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Introduction 

The objective of this project is to design a conceptual slu:ry re.actor for two indirect liquefaction 

applications;production of methanol and production of hydrocarbon fuels via l=iu:her-Tropsch route. 

The work will be accomplished by the formulation of t~eactor models for both the processes and use 

computer simulation. Process data, idnetic and thermodynamic data, heat and mass transfer data and 

hydrodynamic data will be used in the mathematical models to describe the slurry reactor for each 

of the two processes. The cost of current vapor phase reactor systems will be compared with cost 

estimated for the slurry reactor systems. For the vapor phase systems, upstream and downstream 

pn3ce~ing equipments may have to be included during cost analysis for a meaningful cost comparison. 

FmaUy, we will point out any inadequacies in the technical database currently available for a 

commercial design of the slurry reactor and identify research needs to improve upon the slurry 

reactor design. Assumptions used ~ the design will be docreaented. 

Project ,Status 

During this quarter, work was performed in the following areas: 

Mathernat/cal formulation of reactor model with no external recirvulation of slurry. 

Selection of gas holdup correlation, using experimental data from Air Products and Chemical's 

PDU operation. 

Selection of cc,q'elation for volumetric ma~ transfer ooefficient. 

Development, testing anti debugging of computer codes. 



Reactor Model 

The latest reactor configuration at Air Products and Chemicals does not include external recirculation 

of slurry. The model equations change slightly in absence of  slurry re, circulation. 

The model assumptiom are the same as detailed in previous reports. 

Model Equations" 

The following equatiom describe the reactor model with no external recirculation of slurry. 

Gas Phase Mass Balance: . • :. 

The gas phase mass balance equations do not change. 

Liquid PhaseMass Balance: 

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

dZxi kL, ia L z 
+ - -  (Yi -x i )  + ~"i.i:etCearrk(I'IiLZ/Dt P) = 0 

dz 2 D, e t 

Bounda~ conditions 

dx~ 
~ " - 0  
dz 

a t z = 0  

dx i 

dz 
a t z =  1 

2 



Solid Phase Mass Balance: 

dZw dw 
--- + Pc s' - 0  
ctz 2 

with boundary conditions: 

w = O  Z = O  

w d z = l  

An analytical solution to the above equation is possible and is given below:. 

Pes'cxp(-Pcs'z) 
M/= 

[I - cxp(-Pc s')] 

Heat Balance 

Due to near isothermal conditiom of operation in the reactor, the he.at balance equatiom need not 

be incorporated. 



Selection of Gas Holdul~ Conzetations: 
I 

The experimental gas holdup values for the PDU operation of Air Products and Chemicals were 

obtained using the available information from different reports and the data provided by APCL 

engineers. Figure 1 shows a plot of  the experimental gas holdups as a function of gas vcloc/~. The 

figure also shows a mean value line with dcviatiom from mean. Most of  the deviation from the mean 

can be atm'buted to changes in slurry concentration. The high experimental gas holdups (> 0.25) 

obtained in the heterogeneous regime (U~ > Am/s) indicate that the system is nonooalesclng. In a 

coalescing system, the gas holdup in the heterogeneous regime usually does not exceed 25%. In a 

nor.coalescing system, the average bubble size is reduced due to reduction in bubble coalescence rate. 

A smaller average bubble size in the dispersion results in higher gas holdup. 

Various literature correlations for the estimation of gas holdup (see Appendix-A) were tested against 

the ¢xperimemal gas holdup data. Table 1 gives average relative error, av~agc absolute relative error 

and minimum and maximum errors for different correlations, it can be seen that three correlations 

(Hughmark (1967);Hildta et al. (1980);Sauer and Hempcl (1987)) give a reasonable prediction of gas 

holdup for the given system with average absolute error of less than 15%. In the reactor model the 

gas holdups are estimated in a subroutine called 'HOLDUP" All the ~ correlations have been 

included in the subroutine with proper comments. For a given run, any of these correlations can be 

~le~.zl for tasting. 

Correlation of Sauer and Hempel 

Correlatior. based on data obtained in a slurry bubble column. It includes a slurry viscosity term to 

_4 
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account for the effects of solid particlm on gas holdups. 

Correlation of Hughmark and Hikita et aL 

These correlations are based on the data obtained in solid-fze~ bubble columns. These correlations 

may, therefore, have only limited application in slurry bubble columns. Application o f  these 

correlations over a wide range of operating conditions needs to be tested further. Smith and Ructher 

(1985) observed that the correlation of Hughmark (1967) could predict the gas holdups in their slurry 

bubble column with an average error o1~ about 7%-when the liquid dcmky in the original correlation 

was replaced by slurry density. The modified correlation of Hughmark should therefore provide 

reasonable estimates of gas holdups over a wide range of operating conditions in slurry bubble 

columns. 

The modiOed correlation of~ Hughmark was therefore selected for the estimation of gas holdups in 

the slurry reactor modeL The correlations o[ Sauer and Hempel and Hikita et at. ~ be used for a 

few cases for comparison purposes only. 



Table 1. Comparison of various literature correlations 

Correlation by Avg. Abs. RdativerError 

(%) 

Avg. Relative Errm 

(~an & Max) 

(%) 

~ i d c  ct aL 34.4 
(1984) 

Sada et aL 21.0 
(19Sb') 

Sauer and Hempel 12.0 
(t9ST) 

Hughmark 13.4 
(1967) 

Akita and Yoshida 31.6 
(1973) 

DeeX-wcr ¢t al. 190.0 
(1980) 

I-T.~ta et aL 10.4 
(1980) 

34.4 
(~"I.o, -9.43 

~4.o 
(-35.o,55.7) 

-3.6 
(-22.5~.o) 

-9.0 
(-27.o~.~.4) 

-31.6 
(-45x,,-v2) 

190.0 
(39.0,317.0) 

O.5 
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Selection of Correlations for Volumetric Mass Transfer Coemdent:  

The correlations of Akita and Yoshida (1973) and Nguyen-tien et aL (1985) were selected for the 

estimation of volumetric mass transfer coeffident. These correlations were subsequently modified 

slightly in view of  available information. 

Aldta and Yoshida (1973) 

~ , , D . z ~ 0  = 0.6 , , . , t  (r,.,/~..D0o., C gD]~./o.)o.~ C#~,c211,,.~,)o.:3~ 

This correlation includes a gas holdup term which can account for changes in volumetric mass transfer 

coefficient due to changes in gas holdup. The gas holdup can change with gas velocity, solid particles 

density,size and concentration and with changes in coalescing behavior of the liquid. This 

corre!atiomhowever, has a reactor diameter term which can result in overprediction of  volumetric 

mass transfer coefficient in large diameter reactors. For a given gas and liquid system, it gives 

~a ~ D~ "Iz e~ 1"I 

From the available literature data, it can,however, be observed that the effect of  reactor diameter on 

volumetric mass transfer coefficient becomes insignificant for reactor diameter larger than 0.15 m. 

The correlation of Akita and Yoshida will thus overpredict the volumetric mass transfer coefficient 

for reactors much larger than 0.15m. Therefore, the value of  reactor diameter in this correlation was 

i'txed at 0.15m for larger reactors. 

8_ 



N~yen-den et al. (1985) 

kLa = 0.39 (1 - es...JO.SS)U~. °'aT 

This correlation is based on data obtained for oxygen ma~ transfer ia aqueous solutions. For other 

sy~teras ~ a  can be corrected as below:. 

Th~ correlation has been found to be appficable over a wide range of particle size and concentration 

in three-phase contactot~. It b, however, based on dam obtained in coalescing fiquid~. It is, therefore, 

expected to provide only comerv-afive estimates of volumetric mass transfer coeff~.ent in 

noncoalescing spuen~. In o~ler to hnptx~e its appficab~ity for ~ g  systems, thk correlation 

was modified slightly - the solids fraction term in the original equation was replaced to represent 

solids fraction in t~=-phas= sysunm. 

The modiSed correlation of Akita and Yc~hida and Ngu~ewtien et al. predicted volumetric mass 

t ~ f e r  coefficient w i t l ~  12% of each other for the reactor used in PDU operation. 

9 



DevekTpment o f  Computer C.odes: 

Computer codes for the reactor model have been developed for the following cases; 

With external re~irculation of slurry 

I) Gas plug flow;, Liquid axial dlspcrsion 

2) Gas axial dispersion; Liq .uid axial dispersion 

No external re~cuiation of slurry 

3) Gas plug flovc, Liquid axial dispersion 

4) Gas axial dispersion; Liquid axial dispersion 

Most of the ram will be carried out for case 4. A comparison of the results for cases 3 and 4 w~l 

indicate the importance of gas phase backmixing on reactor performance when there is no external 

recirculatlon of slurry. 

"l~he effects of following variables will be studied: 

* Reactor diameter and length 

* Feed gas composition 

* Reactor temperature and pressure 



* G a s  f l o w  rate 

* Catalyst particle size 

* Slurry. concentration 

In addition parametric sensitivity a.'talyzis will be carried out to study the influence or" the t ' o ~  

on reactor performance. 

• Liquid dispersion coetT~eut 

• Gas dispersion coc~cient 

" Solid dispc~ion coet~.k:nt 

• Gas holdup variations along reactor height 



Notations: 

a : gas-liquid interfacial area, m "~ 

Ccat : catalyst concentration, gndcc slurry. 

Cc:~.av ~ : average catalyst concentration, ]r~m I slurry 

Ccat,b 

CL, i 
co 

D~ 

D L 

DO# kl 

Ds 

H~ 

Ho 

kL.i 

L 

In i 

: catalyst concentrat;o.n at ~.~,iumn bottom, kg/m 3 slurry 

: gas-phase concentration of  component  L kmol/m 3 

: liquid-phase concentration of  component  i, kmol/m s 

: total gas-phage concentration, kraol/m 3 

: gas-phase dispersion coeff/den~ mZ/s 

: diffmivity o£ component  i in the reactor liquid (m2/s) 

: Hquid-phase dispersion coemcient, mZ/s 

: diffusivity of  oxygen in water (mZ/s) 

: soHd-phas~ dispersion coefr~ent ,  m2/s 

: Henery's constant for component i (kgmoles/m3.atm) 

: static slurry height (m) 

: heat of reaction, kJ/kmol 

: effective heat  dispe~on coefficient, kJ/m.s.K 

: liquid-side mass transfer co¢fficient for component  i, ra/s 

: volumetric mass transfer coefficient (s "1) 

: volumetric mass transfer coefficient for component  i (s "1) 

: volumetric masz :ransfer coefficient for oxygen in aqueous phase (s.1) 

: reactor length, m 

: solubili~ coefficient for component  i, (mol/m3)J(mol/m~ L 

12 



P : total pressure, arm 

R : universal gas constant, 0.082 m3-atm/kmole/K 

r~ : reaction rate for ~ h  reaction, kmol/kg~ 

T : temperature, K 

T o : inlet temperature, K 

T : reactor wall temperature, K 

U~ : gas superficial velocity, m/s 

UGo : inlet gas superficial velocity, m/s 

U L : liquid superficial velocity, m/s 

U s : settling velocity of  catalyst particles in swarm, m/s 

v : dimensionless gas-phase superficial velocity (UdUm)  

w : dimensionless catalyst concenwafion 

x i : dimensionless liqaid-phas¢ conceatration of  component i (CL,iHi/I~) 

Yi : mole fraction of  component i in the gas phase 

z : dimemiotde~ axial ~ c ~  (x/L) 

1_33 



Dimcnsionlcss numbcrs 

Bo 

Pe a 

Pe.  

Pc L 

Pe~ 

P% 

.Re~. 

Re~ 

St~ 

st. 

StL,i 

: Bodenstein number (UsHJDI)  

: Froude number for gas (Ua/gD= 

: gas-phase Peclet number (U~o/d'DaeG) 

: Peclet number for heat transfer (-O'LIdELeL) 

: liquid-phase Peclet number (ULL/DL~) 

: solid-phase Peclet number [.o'3 s - UJe_,.)(LtDs) 

: solid.phase Pealer number with no liquid flow (etU~L/Ds) 

: particle Feclet number (U~DJDs) 

: gas Reynolds number (U~Dco,/~t) 

: particle Rcynolcls number (U~dpot/l~t) 

: gas-phase Stanton number C~.iaL/Uc~('RT/H~) 

: Stanton number for heat transfer (haNI./pCpUt) 

: liquid-phase Stanton number for component i (K~.jaUUL) 

Greek 

% 

eL 

e$ 

I~ L 

vL 

: stoichiometric coefficient of component i in [eaction k 

: gas holdup 

: liquid holdup 

: solids holdup 

: solids holdup in the slurry 

: viscosity of  gas phase Ocg/m.s) 

: viscosity of liquid phasc (kg/m.s) 

: Idnematic liquid viscosity (mZls) 

~4 



~sus : kinematic viscosity of slurry (mZ/s) 

~eff,rad : radial momentum transfer cocfF~ent  (mZ//s) 

9G : density of  gas phase (kg/m 3) 

~L : density of  the liquid phase, kg/m 3 

9s~s : density of  pseudo-homogene, ous slurry (kg/m 3) 

: surface tension of liquid (kg/s 2) 

Subscripts 

L 

G 

i 

k 

W 

0 

5 

: liquid phase 

: gas phase 

: component  i 

: kth reaction 

: wall 

: inlet condition 

: solid phase 

l j  
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( L,__~ J IL~!dup Correlations: 

Koldc c t  al. (19S4) 

£G 

( l-ea)~ 
t ~ D  

, ,  f o , v o , q  ° . . .  
l .  ,,,~/ , - E - J  L'%-7-') 

"l'hix correlation £~ based on a large number of  data poln~ 

.~ad:t ct aL (I~-~5) 

[¢~( l - (~ . )3 ls l t  0.41 U t 1/In -(0.125 (/t a~)  _- . . . _ _  [~J( l -+r . ) ' ] , ,  

here 

Ut = g(gp" 9t)d]/(IS/'tt ) 

units o f  U t and U~ are in c n ~  

5~uer and tternpel (1987) 

I 
I~jO-c~)l  0.0277 [ud~,  M gUo~'p -e" ~,, . ,  . . , . ~  • . . t , . ~ f - . , , b  = /V ]-o.+s+ re  K - '  1o.o39z 

"~,~ = v t ( l  + 2.5+ s + 10.05e. a + Z73xlO "3 exp(16.6e.)) 

~ . . . . d  = o.o11 l)¢f~v~) °-s ( v ~ # ~ g ) v s  

c0.,..~/c,.,.~ = p -  =r(-~o)l/~ 

13o = U Ho/D s 

1,~is correlation accounts for thc effect of  suspension viscosity on gn~ holdup ~n slurry bubble 
co]~mrL 

t 



[)c,L~cr c! al. (19~)  

¢= = 0.()53 U~. t- 1 

"I'-.is ct,rrclaticm is ha.sod on thc data obtaincd with molten wlm Ilurry sys tm applied in tim FT 
~vn:hcsis. 

l[=ghmark (1967) 

% = [~ + (o.3s/u=)~ o../'/2)Irs] "s 

Smith and Ructher (19R5) o b m : r v ~  that itmorporadon of tim Idmnry density ratio" than the liquid 
d~..n,ity in the a~.n~ equation rcduotxl lhc rcsklual ,:rror for slml~ Imbbl¢ ooltmant 

.-Xkita and Yoshida (1973) 

[~gO-cO' l  = o-2{go_.~_~,) ' ~  (P,D=3~Lz)'m U J ~ D , )  ='' 
%... 

ThL~ corrdation ~ based on l l~ data oblaJr~ witb a s~kl-~r~ bul~ic colmn~ For a slurry bubble 
:ol0mn this corrclation may be applicable only for sm.pcmion of very tim= particles (<  I0 urn) at 
high gas ..1flocitici (>  0.I m/s). 

Hikita ct aL C1980) 

~ = o-6~2(u, .J '~)  °'s~' ( ,L'r¢~o-~)'°"3'(~¢~.)°"~" ( ,g~)o.~o,  

This cC)rrelation is also based on tile data obtairmd from tolid-frc¢ bubble column, its applkahillty 
"nay. Ih~arcforc. he limitcd to fi.~ paxticlcs su.si)cr~ion. 

x. 
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