AC22-84PC70027 (1987a).

Bukur, I.B., S.A. Patel, and M.L. Raphael, "Hydredynamic Studies in Fischer-Tropsch Derived
Waxes in a Bubble Column”™, Chem. Eng. Commun., Vol 60, p. 63 (1987k).

Huokur, D B.. Fatel, 8. A, and Daly, J.G.,"Hydredynamic Studies with Fischer-Trapsch Waxes in
Three-Phase Bubble Columns", Proceedings of DOE Indirect Liguefaction Contractors Review
Meeting, Mov. 13-15, p. 129 (1989).

Chuo, K.C. and Lin, H.M.,"Synthesis Gas Solubility in [Fscher-Tropach Slurry”, Final Report to
DOE for contract No. DE-AC22-§4PCT0024 (1987,

Clark, K.N."Ine Effect of High Pressure and Temperanire on Phase Distribations in a Bubble
Columnr®, Chem. Eng. &ci., Vol. 45, No. ¥, p. 2301-2307 (1990)_

Cova, DR, Ind. Eng. Chem. Prog. Des, Dev. 5, 21 (1966).




Deckwer, W.D., Durckhart, R. and Zoll, G., "Mixing and Mass Transfer in Tall Bubbie Columns”,
Chem. Eng. Sei., Vol 28, p. 2177 (1574).

Dieckwer, W.I.. Nguyen-tien, K., Kelkar, B.G. and Shah, ¥.T., "Applicability of Axial Dispersion
Model to Analyze Mass Transfer Measurements in Bubble Columng”, AIChE I. 28, 915 (1983,

iield, R.W. and Davidson, J.F., Trans. Instn, Chem. Engrs., Yol. 38, p. 2285 {1930;.

Fox, J.M. and Degen, B_D., "Topical Report Slurry Reactor Design Studics”, DOE contract No. DE-
AC22-89PC EOEGT (1990).

Gralf, G.11., Winkslman, J.G.M., Stamauis, E.J. and Bzenackers, A ACM, "Kinstizs of the
Three-Phass Methanol Synthesis™, Chem. Eng. Sci., Vol 43 Mo, 8,p. 2161-G3 (1988}

Hammner, H., H. Schrap, K. Hektor, K. Schonau, W. Kusters, A, Sosmarna, U, Sahabi aml W,
Napp,“MNew Sub functions on Hydrodynamics, Heat and Mass Transfec for Gas/liquid and
Gas/Liquid/Solid Chemical and Biechemical Reacturs”, Front. Chem. Reac. Eng., . 46474 (1984).

Hikita, H., Asai, §., Tanigawa, K., Segawa, K., Kitaa, M.,"The Volumetric Liquid Phas: Mass
Tramster Coafficient in Bubble Columas", Chem. Eng. I, p. 61 (1980,

Hughmark, G.A., "Holdup and Mass Transfer in Bubble Columns”, Ind, Eng. Chem. Proc. Des.
Dev., Vol. &, p.218 {1567).

Idogawa, K., K. lkeda, T Fukuda, S Morooka, "Benavior of Bubbles of the Air-Water System ina
Column Under High Pressure”, Tnt. Chem. Enpg., Vol. 26, Na. 3, p. 468-74 (1984).

Tdogawa, K., K. Ikeda, T. Fukuda, and 5. Morooka, "Effect of Gas and Ligquid Propertes on the
Behavior of Bubbles in a Columne Under High Pressore”, Int, Chem. Eng., Vol 27, No. 1, p. 93-59
(1987).

Kato, Y., Nishiwaxi, A, Fukuda, T., and Tanaka, §., "The Behavior of Suspended Solid Particles
and Liguid in Bubble Caolumn," J. Chem. Eng. Jon. 5, 112-18 {1972},

Kawague, M, Otake, T. and Robinson, C.W.," (GGas-Phase Mixing in Bubblz Columms”, 1. of Chem.
Lng. of fapan, Vol. 22, No. 2 (1989,

Kojima, H., B. Okumura, and A. Nokamura, "Effect of Pressure on Gas Holdup in a2 Bubbic
Column and a Shiry Bubble Columa”, J. Chem. Eng. Tapan, Yol 24, No. L, p.115-17 (1991).

Le¢, S.,"Research 1o Suppart Development of the Liquid-Phase Methanol Synthesis Process”, EPRI
AP-44219 (198E).

Nguven-tien, K., AN, Patwarl, A. Schumpe and W.D. Deckwer,"Gas-Liquid Mass Transfer in
Fluidized particle Beds", AIChE J., Vol. 31, p. 1594 21985},

211



Nigam, K.D.P. und A. Schumpe,"Gas-Liguid Masz Transfer in a2 Bubble Column with Suzspended
solids”, AIChE 1., Yol 33, No. 2, p. 323-70 (1987).

Nishikawa, M., H, Kato and K. Hashimoto, "Heat Transfer in Aerated Tower Filled with Non-
Newtonian Liquid", Ind. Engrg. Chem. Process Des, Dev., Val. 16, p. 133-37 (1977).

Ozturk, 5.5., Schumpe, A, Deckwer, W.D., "Organic Liguids in a Bubble Columim: Holdups and
Mass Transfer Coefficieas”, AIChE 1., Vol, 33, p. 1473 (1987..

Prakash, A. and Bendale, P.G., "Design of Slurry Keactor far Indicect Liguefaction Applications”,
Proceedings of DOE Indirect Liguefaction Contractors Review Mesting, Nov. 68 {1590).

Reilly, 1.G., D.§. Scott, De.T. Bruijn, A, Jain and J. Diskorz,"Correlation for Gas Haldup in
Turbuylent Coalescing Bubble Columns”, Can, J. Chem. Eng., Yol. 64, p. 705-717 {1988).

Sattarfield, C.N., and Huff, G.A. Jr., J. Caialyst, Vol. 73, p. 187 {1582y,

Schumpe, A., A K. Saxcna and L.K. Fang, "Gas-Liguid Mass Transfer in a Slurry Bubble Colusan®,
Chem. Eng. Sci,, Vol. 42, No, 7, p. 1787-96 (1987a).

Schumpe, A. ard W.D, Deckwer,"Viscous Media in Towcr Hinreactors: ydrodynamic
Characteristizg and Mass Transfer Properties”, Bioprocess, Engng, Vol. 2, p. 79-94 (1987h).

Smith, D.N., Dowd W., Reuther, J.A,, Stisgel GJj. and Shah, Y.T., "Slurry F-T Reactor
Hydradynamics and Scaie-up™ Proc. 4th Indirect Liquelaciion Contractors Conference, Pitaburgh,
PA, (1985}

Tarmy, B.L., M.Chang, C. A, Coulaloglou and PR, Ponzi, "The Three-Phase Hj‘dr{)d}'ﬂﬂi‘n.i{:
Characteristics of the EDS Coal Liguefaction Reactors: Their Development and 1)se in Reactor Scals
upr”, Inst. Chem. Eng. Symp. Ser., Vol, 87, p.303-17 (1984).

Towell, G.D. and Ackerman. G.H.,"Axial Mixing of Liquid and Gas in Large Bubble Reartors”,
Prac. of Fifth European/Second Int. Symp, an Reaction Engng., B-1, Amsterdam (1972).

Wendt, R., Steiff, A. and Weingpach, P.M,,"Liquid Phase Dispersicn in Bubble Columns", Ger.
Chem. Eng., Yol. 7, p. 267 (1984).

Zheng, C., B.Yao, and Y. Feng," Flow Regime Identification and Ges Holdup of Thrze-Phass
Fluidized Systems™, Cher. Fng, Sci., Vol 43, p. 2195 (1988).

212



Mole Fraction

0.7

Legend

T=250 C, P=15.0 atm,

0.6 ® CO Liquid

1

0,1 trere———y
0.0 0.2

0.4 0.6
Dimensionless Length [-]

0.8

1.0

Figure 1: Concentration Profiles in Bubble Column Slurry Reactor
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