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NOVEL EXPERIMENTAL STUDIES FOR COAL LIQUEFACTION 

Research is being earTied out in this project in two areas whieh are of 

interest t o  ongoing investigations at the Pittsburgh Energy Teehnotogy Center 

(PETC). They are: (a) therm~t behavior of slurry reaetors used for indirect eoat 

liquefaetion~ and (b) eoal Iiquefaetion under supereritieal conditions. The current 

status of each of these t a s ~  is summarized in this report. 
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TASK 1: THERMAL BEHAVIOR OF SLURRY REACTORS USED FOR INDIRECT 

COAL LIQUEFACTION 

The eonversion of eye, thesis gas to liquid preduets is usually carried out with 

the reactants in the gas phase and a solid catalyst. Beeause of relativ~.ly poor heat 

transfer from the gas to the solid~ the exothermie heat of reaction is diHieult to 

remove, and oare must be taken to prevent the catalyst from overheating with loss 

of selectivity and activity. Slurry reactors in which the eatalyst is suspended in a 

liquid medium and the gases are bubbled through the slut-t~y have intrinsically better  

heat transfer characteristics and appear promis|ng for indirect liquefaction 

pro~esses. 

1.1 Scope of Work 

In Task 1 of this projeet~ the use of a slurry reactor for indireet coal 

liquefaction is bein K studied. Work is being done usinE two indirect liquefaction 

routes involving synthesis gas - the Fischer-Trot~seh reaetion and the two-step 

eonversion to methanol via methyl formate. 

1.2 Results and Highti~hts 

Experimental work and data analysis for the two-step methanol synthesis in a 

single slurry reactor were eontinued during the quarter. Experimental work 

included measurements of the effect of CO 2 on the simultaneous two-step 
.. 

reaction; measurement of the equilibrium concentration in the methanol-methyl 

formate-CO system~ and identification of by-products that have been obtained in 

the simultaneous two-step proeess. Preparations were made for additional 

experimental measurements of heat effects in the Fiseher-Tropsch reaction in a 

slurry reaetor, and a modeling study was initiated by Dr. Shah to identify the 
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imgortant fac tors  in the thermal behavior of slurry reactors  for  the  Fisehe~- 

Tropseh synthesis. Details of each of  these aetvit ies are given below. 

1.3 Future Work 

During the next quarter work will continue on analysis of da ta  obtained for 

the simultaneous two-step synthesis of  methanol  Experimental work :;'ill include 

the measurement  of the e f f ec t  of  e ~ b o n  dioxide" on the earbonylation reaction. 

A new computer  control sys tem is being installed for  the  reactor ,  and will be 

used to obtain measurements of  the  heat  e f f ec t  in the Fiseher-Tropseh synthesis. 

Work will also continue at  the Universi ty of  TuLsa on modeling of  the  Fiseher- 

Tmgseh react ion  in a slurry reactor .  

1.4 Effect of C0?,.on the Simultaneous Tw, o-step, Reaction 

It is v..all known that CO 2 plays an important role in the gas phase methanol 

synthesis. It is common practice to add 6 to 8% to the feed gases. As we have 

pr~viousty reported,  the hydrogenolysis react ion using G-89 ca ta lys t  is poisoned by 

the addition of  CO 2. With 0.6~ of  CO 2 in the feed gas there  was a sharp drop in 

react ion ra te .  Af te r  30 minutes the  ra te  was reduced by 36%. Lar~:er amounts of  

CO 2 in the  feed gas produced larger  d~ereases. Since we have found as much as 

~% CO 2 in the  product gases for  the  simult~ueous two-s tep react ion  even when 

there is none in the  feed, a series of  experiments were carried out to  investigate 

the role of  CO 2 in the simultaneous two-s tep  process. 

The one liter batch autoclave described in previous reports was used. The 

reaction temperature was 160oc and the pressure was 625 psig. The autordave was 

charged with 500 ee of methanol, 20 gins of G-89 hydrogenolysis ca ta lys t ,  and 15 • 

gins of potassium methoxide, the earbonylation catalyst.  A continuous gas feed of 

324 re/rain was used with a H2/CO rat io of three. These are  the conditions which 
5 
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gave the highest methanol production in previous experiments.  The reaction was 

carried out for  26 hours to insure that  s teady s ta te  was reached, and then 6% CO2 

was added to the feed. Af te r  20 hours the C02 addition was discontinued, and the  

feed contained only CO and H 2. Af te r  26 more hours, CO 2 was again added but 

with a concentration of  2%. The experiment was disaontinued a f te r  2 hours 

because of  plugging in the reac tor  feed line, located at  the reac to r  bottom. 

The synthesis gas conversion ra te  i~ piotted against t ime in Figure 1. For the  

f irs t  26 hours when there was no CO 2 addition, the  conversion decreases  slowly to 

about 74 re/rain. This is the same behavior that  we have ~een before.  However,  a 

very  sharp, decrease in conversion occurs when CO 2 is introduced, and in the  next 

20 hours t he  ra te  decreases to 10 ce/min.  Then CO 2 is removed from the feed;  the  

ra te  increases; and a f te r  I0 hours-is 91 co/rain. This l a t t e r  is approximately the. 

conversion rate  expected a f te r  55 hour~ when there is no CO 2 addition but  taking 

into a~count the normal decrease  in conversion with t ime which has been seen 

before.  At 72 bourn, CO 2 ad~!tion was renewed but at  a lower concentration,  and 

again the  conversion decreases  but not as rapidly as when 6% CO 2 was used. 

It  is evident that  CO 2 poisons one or both of the catalysts .  However,  the 

e f f ec t  is reversible, since the  eonverqion rat2 recovered when the CO 2 was 

removed. This is an important result  for  commercial  application of  this react ion 

because it indicates that  permanent damage to the  ca ta lys t  would not result  from 

accidental  introduction of CO 2 into the  system. A possible mechanism for this 

poisoning is blocking of  act ive si tes  on the heterogeneous ca ta lys t  by adsorption of  

CO s. Since we know from previous experiments that  the  hydroganolysis react ion 

carried out alone is poisoned, it i,~ likely that  this is the  meehanism for ~he 

poisoning in the simultaneous reaction. However, we have not measured the e f f ec t  



of CO 2 on the carbonylation reaction carried out alone. We plan to do this during 

the  next quarter. 

Measurements of liquid composition were made during the run and showed 

that the methyl formate concentration during the run did not change and remained 

at the equilibrium value. This would seem to imply that the earbonylation reaction 

was not affected by CO 2. However, the eonversion rate dropped to a very low 

value durinff CO 2 additions, and the failure to observe changes in methyl formate  

composition may be due to the low rate  of the hydrogenolysis reaction. 

About 1.4% of CO 2 was present in the product gases before any CO 2 was 

added to the reaction , sad this CO 2 must result from side reactions. The source of 

this CO 2 is not known and is being investigated. It seems likely that  CO 2 is at 

least partially respo~,sible for the slow deerease in activity noted previously. 

The concentration of another by-product, dimethylether (DME), was 

monitored during the run. The mole fraetions in the gas phrase are plotted in 

Figure 2. The p~oduetion of DME follows the samd pattern as that of conversion 

rate  shown in Figure i .  The DME was previously observed as a by-product for the 

earbonylation reaction and not for the hydrogenolysis reaetion when each is carried 

out separately. 

Hydrogen and CO are consumed in the ratio of 2/1 for the simultaneous two- 

step pro.-ess when methanol is the 0nly p~duet .  It was observed that the ratio 

changed from Y./1 to 6/1 when CO 2 was added to the feed. The explanation for this 

is not known and is being further studied. 

1.5 Equilibrium Measurements'for Carbonylation Reaction 

The equilibrium --oneentrations predicted by the ra te  equation for 

carbonylation (Quarterly Report, July-September, 1986) do not accurately predict 

r I = 4.11x107 exp(-10126/T)CCata, lCMeOHPCO 
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-I.70x1017 exp(-16788/T)CCata, lCMeF (1) 

the equilibrium concentrat ions measured for the simultaneous reaction. The reason \ 

for this is that  the  ra te  equation was developed using data at  conditions where  the 

reverse reaction ra te  was small - less than 109b of the forward rate .  By definition, 

at  equilibrium the rates  are equal, and small errors in the reverse ra te  can lead to 

large changes in the  predicted equilibrium concentrations.  For the  simultaneous 

two s tep  reaction, the earbonyiation react ion is close to equiliOrium, so a c c u r a t e  

equilibrium measurements are necessary, and a series of experiments were carr ied 

out to  determine the equilibrium composition as a function of t empera ture  f rom 60 

to 180oc. 

The measurements were made in the one l i ter autoclave. Methanol, CO 

methyl formate, and potassium methoxide catalyst were eh'arged to the ~eaetor and 

heated to the desired temperature with a stirrer speed, of 1400 t~m. The pressure 

was monitored and when constant for more than an hour, a Hquid Sample was taken 

~J~d analyzed. CO 2 and DME were o~erved as by-products. A total of 32 data 

points were taken and co,elated by the equatiow. 

K e = Cb leF /CMeOHPco  (2) 

where CMe F sod CMeOH are methyl formate  e.nd methanol concentrat ions in 

mole/li ter and PCO is ~.he partial  pressure o~ CO in arm. Linear eeavession was 

used to correlate  the equilibrium ratio (K e) with temperature  and the  following 

equation was obtained: 

ln(K e) = -14.90 +3780JT 

10 

(3) 



The correlation coeffleient was 0.957. 

The reverse equation c o ~ a n t  determined from the forward rate equation (1) 

and the equilibrium ratio is: 

r e = 1.22x1014 exp (-13906./T) (4) 

This is different from the one obtained from curve fitting method. The reverse 

rate in Equation (1) was obtained at low MeF concentrations far f rom equilibrium 

at low temperatures, while equation 4 was obtained from equilibrium data. 

Equation 1 is recommended for low MeF concentrations far  from equilibrium. At 

conditions near equilibrium a combination of the forwm'd rate  from equation 1 and 

the equilibrium ratio from equation 3 is recommended. 

r 1 = 4.11x10 ? exp (10126/T)CCata,1(CMeOHPco-CMeF/K e) (5) 

1.6 By-vrodue~ Analysis in the Two-Step Synthesis 

Gas chromatograms of typical gas and liquid samples are shown in Figure 3. 

A 6~xl/8" Porapak Q 801100 mesh column was used at a constant temperature of 

130oc with injection and detector  temperatures of 200oc. The e s the r  He flow 

rate was 25 cc/min for each column at room condition. Besides CO (retention t ime 

of about 0.2D, methanol (retention time from 2.8 to 3.8) and methyl formate 

(retention time from 4.5 to 4.8) three unidentified pea~.s were observed. Two liquid 

samples were sent to Pittsburgh Energy Technology Center (PETC) and to the 

University, of Pittsburgh Applied Research Center (UPARC} for analysis. A gas 

chromato~'ayh and a mass spectrograph were used in series.. Each laboratory 

11 
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FIEure 3. Gas ChromatoEra m of Typical Gas and Liquid Samples 



reported that the three by-products were CO 2 (retention time of 0.44), H20 

(retention time from 1.85 to 2,05) and DME (retention time from 2.30 to 2.43). 

1.7 Modelin~ of Non-lsothermal Fiseher-Tropseh Slurry Reaetor.s 

During the last quarter Dr. Yatish T. Shah left the University of Pittsburgh 

and became Dean of Englneering and Science at the University of Tulsa. He was 

replaced as Principal Investigator by John W. Tiel, ney. However, he is continuing 

to particpate in the project as a consultant. He is developing models o f  the 

Fisehe~Tropsch process in a slurry reaetor  to serve as a guide to the experimental 

work which will be carried out and to aid in the.analysis of the data. The status of 

this work to date is summarized in the following pro[~e~ss report. 

13 
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ISTRODUCTION 

In recent years; tBere has been considerable interest in the use of 

slurry reactors for the Pischer-Tropsch (F-T} synthesis. [Deckwer et al 

(1980), Stern et al (1983), Buk~r and Brown (|987)]. The purpose of this 

progress report is to present a model ~or non-9.sothermal unsteady state F-T 

slurry reactor. 

The subject of n0n-isothermal slurry reactor has been reviewed An 

deuail by Bhattacharjee and Shah (1984). A number of studies have been 

reported on the mathem~=ical mD~eli.ng of such reactors. Most of these stu- 

dies have considered the case where a single reaction is assumed to occur 

in the reactor. ~t is also well known that in gas-iZquid reactors in which 

a single ir:eversible e~othermic reaction is carried out can exhibit up to 

five steady states [H0ffman st al (1975), Raghuram and Shah (1977)]. More 

general and interesting case of multiple reactions has not been investi- 

gated until the recen~ work hy Bukur and Zimmerman (1987), who evaluated 

the performance of an isothermal bubble column slurry reactor for the 

multiple reactions. 

It is clear from the available literature that a comprehensive mudsling 

of F-T synthesls has to account for thermal effects as well as for the 

coupling between the F-T reaction and the water gas shift reaction which 

occurs in the reacuor. The coupling of this phenomena has never been 

addressed before in the available literature. Xt is also pertinen~ to 

study the behavior of non-isothermal F-T synthesis, which as shown hy 

Karandikar et al (1986), involves the effects of water on the solubilities 

and mass transfer coefficients fo~ CO and H 2 in F-T liquids. 

15 



SYNTHESIS REACTIONS 

~cent studies of the synthesis reaction on supported ruthenium c~ta- 

lyst ~Dalla Betta et al (1979), Vannice (1975), Ekerdt and Bell (1979), 

Dixit and Tavlarides (1983}, Bell and Heinemann (1983)] have indicated that 

produ~s are mainly straipht-~hain hydrocarbons ~nd predomlnantly methane 

under all reaction conditions. The formation of straight-chain hydrooar- 

bons can be represented as: 

nCO ÷ (2n - I) H 2 ~ Cn H2n+2 + nH20 (F-T) 

The shift reaction, which is thermodynamically favorable at typical 

synthesis reactions conditions is: 

CO + H20 = CO 2 ÷ B2 (WGS) 

The shift reaction is mildly e~.othermic (40.9 k~/mol (at 298E), while 

the synthesis reaction is highly exothermio° 

Different rate equations have been published in the literature, dif- 

fering in the .,~ssumption of the r~te-controlling step and corresponding 

dependence of rate eqhatlons in partial pressures of hydrogen and carbon 

monoxide [Stern et al. (1985)]. In the present study, various reliable 

expressions will be evaluated, and their influence An the final result will 

be compared. 

The question of multiplicity of steady states arises because of the 

interaction between the rate of chemical reaution~ the mass traneport 

resistances and the solubility. The last two sets of variables are 

strongly uouple~ to the first one, in the light of the ~ork by Karandikar 

et al (1986}. The dissolved wateE (due to the water gas shift reaction) 

shows a synergistic effect and minimizes the foaming tendency of the P-T 

16 



liquid. The solubilities of CO and H 2 markedly increase with the presence 

of water and the effect being more pronounced for H 2 than for CO. Mass 

transfer coefficient for H 2 de~reases and that for CO increases due to ~he 

presence of wa~er. These e~fects are clearly sho~ in Figures I-4 (from 

Karandikar et al. (|986)). 

MATHEMATICAL MODELING 

The following equations represent the mass balances for CO, H 2 and H20 

~s well as ~he heat balance for the three-phase F-T synthesis reactor. 

In the development of the equations, it is assumed that the system is 

adiabatic, mass transfer resistances are only An the liquid phase and there 

is no temperature difference between the gas-liquid and solid phases. It 

is also assumed that both liquid and gas holdups are constant, and the 

reactions take place at the solid surface. The liquid phase is considered 

as a single phase, despite having some evidence of atwo separate frac- 

tions: one =ioh in wa~er and the other in hydrocarbons [Karandikar et al. 

( 1 9 8 6 ) ] .  

GAS PHASE 

Mass balance for CO: 

dC 
CO 

V -- 
G dt 

G .FG (T ,c  z' ) a 
= Fco,f co - ~co "2 ° ~ x 

* L L 
(Cco {T'CH20 ) -Cco ) (1) 

17 



Mass balance for H 2. 

dCH2 

H2, f H2 H 2 2 

(T,C L ) . (c.L)) 
(C~2 H20 ~2 

(2) 

Mass balance for H20: 

G G 
VG __dCH20 = FH2O, f- FIi20 + Fev 

d n  

(3) 

where V G = volume of the gas phase, it has been assumed constant, as well 

as it has been neglected any mass transfer resistance An th~ gas phase. C i 

• G 
stands for molar concentratio~ of i~h species, t is time, Fi, f ks the molar 

feed rate in the gas phase of the i~h species. Fi G is the exit molar rate 

in the gas phase of the ith specieso KLi ks the llquid-gas mass transfer 

coefficient for the ith species, a is the specific gas liquid interracial 

e 
area, V L is thevolume of the liquid phase [assumed constant). C ks the 

i 

equilibrium concentration for the ith species. C i is the exit con- 

centration of the ith species in the gas phase. Fev is the molar rate of 

water evaporation. 

LIQUID PHASE 

Mass balance for CO: 

dt 
FCO L ÷ KLCO(T,cL20) 

* L 
a V L (CCO (T,CH20)-C~0) 

S 
- Y, Sco ap vT. (CcLo -Cco) (4) 
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Mass balance for H2: 

dCH 2 . , 

F L - F L + K (T,C L ) a V L [Cd2 (T,C L )-C L} vL"/~ ~2,f. H2 ~2 "z° "2 ° ~2 

-K % ~(c_ L -cs) 
SH 2 ~2 H2 

Mass balance for H20: 

(S) 

dcL20 
=F L L v at "2,~'~M2° -~ev tC. L_ - C S ) (6) 

÷ ~sH2 ° % vL • ~ 2 ~  "20 

L 
Where C~I is the molar concentration of the ith species in the liquid phase, 

~i is ~he liquid solid mass transfer coeffiuien~ in nhe liquid phase for 

• S 

ith. species, ap is the liquid solid interracial area. Ci is the uon- 

centration of the ith species at the solid surface. 

SOLID PHASE 

Mass balance for CO: 
Q 

KSco a~ vL (csLo - Cso s) = Cc v~ (-.r~ - rwss) C7) 

Mass balance-for H2: 

L S 
KSH2 ap V L (CH2 - CH2) = C c V L (- (2n+I) rFT + rWG S) 

Mass balance for H20: 

(8) 

L S 
KSH20 ap V L (CH20 - CH2 O} = C c V L (n rFT - rWGS) (9) 
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Where C c is the concentration of catalyst in the liquid, rFT is the rate of 

Fischer-Tropsch reaction, rWGS is the rate of water gas shift reaction. 

ENGERY BALANCE 

[rFT (-ae~) + rWG s (-a.WGS)] V Lc + X CT,C L ) a x 
o LC0 H20 

CCc0 (T,cH20') c~°) (-~) + ~2('c~2° ) a " ~ " (CH2CT,CH2 O) x 

(_A~ S } + (FfLcSL+ G G) - (FSLcSL FG G) 
• H2 P Ff C Tf P ÷ Cp T - Fev x 

(-A"ev) -- CMSLcS'~ + ~ C ~) 
p p dt (10) 

Where T is the temperature in the reactor, Tf ks the feed temeperature, 

Cp are heat capacities, M SL is the total number of moles in the slurry 

(liquid and so~.id) and ~G in the gas phase. FSL and F G are the total mole 

rates An each phase. -(AH)i's are heat of reaction, (-~H}ev is heat of 

evaporation, and (-AH) s is heat of dissolution. 

MULTIPLE STEAO¥-STATES 

The analysis for multiple steady-states considers the solution of 

equations (I)-( 10}, neglecting the transient terms of each of them (the 

complete system can be used for stability analysis). 

When the heat generated hy the system [the first three t~z~s in 

equation (10)] and t/~e heat removed from the system [the last thre_m terms 

in LHS of equation (I0)] are drawn as a fu~ion of the temperature, every 

intersection between these two graphs represents a steady sta~e solution. 

For determining thbse curves, the concentrations of every species in the 

three phases have to be calculated. Then, the algebraic problem becomes 
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three phases have to be calculated. Then, the algebraic problem becomes 

non-linear, because of the functionali'~y of solubilities, ~ss transfer 

coefficients and kinetic constants ozz temperature, and water'content (see 

Figures 1-42 [Deimling et al (1984), Karandikar et al (1986)]. It can be 

anticipated, ~hat for the solution of the algebraic s~stem an iterative 

method of solution has to he implemen~ed, using some Newton-Raphson 

subroutine. 

As it has already been m~ntioned, there .is enough information about 

mass transport properties of the system in the literature. NeverthelesS, 

the complete adiabatic problem solution is not trivial; in particular, 

multiple steady-states for a highly coupled system of m~Itiple reactions as 

this is, presents features not ~ddressed previously in literature, and 

especially in Fischer-Tropsoh synthesis. 

SEMI-BATCH OPERATION 

It can be also considered, as a particular case, the operation of the 

slurry reactor with the slurzy phase (liquid plu~s solid) as a stationary 

phase. Zn this case, it is necessary to re~In the transient terms in 

equations (I - I0), because the volume of the phases will vary with time 

(that ass.~mption has to be removed}. 

The equation for this kind of operation are as follows: 

GAS P~ASE 

Mass balance for CO: 

~rG dCco G 
Co° + VG --/C " Fco,F 

* L L 
(Cco(T,C~2 O) - Coo) (11) 
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Mass balance for H2= 

dV G dCH 2 
CH2 ~ - - +  VG ~ =, ~, G - F G -~ ~i (T'cHL-o) ,3. V L x 

H2,f H2 H 2 2 

(C~2(T,cL20)- C L ) 
• H 2 

Mass balance for H20: 

(12)  

dCH20 FG . F G 

Cu2o dt +VG- '~ ' - -=  H2, e a2o + F  ev 
(13)  

where nomenulature is as in the previous paE~. 

LIQUID P~L~S__.~E 

Mass b~lance for CO: 

L 

Cc0 ~-- +VL dt = %0 (T'c } 
* L 

a V L (C (T,C.L_) ))- CO ~2 u - (CC0 

(14) 

Mass balance for H2: 

H 2 H2 

,Lc°  2 (T, ) a (T,C ) -CL )- 
2 20 H2 
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Mass balance for H20: 

C L dVL 
~2o ~-+vL 

dC•20 
m == ~F 

dt ev 

SOLID PHASE 

Mass balance for CO: 

+ KSH20 ~. ~ - ~o~ [ 16 )  

.cS)=c 
•SC 0 ap V L (CLSo SO c VL (-nrpT rFT ) (17 

Mass balance for H20: 

Ks. 2 ~ v,. (~2 o - o~2~ ~ ~o v,. c- c2.+,) ~ 

Mass balance for H20: 

÷~WGS ) (18) 

~ 2 o  ~ ~. (c~2 o - C~o ) ~ :o v,. ~nr~ - ~ o ~  

ENERGY BALANCE 

(19) 

L * L L 
[rFT(-AHWGS)] V L C c + EL(: 0 (~,CH20] a (Cco(T,CN20)-CCO) x 

L * L 
('AHsco} ~. KLH 2 [T,CH2 O) a (CH20(T,CH20)_CH2) (.~HsH2) + 

G G G G 
Pf Cp Tf - P Cp T - Per ('AHev) = 

Also, 

d t  d t  
(20) 

", 
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dt d~ d~ ~t 

(21) 

The initial conditions for Eqs. (11) - ~20) are: 

V L =VG ° initial gas volume 

o 
CCO = CCO 

o 
CH 2 = CH2 

o 
CH20 = CH20 

C •  Lo 
0 = CCO 

C L  Lo 
2=CH2 

CL L o 
20 = CH20 

° 

sL . ~Lo 

MSL= M SLO 

initial concentration of CO in the gas phase. 

initial concen~ratlon of H2 in the gas phase. 

initial c~ncentration of H20 in the gas phase. 

initial concentration of CO in the liquid phase. 

initial concentration of H2 in the llquid phase. 

initial concentration of H20 in the liquid phase. 

i n i t i a l  ~empera~uEe of  t he  l i q u i d  (assumed t o  be 

~he eame as t h e  gas t e m p e r a t u r e ) .  

i n i t i a l  number o f  moles in  the  Liquid  phase .  

initial number of moles in the gas phase. 

initial number of moles in ~he slurry phase 
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I4OME~4CLATUP~ 

C 

C ~ 

F 

K 

M 

n 

E 

t 

T 

vc, vz, 

All r 

AUg 

specific interracial area 

concentration 

solubility 

fl~erate 

~ass t~ansfer coefficient 

molal flowrate 

alpha number for F-T reaction 

rate of Eeactlon 

time 

temperature 

gas and liquid veloclties 

heat of reaction 

heat of solution 

Subscripts 

f feed 

G gas 

liquid 

CO, H2, H20 pertain ~o species 

s u ~ s c r i p t : s  

G gas 

W, slurry . 
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( K L ' a )  = m a s s  t r a n s f e r c o e f f i c i e n t f o r C O  ( l / s ) .  

N s = s t i r r e r  s p e e d  ( rpm) .  
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[From Karandikar et al (1986)] 
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Pm = total mean pressure of H 2 (MPa). 
(Kt. a)H2 = mass, transfer ¢oeffident for H 2 (l/s). 

N s = stirrer speed (rpm). 
(I-I/D)f = value of the ratio of the depth of the liquid to the 

diameter of the reactor, at the end of run. 
FT = Fischer-Tropsch liquid. 
FTS = Fischer-Tropsch liquid saturated with water. 

[From Karandikar et al (1986)] 
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TASK 2- COAL LI..qUEFACTION UNDER SUPERC, RITICAL CONDITIONS 

Supereritieal fluid extraction is an attractive process primarily because the 

density and solvent power of a fluid changes dramatically with pressure at near 

critical eondition~, and during the extraction of coal, the density of a supercritieal 

fluid should also change the extractability of the coal. During earlier quarters a 

non-reacting supercritieal fluid, toluene, was studied to determine the e f fec t  of 

density on the coal extraction/reaction pro~.~ess. Extractions were carried out for 2 

to 60 minutes at reduced densities betw.een 0.5 and 2.0 and at temperatures 

between 647 and 698 K. The data obtained ear  be explained by the hypothesis that 

coal dissolution is required preceding liquefaction reactions and that the degree of 

dissolution depends upon solvent density and temperature. A kinetic model shows 

that higher solvent densities result in faster conversion rates and in higher total  

conversions. Two papers have resulted from this study. 

A second factor that makes supereritical extraction attractive is high mass 

transfer rates. At high pressures, mass transfer rates in a supereritical fluid are 

much higher than in a liquid, despite the fact tlmt the supereritioal fluid has liquid- 

like solvent powers. The objective of this work is to measure mass transfer rates 

for naphthalene extraction by carbon dioxide to enable us to determine how mass 

transfer eoeffieients vary with pressure, flow rate,  and bed height, since these 

parameters will influence the design of extraction or reaction processes which 

utilize supercritieal fluids. Ultimately, such measurements will be extended to 

coal/supercritical fluid systems to help define the flow rates liquid/solvent ratios 

that would be appropriate for a superer-itical system. 

In this report, • e  entire program for evaluating mass transfer coefficients 

under superexiticml conditions is described and 8 review of current knowledge and 

plann~l correlational approaches is given. 
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2.1 Background 

Historically, interest in supereritioal fluids was initially relsted to the 

observat|on that such fluids were often ?xeellent solvents. This fact was 

discovered over 100 ]Tears ago by Hs.nnay12 and by Hannay and Hogarth.13,14 Prior 

to that time~ it was ~enerally thought that materials above their critical 

temperatures would be gaseous in nature an~ thus poor solvents. 

Studies of solubilities in superoritiesJ fluids have been continued15,16 and |n 

most inst~nees~ they concentrated on developing pha~e diagrams for binary 

mixtures, particularly pressure-temperature projections. Vapor-liquid equilibrium 

data on bluet7 hydrocarbon syst~.,ms at e]cveted pressure became available in the 

1931]Ws17,18 s~d the first pateqt for the preetics] application of supereritical 

extraction was made in 1943.19: Later, l~sddae]cs~ 20 Tugru121 and Battle et al.22 

described the extract!on of components 0f low volatility from coal liquids using 

supereritieal toluene. Barton atld Fenske 23 suggested using C11 and C12 paraffinie 

fractions to desalinate sea water. Hubert and Vitzhu z4 studied on_ th~ ~emoval of 

nicotine from tobacco leaves ,  of e a f f e i~  from green coffee beans, and the 

separation of a hop ex-traet from commercial hops, in all eases asing supereritieal 

carbon dixolde. ModeU et al 25,26 discussed the regeneration of activated carbon 

by the use of supereritieal carbon dioxide. 

Critical data for a number of possible supereri~ical fluid solvents are listed in 

Table 2-i. These gases are suitable as a solvent either on their own or as 

components of mixtures. Because of their low critical temperatures, several of 

them can be used to extract  heat-labile substances. Particularly, supercritieal 

carbon dioxide is a very attractive solvent for practical applications because it is 

nonflammablep nontoxic, environmentally aeeeDtable and relatively inexpensive. 

The critical temperature of carbon dioxide is only 3040K (31oc) and thus it can be 

used at moderate temperature for the extraction o~" heat sensitive substances 
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without degradation. One good example of using supereritieal earbon dioxide is 

shown in select ive extraction of eaffeine f~:om green coffee beans. 

Table 2-1: Crit ical Data for Some Supercritical Solvents 79 

Substance 

Critical Critical Critical 
Temperature Pressure Density 

K MPa gcm-- 

Methane 191 4.60 0.~62 
Ethylene 282 5.03 0.218 
Chlorotrifluoro methane 302 3.92 0.579 
C~bon dioxide 304 7.38 0.468 
Ethane 305 4.88 0.203 
Prowlene 355 4.62 0.233 
Propane 370 4.24 0.217 
Ammonia 406 11.3 0.235 
Oiethyl ether 457 3.64 0.265 
n. Pentane 470 3.37 0.237 
Acetone 508 4.70 0.278 
Methanol 513 8.09 0.272 
Benzene 562 4.89 0°302 
Toluene 592 4.11 ~0.292 
Pyridlne 620 5.63 0.312 
Water 647 22.0 0.322 

The supereri t lcal  fluid (SCF) region is not defined rigorously, but for the 

practical considerations, the SCF region is usually defined at conditions bounded 

approximately by 0.9 • T r • 1.2 and Pr > 1.0 where the SCF is very compressible as 

illustrated in Figure 2-1. For example, at a eonstant T r of 1.0, increasing pressure 

from Pr = 0.8 to 9 r = 1.2 slgnifiean~iy inereases the  density from gas-like densities 

to liquid-like densities. At higher reduced temperature,  the pressure inerense 

required to increase an equivalent density beeomes greater.  This praetieal  

consideration sets  the upper bound on temperature .  At higher pressures, the 

density is less sensitive to tempera ture  ehanges. In the vieinity of  the uritieal 
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point, large density changes san be obtained with either relatively small pressure 

or temper~-tuee changes. 

The effect  of SC1 ~ solvent density on solubilities is shown directly in Figure 

2-2 in the,naphthalene-ethylene system. 27,28 Solubilities increase with increasing 
. . ' .  

ethylene densities along each isotherm due to increasing solvent power, and with 

increasing temperature at constant density due t o  increasing volatility of 

naphthalene. These solvent properties vary continuously with solvent density and 

thus control solvent power and enhance the selectivity of the solvent. Also solvent 

and sQlute czal be easily separated, and we san fraetionate multiple solute,~ by 

stepwise reduetions in solvent density. 

In addition, SCF have bet ter  physio.-oehemieal properties than do gases and 

liquids. The order-of-magnitude comparison shown in Table  ~.-2 indicates that ,  

while SCF has liquid-like densities, its viseosities and diffusivities axe intermediate 

to those properties for liquids and gases. Thus SCF has the solvent power of liquids 

wi thbe t t e r  mass-transfer properties. 

Tab]e 2-2: Order of Magnitude Comparison of Gas, SCF ~nd Liqutd Phases35 

Prol~erty 

Density (kg/m 3) 

Viscosity (Ns/M2) : 

Diffusion coef f lc ien t  (~2/s)  

Phase 
r,a_ s 

1 700 1000 

10-5 10 -4 10-3 

10-1 10-4 10-5 

* At T r = I and Pr = 2 

* *  10 3 cent ipoise = 1-Ns/m2 
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2.2 Diffusion coefficient and Viscosity 

The development of mass-transfer models requires knowledge of the diffusion 

coefficient of the solute, the viscosity, and the density of the fluid phase which can 

be used to . co ,e l a t e  mass transfer coefficients. 

Experimental data on diffusion coefficients in supercritical condition are 

scarce. Most studies on diffusion coefficient in the high pressure had been limited 

to the measurement of self diffusion eoeffieients, and binary diffusion coefficients 

in simple systems such as H2-N2, He-N 2 and H2-Ar. 32 But recently, several 

experiments has been done to measure the diffusivities in systems such as 

naphthalene-CO2,33, 34 benzene-CO 2 and caffeine°CO2. 23 As a result of this 

work~ it has been found that the viscosities and diffusivities of supereritical fluids 

were strongly dependent upon pressure and temperature in the vicinity of the 

critical point, and the ratios (Dvp)Y(Dv~) ° were 0.8 to 1.2. (Dr0) ° is the value 

calculated on the basis of the low density theory for a gas at the given 

temperature. In the recent review a~iele,35 diffusion coefficient for the several 

systems were shown as a function of reduced pressure in Figure 2-3. 

The viscosity of compressed fluids have been studied quite extensively. In 

Figure 2-49 the typical data of the viscosities of supereritieal carbon dioxide is 

given as a function of pressure.36 At the low pressure, the viscosities of carbon 

dioxide are essentially independent of pressure, but above the critical pressure, the 

viscosities increase rapidly with pressure. 

# 
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2.3 Models for Flow System in a Packed Bed 

The packed bed reactor is applicabl~: in many oper.~tions, such as extraction, 

adsorption, leaching, ion exchange and catalytic processes. Therefore, mass- 

transfer coefficients in packed beds is the focus of the current research. First 

models for determining mass transfer from our experiments (past 38) will be 

develop.ed and then these coefficients will be correlated. 

The simplest flow model for the packed bed is the ideal plug flow model with 

no longitudinal mixing but complete radial mixing. Although no 8etual reactors can 

be fully represented by an ideal model, the plug flow model can be used in a 

number of packed bed reac to~  which behave close to the ideal. 

However, flow behavior o f  most of the actual packed bed reactors deviates 

from ideal conditions. The deviation may be caused by nonuniform velocity profile, 

velocity fluctuation due to molecular or turbulent diffusion, by short-circuiting, 

by-passing and channeling of fluid, and by the presence of stagnant regions of fluid 

caused  by the reactor shape and internals. Many flow models considering the 

nonideality of the flow pattern in packed reactor have been proposed. 37-41 Among 

them, the cell model or compartment model40, 41 is one of the most widely used 

models owing to its advantages over other models as deeribed below. We used 

these two models (ideal "plug flow model and cell model) to get mass-transfer 

coefficients and estimate nonideality. 

.The Ideal Plu~ Flow Medal 

Flow patterns in packed bed reactors with small ratios of the tube and 

particle diameter to length can be closely approximated by plug flow, The 

measurement of mass-transfer coefficients is based upon the following equation: 
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d, A = d(VT~A ) = ky(y A _ yA)d A = ky(y A _ YA)asSdl" (2-I) 

Here, 

I '  (2-2) 
V T = 1 _ - ~ A  • 

where V' is molal f low rate of ;uert component in moles per unit t ime,  Therefore, 

"VA , dYA dY A 
d(VTYA) = V'd( .T-.ZT~A ) = v (1 --3A )z = VT (I - .VA) 

(2-3) 

• From equations (2-1) and (2-2) 

YA,out~ dy A kya s LT 
. , =  ~ dL 

'YA,:in=O (1 - yA)(YA - yA ) (My o 
CZ-4) 

where GMy is the average moist mass velocity  of  the gas in moles per unit area per 

unit time. For dilute g a s  ( i , e .  1 - YA = 1),  

YA,)ut dy A k a 
, = ( '_-~Y..~..~ ) L T 

o YA - "VA GMy 

(2-5) 

By integcation and resrrangement, 
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kya S = ( ) "In ( . . )  
YA " YA,out 

Axial Dispersion in a Packed Bed 

Several models have been used to analyze and correlate experimental da ta  on 

• mixing in a packed bed. They introdueed radial and/or axial diffusion coefficients 

E r and/or Ea, independent of solute eoneentratton, to  take into aeeount the mixing 

effect  in the radial and/or axial directions respectively, for packed beds. These 

diffusion coefficients can be realted to flow parameters ,  ~luid properties, and the 

geometry of the bed and the paekinE. 

In a packed bed catalytic reaetor, a chemical reaction takes p.~. ee in a bed 

and heat flows through the tube wall and therefore,  the radial hemt and mass 

transfer are not negliffible. However, radial dispersion ~'~n 'usually "~e neglected 

eompared with axial dispersion when the ratio of eolum!~ diameter: ' to length is 

small and t h e  flow is in the turbulent r e , m e .  Many investigators have ~ound that  

tile mixing effect  in packed beds could be well described in an axial dispersion 

coefficient E a alone even though there was some radial dispersion effect .  

Dankwerts 41 first published the results on axial dispersion in a packed bed. 

Wen and Fzn 4~" summarized the results of ~:eviou s investigations on the  axial 

dispersion of liquids (Pigure 2-5) and gases (Figure 9.-6) in packet] beds and have 

developed empirical correlations (shown below) ~ ba.~ed on about 500 data points for 

liquids and gases, respectively. The axial P ~ l e t  number Pe,a is defined as d pU/Ea. 

These equations ear  be used to determine the::axisl diffusion coefficient E a for 

li~uidS and gases, respectively. 
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Liquids: 

cPe~a = 0.2 + 0.I1 Re 0-48 (z-7) 

Gases: 

..1_1_ = 0 . 3  0 . 5  
Pe,a ~ - ~  * (2-8) 

1 + 3.8(ReSc) -1 

fo r  0.008 < Re < 400 and 0.28 < Se < 2.2 

The general  correlation of exist ing data  of the axial dispersion coeff ic ient  for 

liquids and gases respectively43 is shown in Figure 2-7. The dashed lines represent 

the molecular-diffusion asymptotes, for Pe - (Re)(Se)TJ¢. The lines shown are for" 

T~ = ¢2 and ¢ = 0.4. In the ease of  gases, Pe,a  remains approximately constant,  
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de , teas ing  l i t t le  from its value of  2 until molecular diffusion is important at  Ee 

around 1.0. Molecular diffusion in liquids, however, is so slow that  E a increases as 

Re is reduced below 500. But as Re is decreased from 300 to 10, Pe,a remains 

approximately prbportional to Re  indicating that  E a is roughly constant in this 

region. The correction of Pe, a wi th  Re is greatly dependent  on the  magnitude of  

the  mo!eeular diffusion coef f ic ien t  D w that is, 8chmidt number Be = ~/0D v. 

Even though no experimentaZ da ta  on axial dispersion have been published for  

sup e red t iea l  fluids, we can approximate its e f f ec t  as described below. For 

supereeitical systems, the value of  the Schmidt number, around 10, is intermediate 

to  the  values for  gases (Se = 1.0) and liquids (Se -- 1000). By comparing the order of  

magnitude of  Schmidt nun,oer for  gases, supereritical fluids and liquids, we can 

assume that  the value of Pe ,a  for  SCF is so close to the value of  Pe ,a  for gas and is 

approximately equal to 2.0 when Re is greater  then 1.0. 

Kramers and Alberda 44 f i rs t  discussed an analogy be tween  a packed bed and 

a series of  mixing vessels. By an analogy between the mechanism of imperfect  

mixing and Einstein's kinetic diffusion mcdeI, Carberry37 showed that  the number 

of perfect  mixing tanks, n is given by.- 

n --- 2-' a - -  
( 2 -9 )  

As E a ÷ = for  n = 1.0, then for  a small number of mixers less than 10:44 

Lu (2 -10 )  n - 1 = 2-'~' a 
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These equations are used for determining the number of perfect mixers to be 

used in the eel/model below. 

Mass-Transfer ,C0eff.!cient from the Cell Model 

The cell model is a generalization of a class of models such as the completely 

mixed tanhs-in-series model and the back-flow mixed tanks-in-series model. The 

common characteristic of this model is that the basic mixing unit is a completely 

mixed or stirred tank. This model has been employed extensively from early days 

of chemical engineering to the present.40,41, 45"48 This cell model has the 

following practical advantages over other models: 

1. The transition mixing behavior of such model can be presented by a set 

of linear first-order ordinary differential equations instead of paztial 

differential equations. 

2. The steady-state reaction in such a model can be represented by a set 

of finite difference equations rather than differential equations. 

Since complete mixing is assumed in a cell, the mole fraction of a solute in 

out-going stream from the ith cell is Yi. If the bed is v~.ewed as a series of n 

perfect mixing cells each having surface area of pellets AT/n and constant mass- 

transfer coefficient ky, then for the steady-state mass-transfer the material 

balance around the first cell gives 

ky(AT/n}(Y* - Y i) = VT(Yl - Yo) (2-1i) 

FinalJy, we can obtain the following expression for n cells by using the 

similarity for each cell (its derivation is not given here) 
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kya$ = ~Z~TT [ (Y. " Yo) 1/n - i]' 
Y " Yn 

(2-12) 

As mentioned above, we can assume that  the  value of Pe,a for SCP is 

approximately equal to  2.0 when Re is greater  than 1.0. Then, the number o f  

perfect  mixers in a pael~ed bed ean be determined by equation (2-9) or (2-10) 

depending upon the  number of  layers of the pellets in a packed bed (L/dp). Finally, 

the  mass-transfer coeff ic ient  under supercritieal conditions can be obtained by 

equation (2°6) and/or (2-12) using the plug flow and/or cell  models, respectively.  

2.4 M a ~ s o ~ f e  r Co rre.lations 

After  mass-transfer  coefficients u n d e r  supercrit ieal  conditions are 

determined, they need to be correlated as a function of the significant independent 

variables. Data on the  ra te  of transfer between beds or particles and a flowing 

fluid are needed in the  design of many industrial devices used for extraction,  

adsorption, leaching, ion exehange and ehromato~aphy .  Numerous studies for 

packed beds have been carried out with the  object of  measuring mass-transfer 

eoeffieients and eot~elating the  results under standard conditions, usually at 1 a tm 

and 25oc. As far as we know, no data have been published on the mass-transfer  

eoeffieients under supereri t ical  conditions. As several researehers pointed 

out,10,11 under  supereri t ieal  conditions we expect correlations for mass-transfer  

coefficients to differ  from those for mass-transfer coeffJeients of soiid-gas or 

solid-liquid systems under standard eonditions. 

Xn general, mass-transfer  between a fluid and a packed bed of solid can be 

described by correlations of the following form by the similarity to the  

relationships obtained for heat  transfer: 
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Sh = f(Re,Se,Gr) (2-13) 

where Sh, Re~ Se, and Gr are respectively the Sherwood number, Reynolds," 

Sehmid¢, and Grashof numbers for the mass-transfer. Such a relationship has been 

obtained theoretieal/y by Eeke~ 49 

c o n d i t i o n s . . : :  .. . . .  ": 

from a consideration of the boundm~y 

Below we describe several existing eoreelation~ developed under non- 

supeze~Itlcal eondltions~ wideh may serve as guides fo~ the  co . e l a t i ons  to  be 

developed in this work. 

Natur~l Convection 

Recently, Debenedetti  and Reid 50 pointed out that,  in the ease of 

supereritieal fluids, buoyant effects  had to be considered because supercritieal 

fluids showed extremely small kinematic viscosities ss a result of their  high 

densitite9 and low viscosities. The comparison of the properties of alr~ water, and 

mereut~ was given in Figure 2-8 to show the relative importance of buoyant forces 

at corm,ant Reynolds number. From the last column in Figure 2-8, we can find that  

the e f fec t  of buoyant foreas is more than two orders of magnitude higher in 

supereritieaI fluid than in normal liquids. 
c 

For transfer under natural convection condition, where the Reynolds number 
. 

is unimportant~ general expression reduces to  

Sh = g(Se, Gr) (2-14) 
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For large Sehmidt number (usually liquid systein) Karabeal et al51 proposed 

the following typical form of relationship for this natural convection condition by 

the use of asymptotic relations, 

Sh = 0.46(GrSc) 1/4 (~-ls) 

for laminar natural convection 

Sh =.0.112(GrSc) 1/3 (2-~6) 

for turbulent natural convection. 

If natural convection is dominantp the correlations like those above are likely 

to be appropriate for modeling the mass-transfer coefficient data. Its main 

difference is that it is independent of-Reynolds number Re. 

I 

-f 

lVoroed Convection 

Under forced convection conditions, 

unimportant, the gener~ expression becomes 

where the Grashof number is 

Sh = h(Re, Sc) (2-17) 

The most convenient method of correlating mss~-trav~fer data- under forced 

convection conditions is to plot the Jd ,factor ~.~a function of Reynolds number as 

su~es ted  by Colburn 5 and Chilton and Colburn 6 who, from theoretical. 

eonsideration of flow and from dimensional analysis, defined Jd as follows= 
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Sh ~ / _ F _ ~ 2 / 3  
Jd = ~ =  G ~PDvS 

. o  

In calculating the Sehmidt number, p/pD v, the viscosity and density of carbon 

dioxide will be used since the amount of naphthalene in carbon dloixde has a 

negli~,ble effect on these properties. 

The functional dependence of |d on Reynolds number Re has been the subject 

of study by many invest igator .  A variety of equations hsve been proposed to  

represent their  experimentsl, dsts .  Many of these correlations also employ the bed 

porosity ¢ as an additional correlating,parameter.  The porosity is the ratio of the 

void volume between pellets to the total bed volume. Two typical eoreelations for 

solid-gas and solid-liquid systems are as follows: 

. Solid - Gas System: 52 

cJd = 0.357 Ee -0-359 3< Re < 2000 (2-19) 

2. Solid-Liquid system: 8 

~Jd = 0 .25 R e  -0 .31  55 < R e  < 1500 (2-20)  

ejd = 1.09 Re -2/3. 0.0016 < Re < 55 (2-21) 

Other proposed correlations of ms 's- t ransfer  data are shown in Rable 2-4. §1 

Combined Natur~..and,,l~0reed Conveeti,ou 

In the intermediate region .where natural and forced convection happen 

simultaneously, neither the Reynolds number nor the Grashof number can be 

neffleeted. Garner and Grafton 53 suggested that  the transfers due to the two 
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processes are simply additive. Karabelss et at. 51 proposed the following 

correlations using an asymptotie method whieh are shown in Figure 2-9. 

Sh = [{0.46(Gr$c)I/4} 6 + {4.58 pel/3}6] 1/6 (2-22) 

for I in, and I/2 in, sgeheres (GrSe < 1.31xi08) 

Sh = [{0.112(Gr$c)1/3} 2 + {Z.39 Re0"56S¢l/3}2] 1/2 (2.23) 

For 3 in, sph¢re (GrSe = 3.2x10 9) 
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~..5 Experimental 

The schematic diagram ot the experimental apparatus used in this study is 

shown in Figure 2-10. Liquid carbon dioxide is pumped into the system via a high- 

pressure Milton-Roy liquid pump. Pressure is controlled by using a back pressure 

regulator and pressure fluctuation is dampened with an on-line surge tank. The 

system consists of a prehester  which allows the solvent to reach the desired 

temperature and the extraction vessel 171 cm 3 in volume, 14.6 cm in length and 

3.87 in diameter. The extraction vessel is packed with naphthalene peUets:whieh 

have been made from pure naphthalene using a die. The height of the packing in 

the bed can be changed by using inert packing at the bottom and the top of the bed. 

The inert packing material being used is glass beads with size similae to that of the 

pellets. Another advantage in using the inert pellets is to get rid of end effeots in 

the packed bed being used as the extractor. Pressure at the inlet of extractor  is 

measured using a pressure transducer. 

measured at the inlet. 

The fluid mixture eomin[[ out 

The temperature of the': .extractor is 

S 

of the extractor is depressuri~ed to 

atmospheric pressure by passing it" through a heated metering valve and a back 

pressure regulator. The instantaneous flow rate of the gas leaving the extractor  is 

measured using a rotsmeter and the total amount o£ gas flow is measured with a 

calibrated wet-test meter. 

The mass of precipitated solid is found as described below. With this value 

and total amount of gas flow through wet-test meter, the mole £raction of solids in 

the supereritieal fluid ean be readily determined. The temperature and pressure in 

wet-test meter are also measured. 

The sample collectors ,ar~ high pressure bombs which are kept at room 

temperature by two 200 watt  resistance heaters. Each vessel contains toluene 
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which wiU llelp dissolve the ex'traet (naphthalene) from the carbon dioxide. These 

vessels are operated at 300 to 400 psi where the solubility of the solid in the carbon 

dioxide is at a minimum. The second vessel is redundant and is used to guarantee 

that all of the extract  is collected and to reduce entrainment losses. No 

naphthalene was found in these vessels during current experiments. To determine 

the amount o f  extract  collected, the amount of toluene (with dissolved extract) is 

weighed. A sample• of the toluene-extract  solution is then injeoted into a gas 

chromatograph to determine what portion of the solution is extract .  Finally, the 

bypass, from valve 12 to 16, is designed to insure steady-state flow through the 

extraction vessel 11. 

The whole apparatus is rated for a pressure of 5000 psi. All measured 

tempera~L~res and pressures are t'eeorded on a data logger at regular t ime intervals. 

The pszame1:ers that  ar~ being studied are: 

- Effect  of flow rate on~ solubility of naphthalene in carbon dioxide st  

different  pressures and temperatures.  

- Ef fec t  of bed height on the mess-trensfer coefficient  under 

supereritieal conditions. 

- Effect  of flow rate on the mass-transfer coefficient under supercr i t ie~ 

conditions. 

- Effect  of pressure on the mass-transf,~r coefficient under supereritieal 

conditions. 

Theexperimental  conditions are as follows: 

System: Naphthalene - Carbon Dioxide 

Pellet Characteristics: 

Materiall Naphthalene 

Shape: Cylindrical 
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, o  

° , ' .  

Size: Length (mv~) = ~.76 : 

Diameter  (ram) = 4.76 

Height of  Bed (ram): 4.76 - :L9.04 
: .  

Temperature of  Bed (°K)" 3 DS, 318=:~,28 

Pressure (psi): 1470, 2205, 2940, 367~, 

Flow Rates  (STD. li ter/rain at  0oc and 1 arm): 4 - 30 

Reynolds Numbe~ 10 < Re < 250 
• . . ' .  

~ehmidt Number:. 5 < Sc < I2 

Grashof Number:. 1.69x106 < Gr < 2.13xlb 7 

2.6 Plan_.___ss 

TI~is work is divided into two major parts. The first  par t  is to measure mass- 

trar~sfer coefficients~ while the second one is concerned with establishing the  n~,ass - 

t ransfer  correlations under supercri~ic~ conditions. 

Mas~-transfer coeff ic ients  in packed beds under standard conditions have 

been measured using various flow w.odels~ However,  no study has ye t  been carr ied 

• out to est imate the  mass- t raveler  coefficient  under supereritic~l conditions and no 

mass-transfer eozTelations un~e~, these conditions have been dev~.bped. 

For this fu~Jdamental mass-t~a.~_~fer s tudy ~nder ~upercritieat conditions, 

naphthalene-CO 2. systems have been chosen due tp convenience of get t ing the  

vatues of transport propert ies  such as binary diffusion coefficient,  viscosi ty and 

density of carbon dio|xde from the literature. Experiments ave being c a ~ i o d  out to 

investigate the e f f ec t  of  the  flow rate of  CO 2 on solubility of  naphthalene in CO 2. 

The e f fec t  of  flo~: ra te  on CO 2, temperature~ and pressure on mass-~ransfer 

coefficients will be determined using the plug f low model and eel/ model. Then, 

these mass-transfer coef f ic ien t  data will be used to developed mass- t ransfer  

CorTelatior.|s analogous to those shown in the previous sect ion w~tich would be useful  
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in designing separation units, l~inally, these correlations for solid-supercritieai 

fluid will be compared wi~h mass-transfer correlations for solid-gas and/or solid- 

liquid systems, depending upon three different flow conditions, respectively 

(natural~ forced, and combined natural and forced convection). 

Results 

Work for  eurrent period (July 1 - September 30, 1987). 

Two layers of naphthalene pellets were ~ed  to get mess transfer coefficients 

in a packed bed. We operated our system continuously for about two minutes at 

35oc and I00 arm for several flow rates of carbon dioxide. The resultant data of 

mass transfer coefficients were shown in Table 2-5. These data were compared 

with ones obtained by using one layer of naphthalene pellets (Table 6) end were 

given in Figures 2-11 and 2-12. 

Mass tremsfer coefficients were calculated by both of the ideal plug flow 

model and the cell modeL Its comparison was given in Figures 2-13 and 2-14 for 1 

layer of naphthalene pellets, and Figures 2-15 and 2-16 for 2 layers of naphthalene 

pellets, respectively. From these g$'aphs, we can find that  the value of mass 

transfer coefficients by the cell model is approximately 1296 higher than the one by 

the ideal plug flow model This difference can be explained by the fact that the 
g 

cell model takes account of t h e  effect  of the axial dispersions on mass transfer 

coefficient in a packed bed. More data is needed to determine the true correlation 

between dimensionless groups (SI~ Se, Re, Gr). A wider rz~-q~e of exp_erimental 

conditions will be studied in the following quarter. 
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Run 
No. 

1-5 

1-6 

1-2 

1-1 

1-7 

1-3 

1-8 

1-4 

1-9 

1-10 
im 

TABLE 2-5 

Results fo r  Mass Transfer Coefficients and jd vs. Re Correlation 

at 35oc and 100 arm for 1 Layer of NapSthalene Pellets 

Superficial. 
Flow Rate 

(I/rain) at 
O°C .I arm 

Mass Transfer 
Coefficient 
ky x 10 4 

24.158 

21.922 

19.324 

17,798 

15.818 

14.009 

12.922 

10.906 

9.539 

7.815 

~ass Transfer 
Factor 

Jd 

Ideal Ideal 
Exit Mole Mass Plug Reynolds Plug 
Fraction Velocit~ Ideal Cell Number Ideal Cell 
yx 10 3 G'x 10 ~ Model Model Re Model Model 

i l l  , i 

3.0344 6.84 1.782 1.948 55.77 0.4393 0.4802 

3.1736 6,21 1.725 1.895 50.61 0.4685 0.5146 

3.4816 5.48 1.744 1.938 44.61 0.5373 0,5970 

3.6258 5,05 1,710 1,911 41.09 0.5719 0.6390 

3.8852 4.49 1.695 1.914 36.51 0.6376 0.7199 

4.3036 3.98 1.779 2.044 32~34 0.7553 0.8679 

4.3182 3.67 1.652 1.900 29.83 0.7603 0.8743 

4,8020 3.10 1.688 1.985 25.18 0.9201 1,0818 

5.0142 2.72 1.605 1.g07 22.02 0.999 1.1880 

5.5023 2.23 1.592 1.941 18.04 1,2099 1.4752 
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Run 
No. 

TABLE 2-6 

Results for Mass Transfer Coefflctents and Jd vs. Re Correlation 

at 35°C and 100 atm for 2 Layers of Haphthalene Pellets 

Mass Transfer 
CoeFficient 

ky x 10 4 

Superficial Ideal 
Flow Rate Exit Mole Mass Plug Reynolds 

(1/min} at Fract ion Velocit~ Flow Ce l l  Number 
OoC, 1 atm y x 103 G x 10 ~ Model Model Re 

Mass Transfer 
Factor 

Jd 

Ideal 
Plug 
Flow Cell 
Model Model 

2-1 

2-7 

2-5 

2-4 

2-2 

2-3 

2-8 

22.109 5.8010 6.0778 1.6692 

19.902 5.8085 5.4597 1.2550 

18.231 5.3838" 5.0065 1.3279 

16. 307 5 • 6156 4. 4805 I • 1724 

15.021 5.3674 4.1243 1.0368 

12. 765 6. 8045 3. 5194 1. 2418 

6.136 8. 5764 1. 7003 1.0204 
i i  i .  i 

1.9241 45.967 0.4938 0.5692 

1.4097 41.016 0.4124 0.4633 

1.5071 36.454 0.4764 0.5407 

1.3419 33.882 0.4702 0,5382 

1.1760 30.786 0.4514 0.5120 

1.4969 26.734 0.6362 0.7669 

1.4000 12.676 1.0877 1.4924 
i .  _ i i  i = . l  

k . 
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NOMENCI~TURE 

a 

a S 

Ap 

AT 

b :- : 

C "-" 

dp 

V V 

Ea 

E r • 

g 

G 

GMy 
Gr 

Jd 

kij 
ky 

LT 

Mav 

n 

System parameter in Peng-Robinson equation of state 

Surface area of pellets per unit volume of extractor [cm2/cm 3] 

Surface area of single particle [era 2] 

Total surface area of pellets in extractor [era 2] 

System parameter in Peng-Robinson equation of state ..... 

Concentration "of solute [gmole/em 3] ..:" .... 

Diameter of sphere possessing the same surface area as a piece of 

paekin  [em] 

Molec..ular diffusivity [cm2/sec] 

Axial dispersion coefficient [em2/sec] 

Radial dispersion coefficient [em21sec] • 

•ugacity of component i in solid phase [atm] 

Fu~aeity of eompdnent i |n vapor phase [atm] 

Gravitational acceleration [cm/s 

Mass velocity [g/cm2sec] .- 

Average molar mass velocity [gmole/cm2sec] 

Molsl mass velocity [gmole/cm2sec] 

Grashof number = d3g~p/~ 2 

Mass transfer factor = ShRe-lSe -1/3 

Mass transfer coefficient = kyC [era/see] 

Binary interaction parameter  

Mass transfer coefficient Egm01e/em2see mole-fraction] 

Total height of bed [cm] -. 

Average molecular weight [g/gmole] 

Number o'f perfect mL~ers 

66 



1~ A 

P 

Pe 

Pe 

P e p ~  

tt 

Re 

S 

Se 

Sh 

T 

To 

Tr 

Te 

U 

US 

VT 

V ~ 

YA 

Yi 

7. 

,_ 

. 

Z 

_- 

, .  

; .  

Molal flux of solute [gmole/em2see] 

Total pressure [arm] 

Critiesl pressure [atm] 

Peeler number = Usd[~/D v 

Axial peelet number = uflp/E a 

Saturation (Vapor) pressure of pure solid [atm] 

Gas constant = 0,08205 [atm liter/gmole OK] 

Reynolds number = odpUs/~ 

Cross section area of parked bed [em 2] 

Sehmidt number = ~/oD v 

Sherwood number = kedp/D v 

Absolute temperature 

Critiest temperature [oK] 

Reduced temperature 

Tortuosity of bed 

Interstitial velocity [era/see] 

Superfieial veloeit~ [era/see] 

Total moist flow rate  [gmole/see] 

Molal flow rate  of inert component [gmole/see] 

Mole fraetion of ~omponent A ..:. 
. +  

Equilibrium mole fraction of component of A .... 

Mole fraetion Of component A in s t ream outgoing,from ith eell 

Compressibility factor  

67 



Greek Letters 

#iv 

~s 

~T 

p 

Void fraction 

Fugacity coefficient of component i in vapor phase 

Fugaeity coefficient of component i in solid phsse at saturaotion 

pressure Pi s 

Activity coefficient at infinite dilution 

VLseosity [glem see] 

Density [S/era s) 
! 
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