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NOVEL EXPERIMENTAL STUDIES FOR COAL LIQUEI~ACTION 

Research is bein~ carried out in this project in two areas which are of 

interest: to ongoing investigations at the Pittsburgh Energy Technology Center 

(PETC). They are: (a) thermal behavior of slurry reactors used for indirect coal 

liquefaction, and (b) eoa/ liquefaction under supereritical conditions. The current 

status of each of these tasks is summarized in this report. 



TASK I: 

Scope of Work 

In Task 1 of this project, the use of a slurry reactor for indirect coal 

liquefaction is being studied. Work is being done using three indirect liquefaction 

routes involving synthesis gas -- the Fisher-Tropsch reaction, the one-step 

conversion to methanol, and :he two-step conversion to methanol via methyl 

formate. 

Results and Highlib, hts 

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

single slurry, reactor were continued during the quarter. Experimental work 

included the effect of the H2/CO ratio on the simultaneous reactions and 

measurements of :he solubility of hydrogen and CO in methanol and methyl 

formate. Reaction rates obtained experimentally for the simultaneous system 

were compared with rates calculated from the individual reactions. 

Effect of H2/CO on Reaction Kate 

The two-step methanol synthesis involves two react/ons, and one of the 

reactants in each reaction is a gas. The carbonylation of methanol requires CO and 

the hydrogenolysis of methyl formate requires H 2- The ratio of I"I 2 to CO is 

therefore a very :impodtant operatin~ parameter, affecting the relative rates of ihe 

two reactions and the lotal methanol production rate. It may also affect ~the 

seleetiv!ty of the two reactions. 

Two runs were made, one at a temperature of 121oc and the other at 140°C. 

Al l  reaction conditions were constant except for the H2/CO ratio. The 

experimental procedure" was the same as described in prevlous reports, and 



important  operating conditions are listed in Table 1-1. During each run the ra t io  

was changed in a random order to eonfound the e f f ee t  of reaetant  ratio and 

ea ta lys t  aging, and an average of 8 hours was used for  each measurement.  

TABLE 1-I 

Operati.ng Conditions for Runs 

to  Determine :Effect of t t2/CO Ratio 

Run # T P CH3OK G-89 Feed Gas Flow Rate 
(C) (psig) (~) (g) Coo/rain) 

I 121 930 5 15 330  

2 140 900 15 20 - 330  

The reaction rates are shown in. Figure i - I  a n d ' a r e  eorreeted for ca ta lys t  

aging. The maximum eo~ee t !on  was:~6%" The . s lopesa t  eaeh run a r e  essential ly 

the  same and-indicate tha t  higher methanol :prociuetion was obtained at lower 
: 22 

E2/CO ratio. This result was unexpeeted. In .The quarterly report for October- 

December 1986, it was shown that by assuming the simultaneous reaction kinetic 

expression could be. obtained by eo mbining the k'inetie expressions for the individual 

react ions as f o l l o w s :  , . 

4"49"I0-7 exP'(; IT 6~86) Ccatal,2 CMeOH PCO PH 2 
= CD. Ymeoh I + 0.096 PCO 

At the operating conditions used, it can be shown that the optimal H2/CO ratio 

should be 2.5 if the" equation applies. The feet that the observed optimal rate is 
: 

4 
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much lower impl'~es that the equation must be modified when the two reactions are 

carried out~multaneously. 

Further evidence that there is an interaction between the two reactions is 

shown ~n FiEure I-?-. This shows the measured rate for the s~multaneous reaction 

divided by the calculated rate f~o.m the hydrogenolysis rate equation (equation 2 in 

the quarterly report for October-December 1986) at the same conditions plotted 

versus t~me. At time zero~ before anw ag~inE_:effect has taken ,I~.= ~, .... ~- ----- 

appro~n'ately twice the calculated rate at i~0°C, 1.6 times the calculated rate at 

[6OoC and 0.B times the calculated rate at 180°C. It appears that there is a 

syner~stic effeet when the two reactions take place simultaneously at !40°C and 

160oC. Work is continuing to analyze these data. 

Solubility M ~ e m e n t s  

Solubility measurements  were made for  CO and PI 2 in both pure methanol  and 

pure methyl fo rmate .  The data are needed because  the react ion takes  p lace  in the 

hquid phase, and liquid eoneentzafions are  needed, to properly cor re la te  the  da ta  

for char t ing  Hquid composition. The data  for  the  individual react ions were  largely 

taken for essential ly pure methanol (earbonylation) or  for essentially pure  fo rma t e  

(hydrogenolys~s). 

The solubilities were measured by a batch absorption teckrdque similar to 

that used by Shah (I). The liquid was degassed and then heated to the experimental 

temperature. With the stirrer off, gas was added until the desired pressure was 

reached. The stirrer was then turned on, and the decrease in pressure noted after 

the system came to equilibrium. 

The solubilities are related to the partied pressures in the ~as phase by the 

fact  that the fugae i ty  in liquid and vapor must be the  same 
6 
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f i  = ¢iYi P = Hi,solven t xi 

where o i and Yi are  the fug'acity coe f f i c i en t  end mole f rac t ion  at  component  i in 

the gas phase, x i iS the mole f rac t ion of component  i in the liquid phase. Hi, solven t 

is the Eenry's constant of solute i in the solvent. P is the total pressure. This can 

be solved for Henry's constant, to give 

OiYi P 
Hi, sol"~m.t:-~, ._- x i 

The to ta l  gas pressure was known and was co r rec ted  for  the par t ia l  pressure of  

methanol or methyl  formate," giving the  par t ia l  pressure of e i ther  CO or H 2. The 

liquid composit ion was calculated f rom the  ehange of pressure a f t e r  t he  s t i r r e r  ws 

turned on. The fugaei ty  coef f ic ien t  in the  vapor was calculated f rom the virial  

equation of  s t a t e  (2). At least th ree  da ta  points Were taken at  eaeh t empera tu re ,  

end tne average  values used. At leas t  th ree  t empera tu res  were used fo r  eaeh of 

the four binary pairs. A plot of Henry's  eonsta~t  versus t empera tu re  is shown in 

~i~es I-3 and I-4. These results were then eorrelated using 
o 

In H i solvent = A + B/T, B = Ah , R 

where A and B are constants, Ah iS enthe/py of solution, R is the gas constant. 

The results of the correlation are shown in Table 1-2. The correlation coefficient, 

r, and temperature range used are also given. 



TABLE i-2 

Coefficients to be Used in Equations for Henry's Law Parameter 

Hi,solven t = A ~ B/T 

System 
ah Temperature 

A B (kJ/mole) r Range (C) ~ 

CO-MeOH 3.07 1993 16.57 .94 120,140,160,!80 

CO-MeF 2.92 1721 14.31 .97 120,!40,180 

H=MeOH 3.66 1909 I~.B7 .99 120,140,160,180 

H2-NeF 2.14 2314 19.2~ .93 120,140,160,180 

Future Work 

During the next quarter, analysis of the data obtained for the simultaneous 

conver~io~ of s3-ngas to methanol via methyl formate wK1 be continued. In 

addition, work will be contiaued on the measu:ement of the:real effects associated 

witch the Fiscbec-Tropseb s3,nthesis in a slurry reactor. 

References 

L R.S. A lb~ ,  Y.T. Shah, A. Schumpe,  and N.L. CRrr, The Chemica l  Eng inee r ing  
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Thermodynamics," Third Edition, McGraw-Hill, Inc., 1975. 



A 

E 
G 

v 

l-- 
Z 

Z 
0 
0 
0@ 

rr- 
Z 
l.g 
-r" 

10000 

1000 
21.0 

| 

.'iiiiiiiiiiiiiii iii!iiii 
: -'-" 

. , . . .  

22.0 23.0 24.0 25.0 26.0 
RECIPROCAL OF TEMPERATURE (l/K) "10-" 

~!G~-Fd~ 1-3: Depeade~ce of Eemry's Coms~azlt of Hydrogeu £z~ 
Methanol a=d ~e=hyl Forma=a om Temperature 

I0 



A 

E 

i . -  
Z 

tr~ 
Z 
O 
£3 

>.. 
rr" 
Z 
I.lJ 

1 0 0 0 0  

1000  

100 

: 

................................. : . : . .  . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . .  ; .  . . . . . . . . . . . . . . . . .  

: 

. . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  ~Q tN M , o ~ ~ ~  ~ . . . . . . . .  

• ~ . , : 

~ : : 

: i : 

-.:::::.:.-:.:..:i~::.--:.----:--:-..---:.--:----.::.:---:::::-::: 

[i i • 
1 

21.0 22.0  23 .0  24 .0  25.0 

• R E C I P R O C A L  OF TEMPERATURE ( l /K)  
28 .0  

.lO 

FIGURE i~4: Depemdenee of gemry's Constant of CO im 
Methamol amd Methyl Forma=e on Tempera=ure 

!1 



TASK 2: COAL LIQUEFACTION UNDER SUPERCR..~....ICAL CONDITIONS 

Supereri t ieal  fluid e.xtraetion is an a t t r ac t ive  process primarily beeause the  

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

e~itieal conditions, and during the extraction of coal, the density of a supercritical 

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

non-reacting supereritical fluid, toluene, was studied to determine the effect of 

density on the coal extr.acdon/reaction process. Extractions were carried out for 2 

to 60 minutes at reduced densities between 0.5 and 2.0 and at Zemperatures 

between 6~7 and 898 K. The data obtained can be explained by the hypothesis that 

coal d'[ssolu+~ion is required preceding liquefaction reactions and that the degTee 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 

eo~versions. T~vo.papers have resulted from this study. 

A second factor that makes supercri1:ical extraction attractive is high mass 

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

much higher than in a liquid, despite the fact that the supercritieal fluid has li(~uid- 

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

for naphtha/erie extraction by carbon clio.~dde to enable us to determine how mass 

t~er coefficients vary with pressure, flow rate, and bed height, since these 
[ 

parameters will influence the design of extraction or reaction processes which 

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

coal/supercritical fluid systems to help def[,e the flow rates liquid/solvent ratios 

that  would be appropriate for  a supercr i t ieal  system. 

In this report ,  the  entire program for  evaluat ing mass t ransfer  coeff ic ients  

under supereri t ieal  conditions is described and a review of  current  knowledge and 

planned correlat ional  approae.hes is given. 

12 



BACKGROUND 

Historically, interest in supercritical fluids was initially related to the 

observation that such fluids were often excellent solvents. This  fact was 

discovered over 100 years ago by Hannay 12 and by Hannay and Hogarth.13,14 Prior 

to that time, it was generally thought that materials above their critical 

temperatures would be gaseous in nature and thus poor solvents. 

Studies of solubilities in supercritical fluids have been continuedlS, 16 and in 

most instances, they concentrated on developing phase diagrams for binary 

mixtures, particularly pressure-temperature projections. Vapor-~iquid equilibrium 

data on bina~" hydrocarbon systems at elevated pressure became available in the 

1930's 17,18 and the first patent for the practical application of supercritical 

extraction was made ~n 1943.19 Later, Maddacks, 20 Tugru121 and Bartle et al.22 

described the extraction of components of low volatility from coal liquids using 

supercritical toluene. Barton and Fenske 23 suggested using Cll and C12 paraffinic 

fractions to desalinate sea water. Hubert and V~tzhu 24 studied on the removal of 

nicotine from tobacco leaves, of caffeine from green coffee beans, ~md the 

separation of a hop extract from commercial hops, in all caseslusing supereritical 

carbon dLxoide. }vlodell e tal .  25,26 discussed the regeneration of activated carbon 

by the use of supercritical carbon dioxide. 

Critical data for a number of possible supercritical fluid solvents are listed in 

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

eomDonen'cs of mixtures. Because of their low critical temperatures, several of 

them can be used to extract beat-labile substances. Particularly, supercritical 

carbon dioxide is a very e,~traetive solvent for practical applications because it is 

nonflammable, nontoxic, environmentally acceptable and relatively inexpensive. 

The critical temperature of carbon dioxide is only 304°K (31°C) and thus it can be 

used at moderate temperature for the e.-rZ~r'action of heat sensitive substances 

13 



without degradation. One good example of using supercritical ea.rbon dioxide is 

shown in selective extraction of caffeine from green coffee bear~s. 

Table 2-1: 

Substance 

Critical Data for Some Supercritical Solvents 79 

Critical ~Critical Critical 
Temperature Pressure Densit~ 

K MPa g cm -~ 

Mathane 191 4.60 0.162 
Ethylene 282 5.03 0.218 
Chlorotr i f luoro methane 302 3.92 0.579 
Carbon dioxide 304 7.38 0.468 
Ethane 305 4.88 0.203 
Propylene 365 4.62 0.233 
Propane 370 4.24 0.217 
Ammoni~ 406 11.3 0.235 
Diethyl ether 467 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 
Pyridine 620 5.63 0.312 
Water 647 22.0 0.322 

The supercritical 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 r.he SCF is very compressible as 

Lllustrated in Figure 2-I. For example, at a constant T r of 1.0, increasing pressure 

from Pr = 0.8 to Pr = 1.2 significantly increases the density from gas-like densities 

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

required to increase an equivalent density beeomes greater. This practical 

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

density is less sensitive to temperature changes. In the vicinity of the crit ical 

14 
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point, large density changes can be obtained with either relatively small pressure 

or temperature changes. 

The effect of SCF solvent density on solubilities is shown di~eetly in Figure 

2-2 in the naphthalene-ethylene system. 27,28 Solubilities inerease with inereasing 

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

increasing temperature at constant density due to 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 so[u'ce can be easily separated, and we can fraetionate multiple solutes by 

stepw~se reductions in solvent density. 

In addition, SCF have better physioeoehemieal properties than do ~ases and 

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

while SCF has liquid-like densities, its viscosities and diffusivities are intermediate 

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

w~th better mass-transfer properties. 

Table 2-2: Order of Magnitude Comparison of Gas, SCF and Liquid Phases 35 

Phase 
Ga___~s SCF-- 

1 700 1000 

10-5 10-4 10-3 

10-I 10-4 10-5 

Property 

Density (kg/m 3) 

Viscosity (Ns/M 2) 

Diffusion coefficient (cm2/s) 

* At T r-= i and Pr-- 2 

** 103 centipoise = I Ns/m 2 

16 
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D]~FUSIO, N COEFFIC.IENT A_N-D VISCg. SITY 

The development of mass-transfer models requires knowledge of the d~ffusion 

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

be used to correlate mass transfer coefficients. 

E~erimental data on diffusion coefficients in supercritieal condition are 

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

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

in simple systems such as H2-N2, He-N?. and H2-Ar. 32 But recently, several 
7 

experiments has been done to me~ure the diffusivities in systems such as 

naphthalene-CO?., 33,34 benzene-CO?, and caffeine-CO?.. 33 As a result Of this 

work, it has been found that the viscosities and diffusivit~es of supercritieal fluids 

were strongly deE)endent upon pressure and temperature ~n the vicinity of the 

eritiesl point, and the ratios (Dv~)/(Dvp) ° were 0.8 to 1.2. (Dr0) ° 5s the value 

~s/eulated on the basis of the low dens;.ty theory for a gas at the given 
[ 

temperature. In the recent review article, 35 diffusi'~u eoeffieien~ for the several 

~stems were shown as a function of reduced pressure ~ Figure 2-3. 

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

F~gul'e 2-4, the typical data of the viscosities of supererit~es/ carbon dioxide is 

given as a function of pressure. 36 At the low pressure, the v~scos~ties of carbon 

dioxlde 8re essentially independent of pressure, but above the er[tica/~ressu[~e, the 

~cosities increase rapidly with pressure. 

18 
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MODELS FOR FLOW SYSTEM IN A PACKED BED 

The packed bed reactor is applicable in many operations, such as e.rtraction, 

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

l_-a:ksfer coefficients in packed beds is the focus of the current research. First 

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

developed 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 actual reactors can 

be fully represented by an idea/ model, ~he plug flow model can be used in a 

number of packed bed reactors which behave close t o  the idea/. 

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

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

velocity fluc:uation 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 

non~dea/ity of the flow pal:tern in packed reactor have been proposed. 37-41 Among 

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

models ow¿ng to its advanl;ages over other models as deeribed below. We used 

these two models (idea/ plug flow model and cell model) to get mass-transfer 

coefficien~ and estimate nonideality. 

The Ideal Plug" Flow Model 

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

particle diameter to leng%h can be closely approximated by plug flow. The 

measurement of mass-transfer coefficients is based upon the following equation: 
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dN A : d(VTYA) = ky (y  A - YA)dA = ky (y  A - EA)asSdL 
(z-z) 

I-Iere, 

z' (z-z) 
VT = 1 - y--'----A 

where V' is mol~Ll flOW rate of inert component in moles per unit time, Therefore, 

Y 
d(VTEA) = V'd(1 _-~Ay A) =v j 

dY A dY A 
= VT (1 .yA) (1 - yA )2 

(2-3) 

From equations (2-I) and (2-2) 

YA,outf dy A kya S LT 
- . .  = ~ dL 

YA,in--O (I - yA)(YA - YA ) ~My o 

(2-4) 

where GMy is the average molal mass veloci ty  of the gas in moles per unit a rea  per  

unit time. For dilute gas (i.e., 1 - yA -- i), 
,= 

YA~out dy A k a S 
] . = (__~) L T (2-5) 
o YA - YA ~My 

By integration and rearrangement,  
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kya S : (GL~) 
YA 

In ( . .) 
YA - YA,out 

Axial _Dispe~ion in a Packed Bed 

Several models have been used to analyze and correlate experiments/data on 

mixing in a packed bed. They introduced radial and/or ax£al diffusion coefficients 

~r and/or E a, independent Of solute concentration, to take into account the mixing 

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

diffusion coeffic!en~s can be res/ted to flow parameters, fluid properties and the 

geometry of the bed end the packing. 

In a packed bed catalytic reactor, a chemies/ reaction takes place in a bed 

and beat Rows through the tube wall and therefore, the radia/ heat and mass 

tra_~fer are not negligible. However, radia/ dispersion can usually be neglected 

compared with ax~a/ dispersion when the ratio of column diameter to length is 

small and the flow is in the turbulent re, me. Many investigators have found that 

the mixing effect in packed beds could be well described in an axis/ dispersion 

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

Dankwerts ~I first published 1:he results on axial dispersion in a packed beo. 

Wen end Fan ~2 summmzized the results of previous inves~igztions on the axial 

diSpersion of liquids (Fi~'ure 2-5) and ~ases (~Figure 2-6) in p~.cked beds and have 

developed empirics/ eon'elations (shown below) based on about 5C0 data Doints for 

liquids end gases, respectively. The axis/ Peclet number Pe,a is defined as dpu/E a- 

These equations can be used to determine the axial diffusion coefficient E a for 

l£quids and gases, respectively. 
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Liquids: 

zPe,a = 0.2 + 0.II Re 0-48 (2-7) 

Gases: 

1 0.3 0.5 (2-8) 
Pe,a ~ + 1 + 3.8(ReSt) - I  

for 0.008 < Re < 400 and 0.28 < Sc < 2.2 

The general correlation of existing data of the axial dispersion coefficient for 

liquids and gases respectively 43 is sl~own ,.'n Figure 2-7. The dashed lines represent 

the molecular--d~ffusion asymptotes, for Pe = (Re)(Sc)T¢/:. The lines shown are for 

T~ = ,'2 and ¢ = 0.4. In the ease of gases, Pe,a remains approximately constant, 
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d e c r e a s i n g  l i t t l e  f r o m  i ts  value of  2 unti l  m o l e c u l a r  d i f fus ion is i m p o r t a n t  a t  Re 

around 1.0. Molecu la r  d i f fus ion in liquids, howeve r ,  is so s low t h a t  E a i nc rea se s  as 

Re Ls reduced  be low 500. But as 1~.e is d e c r e a s e d  f rom 300 to 10, Pe , a  r e m a i n s  

a p p r o x i m a t e l y  p ropo r t i ona l  to  Re  ind ica t ing  t h a t  E a is roughly  c o n s t a n t  in this  

region.  The c o r r e c t i o n  of  Pe , a  wi th  Re is g r e a t l y  dependen t  on the  magn i tude  of 

the  mo lecu t a r  d i f fus ion  c o e f f i c i e n t  D v, t h a t  is, Schmid t  number  Sc = u/oD v. 

Even though no e x p e r i m e n t a l  da t a  on axia l  d ispers ion have  been  publ i shed  fo r  

supercritical fluids, we can approximate i ts  effect as described below. For 

supe rc r i t i ca l  s y s t e m s ,  the  value of  the Scbmid t  number ,  around 10, is i n t e r m e d i a t e  

to the  values  for  gases  (Sc = 1.0) and liquids (Sc = 1000). By c o m p a r i n g  the  o rde r  o C 

magnitude of Schmidt number for gases, supercritical 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 lie is greater than 1.0. 

Kramers and Alberda 4~- first discussed an analogy between a packed bed and 

a ser~es of mixing vessels. By an analogs' between the mechanism of imperfect 

mixing and Einstein's kinetic diffusion model, Cazberry 37 showed that the number 

of perfect mixing tanks, n is given by: 

Lu L Pe,a 
n -- 2Ta = dp 2 

(2-9) 

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

Lu n- i = ~  
2E a 

(2-io) 
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These equations are used for determining the number of perfect mixers to be 

• used in the cell model below. 

Mass-Transfer Coefficient from the Cell Model 

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

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

eommon 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.40,4!, 45-48 This cell model has the 

following practica/advantages over other models: 

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

of linear first-order ordinary differential equations instead of partial 

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-goin~ stream from the iZh cell is Yi- [f the bed is viewed as a series of n 

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

transfer coefficient ky, then for the steady-st:ate mass-transfer the material 

ha/a_nee around the first cell gives 

k~(AT/n)(Y* - Y I) = VT(FI - Yo) (2-n) 

Finally, we can obtain the following expression for .n ceils by using the  

similari~ for each eel/(its derivation is not given here) 

28 



nVT Y - Y o ) l / n  
kya S = ~ [( ; - I ]  

Y - Yn 

(2-12) 

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

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

perfect mixers in a packed bed can 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 coefficient under supercritica! conditions can be obtained by 

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

MASS-TRANSFER CORRELATIONS 

After mass-transfer coefficients under supercritical conditions are 

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

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

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

adsorption, leaching, ion exchange and chromatography. Numerous studies for 

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

coefficients and correlating the results under standard conditions, usually at 1 atm 

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

coeff ic ients  under supercr i t ical  conditions. As several  researchers  pointed 

out, lO, 11 under supercri t ical  conditions we expect  correla ' . ions for  mass-transfer  

coeff ic ients  to di f fer  from those for mass- transfer  coef f ic ien ts  of solid-g~s or 

solid-liquid systems under standard conditions. 

In 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 
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relationships obtained for heat transfer:  

Sh = f(Re, Sc, Gr) (2-13)  

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

Sehmidt, and Grashof numbers for the mass-transfer. S,~eh a relationship has been 

obtained theoretically by Eekert 49 from a consideration of the boundary 

conditions. 

Below we describe several existing correlations, developed under non- 

supere_ritical conditions, which may serve  as guides for  the  eozwelations to be 

developed in this work. 

Natura/Convection 

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

s-upereritieal fluids, buoyant effects had to be considered because supercritieal 

fluids showed ex-tremely small kinematic viscosities as a result of their high 

densitites and low viscosities. The comparison of the properties of air, water, and 

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

at constant Reynolds number. From the last column in: Figure 9.-8, we can find that 

the effect of buoyant forces is more than two orders Of magnitude higher in 

supereritical flu~than in normal liquids. 

For transfer under natura/ convection condition, where the Reynolds number 

is unimportant, general expression reduces to 

Sit -- g(Sc,Gr) (2-14) 
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For large Schmidt number (usually liquid system) Karabeal eta/. 51 proposed 

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

the use of asymptotic relations. 

Sh = 0.46(GrSc) I14 (2-15) 

for laminar natural eonveetion 

Sh = 8.112(GrSe) 1/3 

for turbulent natural convection. 

If natural convection is dominant, the correlations like those above are likely 

t o  be appropriate for modelin~ the .mass-transfer  coef f ic ien t  data. Its main 

difference is that it ~s ~ndependent of Reynolds number Re. 

Forced Convection 

: Under forced convection conditions, where the Grashof number 

unimportant,  the general expression becomes : 

is 

Sh = h(Re, Sc) (2-11) 

The most convenient method of correlatin~ mass-transfer data under forced 

convection conditions is to plot the Jd factor as a funetion of Reynolds number as 

su~ested by Colburn 5 and Chilton and Colburn 6 who, from theoretiea/ 

consideration of flow &nd from dimensional analysis, defined ]d as follows: 
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kM 
3d -- Sh _Z_~(~___) 2/3 (2-18) 

Rescl/3 = G ~D v 

In c a l c u l a t i n g  the  Schmidt  number ,  ,~/pD v, the  v iscos i ty  and dens i t y  of  carbon 

d i o ~ d e  will be  used  since the  a m o u n t  of  naphtha lene  in c a r b o n  d io ixde  has a 

negl igible  e f f e c t  on these  p roper t i e s .  

The func'c~onal dependence  of Jd on Re:ymoIds number  Re has been  the  subjec t  

of  s tudy  by m a n y  inves t iga to rs .  A v a r i e z y  of  equat ions have  been  proposed  to  

r e p r e s e n t  t h e i r  e .xper imenta l  da ta .  Many of  these  co r re l a t ions  a lso  e m p l o y  the  bed 

poros i ty  c as an  addi t iona l  c o r r e l a t i n g  p a r a m e t e r .  The po ros i ty  is t he  r a t i o  of the 

void v o l u m e  b e t w e e n  pe l le t s  to  the  t o t a l  bed  vo£ume. Two t y p i c a l  c o r r e l a t i o n s  fo r  

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

. Sol id  - Gas System: 52 

CJd = 0.357 Re -0"359 3< Re < 2000 (2-19) 

2. Sol id-Liquid  Syszem: 8 

~Jd = 0.25 Re -0-31 55 < Re < 1500 

CJd = 1.09 Re -2/3 0.0016 < Re < 55 

Ol:her proposed co r re la t i ons  o f  mass - t rans fe r  da ta  are shown in Rab le  2-4. 51 

(2-2o) 

(2-21) 

Combined Natural and Foreed Convection 

In the intermediate region where natural and forced convection happen 

simultaneously, neither the ::eynolds number nor the Grashof number can be 

neglected. Garner and GrB.~ton 53 suggested that =he transfers due to the two 

processes are simply additive. Karabelas et al.51 proposed the following 
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correlations using an asymptot ic  method which are shown in Figure 2-9. 

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

for 1 in,, and 1/2 in, speheres (GrSe < l.Slxl0 8) 

Sh = [{0.112(GrSc)1/3} 2 

For 3 in, sphere (GrSe = 3.2x10 9) 

+ {2.39 Re0"56Sci/3}2] I/2 (2.23) 

34 
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EXPERIMENTAL 

The s chema t i c  d iagram of  the  ex p e r im en t a l  appara tus  used in this  s tudy  is 

shown in Figure  2-10. Liquid ca rbon  dioxide is pumped into the  sys t em v~a a h igh-  

pressure  Mil ton-Roy liquid pump. Pressure  is con t ro l l ed  by using a back p ressure  

r egu la to r  and pressure  f luc tua t ion  is dampened  with an on- l ine  surge tank.  The  

sys t em consists  of a p r e h e a t e r  which allows the  solvent  to  r each  the  des i r ed  

t e m p e r a t u r e  and the  e x t r a c t i o n  vessel  171 em 3 in volume,  14.@ em in length  and 

3.87 in d i ame te r .  The e x t r a c t i o n  vessel is packed with naph tha lene  pe l l e t s  which 

have  been made f rom pure  naphtha /ene  using a die. The height  of the  pack ing  in 

the  bed can be changed by using iner t  packing at  the bo t tom and the top of  the  bed.  

The iner t  packing m a t e r i a l  be:m~ used is giass beads with s ize  s imilar  to  t h a t  of  the  

pe l le t s .  Ano the r  advan tage  in using the iner t  pe l le t s  is to  ge t  rid of  end e f f e c t s  in 

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

m e a s u r e d  using a p r e s su re  t r ansducer .  

measured  at  t he  inlet .  

The  fluid mix ture  coming  out 

The t e m p e r a t u r e  of  the  e x t r a c t o r  is 

of the  e x t r a c t o r  is depressu r i zed  to  

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

pressure  re , re la tor .  The  ins tan taneous  flow r a t e  of the  gas leaving the  e.r t . ractor is 

measured  using a r o t a m e t e r  and the  to ta l  amount  of  gas f low is measured  wi th  a 

ca l ib ra ted  w e t - t e s t  me t e r .  

The  mass of p r e c i p i t a t e d  solid is found as descr ibed  below. With this va lue  

and to t a l  amount  of  ~ f low through  w e t - t e s t  me te r ,  the  mole f r a c t i o n  of solids in 

t he  supe re r i t i ca l  fluid can  be read i ly  de t e rmined .  The t e m p e r a t u r e  and pressure  in 

w e t - t e s t  m e t e r  are also measured.  

The sample co l l e c to r s  are  high pressure  bombs which are kept  a t  room 

t e m p e r a t u r e  by two 200 w a t t  r e s i s t ance  hea te r s .  Each vesse l  conta ins  to luene  
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which will he lp  d issolve  the  e x t r a c t  (naphthalene)  f rom the  ca rbon  dioxide.  These  

vesse ls  are  o p e r a t e d  a t  300 to  400 psi where  the  solubi l i ty  of  the  solid in the  ca rbon  

d~ox-ide is a t  a min imum.  The second  vesse l  is r edundan t  and is used to  g u a r a n t e e  

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

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

the amount  of  e x t r a c t  collected, the amoun t  of  to luene  (with dissolved e.x-tract) is 

weighed.  A s am p l e  of the  t o l u e n e - e x t r a c t  so lu t ion  is then  in jec ted  into a gas  

c h r o m a t o g r a p h  to  d e t e r m i n e  what  por t ion  of the  solut ion  is e x t r a c t .  Finally,  the  

bypass,  f r o m  va lve  12 t o 1 6 ,  is designed to insure s t e a d y - s t a t e  f low through  the  

e x t r a c t i o n  vesse l  11. 

The  whole a p p a r a t u s  is r a t e d  fo r  a p ressure  of 5000 psi. A l l  m e a s u r e d  

temperatures and pressures are recorded on a data logger at reg~ar time intervals. 

The  p a r a m e t e r s  t h a t  axe be ing  s tud ied  a re :  
L 

- E f f e c t  of  f low r a t e  on solubi l i ty  c~f naph tha l ene  in c a r b o n  dioxide a t  

different pressures and temperatures. 

Effect of bed height on the mass-transfer coefficient under 

supercritical conditions. 

- Effect of flow rate on the mass-transfer coefficient under supercritical 

conditions. 

- Effect of pressure on the mass-transfer coefficient under supereritical 

conditions. 

The experimental conditions are as follows:. 

Sys tem:  Naph tha l ene  - Ca rbon  Dioxide 

Pellet Characteristics: 

Material: Naphthalene 

Shape: Cylindrical 
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Size: Length (ram) = 4.76 

Diameter (ram) = 4.76 

Height of Bed (ram): 4.76 - 19.04 

Temperature of Bed (o~): 308, 318, 328 

Pressure (psi): 1470, 2205, 2940, 3675 

Flow Rates (STD. Hter/min at 0°C and I arm): 4 - 30 

Reynolds Number: 10 < Re < 250 

Schmidt Number:. 5 < Sc < 12 

Grashof Number:. 1.69x106 < Gr < 2.13x107 

PLANS 

This work is divided into two major parts. The first part is to measure mass- 
Y 

transfer coefficients, while the second one is concerned .with establishing the mass- 

transfer correlations under supercritieal conditions. 

Mass-transfer coefficients in packed beds under standard conditions have 

been measured using various flow models. Ho,~ever, no study, has yet been carried 

out to estimate the mass-transfer coefficient under supercridcal conditions and no 

mass-transfer correlations under these conditions have been developed. 

For this fundament~ mass-transfer study under supercritical conditions, 

naphthalene-CO 2 systems have been chosen due to convenience of getting the 

values of transport properties such as bZnary diffusion coefficient, viscosity and 

density of carbon dioixde from the literature. Experiments are being carried out to 

investigate the effect of the flow rate of CO 2 on solubility of naphthalene in CO 2. 

The effect of flow rate on CO 2, temperature, and pressure on mass-transfer 

coefficients will De' determined using the plug flow model and cell model. Then, 

these mass-transfer coefficient data will be used to developed mass-transfer 
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correlations analogous :o those shown in the previous section which would be useful 

in designing separation uni'.s. Finally, these correlations for solid-supercritieal 

fluid will be compared with 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). 

Resul ts  

Work fo r  C u r r e n t  Per iod  (April I - June  30) 

In the  s c h e m a t i c  d i a g r a m  of  Figure  2-10 the  sample  t anks  were  r e p l a c e d  by 

new ones to get more accurate results by collecting all toluene including dissolved 

naptha/ene in sample tanks. 

After revising our system, we operated it continuously for 2 minutes aT 35oc 

and 100 arm for several flow rates of carbon dioxide. The resultant data of mass 

~'ansfer coefficients are obtained for different flow rate and are shown in Table 

2-5. 

In Figure 2-11, we showed the relationship between mass transfer coefficient 

kg vs. mass velocity G. Figure 2-12 is a plot of mass transfer factor Jd vs. 

' l%eynolds number Re Re = (0 dp Us)/,_,- In both graphs, more dataa is needed to 

determine the true correlations. A wider range of the experimental conditions will 

be studied in the nex~ two quarters. 



TABLE 2-5 

Results  for Mass Transfer  Coef f i c ien t s  and Jd vs. Re Correla t ions  at 35OCand 100 atm 

Run 
No. 

Superficial  
Flow Rate 

(~/mln) at (PC 
1 atm 

Exlt mole Mass Velocity,  Mass Transfer  Mass Transfer  
Fract ion,  y G Coeff ic ien t ,  kg lraetor 

x 103 x 102 . x 104 Jd 

Reynolds 
Number,  

Re 

r ~  

24.158 

"21.922 

19.324 

17.798 ,' 

15.8175 

14.009 

12.922 
, r  

10.906 

9.539 

7.815 

3.0344 6.84 

3.1736 6.21 

3.4816 5.48 

3.6258 5.05 

3.8852 4.49 

4,3036 3.98 

4,3182 3.67 

4.8020 3.10 

5.0142 2.72 

5.5023 2.23 

1.782 0,4393 
I ,  

1.725 0;4685 

1.744 0.5373 

1,710 0.5719 

1.695 0.6375 

1.779 0,7553 

1.652 0.7603 

!.688 0,9201 

1.605 0.9999 
l ,  

1.592 1.2009 

55.77 

50.61 

44.61 

41.09 

36.51 

32.34 

20.83 

25.18 

22.02 

18.04 
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ComparLson of our data  with those of ordinary systems such as C02(g)- 

naphthalene 54 and water-naphthalene 55 under s tandard conditions (usually 1 arm 

and 25°C) is shown in Figure 2-13. it shows tha t  the mass-transfer rates  under 

supereritieal conditions were high (same order-of-magnitude as C02(g)-naphthalene 

system), and their  numeriea], values lay in between those of solid-gas and solid- 

liquid as expected. 
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NO MENCLATU RE 

a S 

Ap 

A T 

b 

C 

dp 

D V 

E a 

E r 

f~ 

f[ 

g 

G 

GMy 

9My 

Gr 

Jd 

k c 

ky 

LT 

• M a  v 

System parameter  in Peng-Robinson equation of s t a te  

Surface area of pellets  per  unit volume of ex t rac tor  [cm2/cm 3] 

Surface area of single part icle [cm 2] 

Total surface area of pel lets  in extractor  [em 2] 

System parameter  in Peng-Robinson equation of s t a t e  

Concentration of solute [gmole/em 3] 

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

packing [cm] 

,.Molecular diffus ivit~, [ c m 2/sec] 

Axial dispersion coefficient [cm2/sec] 

Radial dispersion coefficient [em2/sec] 

Fugacity of component i in solid phase latin] 

Fugaci,~y of component i in vapor phase [atm] 

Gravitational acceleration [cm/s 

Mass veioei~'cy [g/em2sec] 

Average molal mass velocity [gmole/cm2sec] 

Molal mass velocity [~mole/cm2sec] 

Grashof number = d3go~o/u 2 

Mass transfer factor = ShRe-iSc -I/3 

Mass transfer coefficient = kyC Iota/see] 

Binary interaction parameter 

Mass transfer coeff icient  [gmole/cm2sec mole-fraction] 

Total  height of bed [cm] 

Average molecular weight [~/gmole] 
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n 

NA 

P 

Pe 

Pe 

Pe,a 

R 

Re 

S 

Se 

gh 

T 

• r e 

Tr 

Ts 

t l  

Us 

VT 
%" 

YA 

YA 

Yi 

2; 

Number of  perfect  mixers 

Molal f lux of solute [ffmole/cm2sec] 

Total pressure latin] 

Critics/pressure [atm] 

Peeler number = usdp/D v 

Axial peeler number = udp/E a 

Saturation (Vapor) pressure of pure solid latin] 

Gas constant = 0.08205 [atm liter/gmole OK] 

Reynolds 1~umber = ~dpus/u : 

Cross section area of packed bed [em 2] 

Sehm~dt number = u/oD v 

Sherwood number = kedp/D v 

Absolute temperature 

Critical temperature [oK] 

Reduced temperature 

Tortuos~j of bed 

Interstitial velocity iota/see] 

Superficial velocity [cm/see] 

Total molal flow rate [gmole/see] 

Molal flow rate of inert component [gmole/sec] 

Mole frection of component A 

Equilibrium mole fraction of component of A 

Mole fraction of component A in stream outgoing from ith cell 

Compress~bL1ity factor  
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Greek Letters 

¢iv 

U 

Void fraction 

Fugacity coefficient of component in vapor phase 

Fugacity coefficient of component i in solid phase at saturaetion 

pressure ps 

Activity coefficient at infinite dilution 

Viscosity [g/era see] 

Density [g/era 3 ] 
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