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NOVEL EXPERIMENTAL STUDIES FOR COAL LIQUEFACTION 

Research is being carr ied out in this project  in two areas which are of  

interest  to ongoing investigations at the Pit tsburgh Energy Technology Cente r  

(PETC). They are: (a) behavior of slurry reac to rs  used for indirect coal  

liquefaction, and (b) coal l iquefaction under super cr i t ica l  conditions. The current  

s ta tus  of each of these tasks is sum marized in this report .  
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TASK 1: BEHAVIOR OF SLURRY REACTORS USED FOR INDIRECT COAL 

LIQUEFACTION 

The eonversion of synthesis gas to liquid produets is usually earried out with 

the reactants in the gas phase and a solid catalyst. Because of relatively poor heat 

transfer from the gas to the solid, the exothermic heat of reaction is difficult to 

remove, and care must be taken to prevent the eatalyst from overheating with loss 

of selectivity and aetivity. Slurry reactors in which the catalyst is suspended in a 

liquid medium and the gases are bubbled through the slurry have intrinsieally better 

heat transfer characteristics and appear promising for indirect liquefaction 

processes. 

1.1 

methanol from CO and H 2 via methyl formate. 

carbonylation of a molecule of methanol to 

hydrogenation to form two molecules of methanol. 

Scope of Wor k 

Experimental work is presently being eoneentrated on the synthesis of 

The process consists in the 

methyl formate followed by 

The kinetics of the individual 

reactions were first ~tudled and the results have been included in previous pro~ess 

reports. They are also presented in a paper which has been accepted for 

publication in Fuel Prooessing Technology. Subsequently~ the two reactions were 

carried out concurrently -- both reactions taking place simultaneously in a single 

reactor. The concurrent reaction is very promislng and we are concentrating 

experimental work in Task 1 on further elucidation of the effeet of important 

design parameters. 

A modeling study is also bein~ carried out by Dr. Y. T. Shah at the University 

of Tulsa. He is investigating the non-isothermal unsteady state Fiseher-Tropsch 

reaction. Experimental work which was begun on a previous project and which was 

f 



extended on this project  demonstrated that  multi[~le s teady states can exist for this 

reaction.(1) 

1.2 Results and Highlights 

During the quar ter  experimentM studies were  conducted in three  areas  

related to the concurrent  react ion -- act ivat ion of the heterogeneous ca ta lys t  in- 

situ, further study of the  ef fec t  of H2/CO rat io  on reaction ra te ,  and a 

thermodynamic evaluation o~ the conditions under whioh the eoneurrent reac t ion  

can be carried out. Work on modeling of the  Fiseher-Tropseh reac t ion  also 

eont{nued. Each of these a~tivities is discussed below. 

1.3 Future Work 

Experimental work on the concurrent synthesis  of methanol will oontinue. 

We plan to evaluate a l te rna te  homogeneous oata lys ts .  A paper describing work on 

the ooneurrent synthesis is being prepared and should be submitted for publicat ion 

during the next quarter .  Modeling work will be finished during the quarter ,  and a 

paper describing the results  is being prepared for  publication. 

1.4 ln-Situ Activat ion of Coppe~Chromite  Cata lys t s  

The hydrogenolysis ca ta lys t  used in our work is a eopper-ohromite ca t a lys t  

with the analysis shown in Table 1. It was purchased from United Cata lys t  (G-89), 

who s tate  that it does not have to be p re -ae t iva ted  for hydrogenation [1]. 

However, it has been repor ted  that different  ac t iva t ion  methods result in d i f f e ren t  

hydrogenolysis act ivi t ies  for this catalyst .  Trimm et at. [2] s tudied the  

hydrogenolysis of methly fo rmate  af ter  reducing the  catalyst  in a 5% H 2 in N 2 gas 

mixture at 200oc for  for hours and the., ,-aising the temperature  to 2 5 0 o c  and  

2 



using pure H 2 for 12 hours. Sorum and Onsager [3] s tudied the  same reaction and 

reduced the catalyst  in the liquid phase overnight at r eac t ion  tempera tures  using 

pure H 2. T r i m m e t  el. repor ted  lower reaction rates and a t t r ibu ted  the d i f ference  

to d i f fe ren t  methods used in ca ta lys t  reduction. 

In our previous work, we reduced the cata lys t  in the  gas phase in an H 2 

a tmosphere .  The tempera ture  was increased from room t empera tu re  to 170°C at  

the  ra te  of 0.6 C/min and maintained at 170°C for  12 hours. The H 2 feed ra te  was 

10 co/rain. The rate  of hydrogenolysis of methyl f o rma t e  was similar to tha t  

repor ted  by Trimm et alp although we used a lower reduct ion tempera ture  and pure 

H2. 

A study was conducted to  determine whether an in-situ method of ca ta lys t  

prepara t ion could be used for  the  concurrent reaction. In-situ methods have the  

obvious advantage that  they el iminate  the t ime-consuming external  reduction step. 

Runs were made using three d i f fe ren t  t rea tments  for the  copper-chromite  ca ta lys t  

- - reduct ion  in-situ using methanol  and H2; reduction in-situ using methanol and H 2 

and with potassium methoxide present;  and no reduction.  E x p e r i m e n t s  were 

carr ied out in a 300 ee au toc lave  manufactured by Autoc lave  Engineers. The 

r eac to r  is equipped with a var iable  speed mechanical s t i r re r  which is driven by a 

magnet ic  eoupUng and has a cooling coil and two baff les .  T h e  reactor  has f ive 

openings on the top. Two openings are for feed aud ef f luent  streams~ one for  

t empe ra tu r e  measurement, one for  liquid sampling and one for  a rupture disk. 

Reac to r  pressure measurement  is made through the ef f luent  line. The reac tor  was 

e leaned and charged with 150 ee  of  methanol and six grams of un-reduced 

ca ta lys t .  Homogeneous ca ta lys t  (CH3OK) was or was not  charged in the reac tor  a t  

this t~.me depending upon the  reduct ion method. The r e a c t o r  was then sealed and 

pressurized with H 2 to  t e s t  for  possible leakage at a pressure higher than the 



rear%ion pressure. If there was no leak~ heater  and stirrer were turned on. The 

reactor tempera ture  was increased to 170oc and pressure was maintained at 62 

atm. A constant  H2 flow of 30 ee/min was maintained for 15 hours, The reactor 

temperature  was then lowered to rsaet ion temperature (160oc). If  CH3OK was not 

present in the veaetor~ the temperature was lowered to room tempera ture  a f te r  the 

pre-reduetion and the reactor was opened to add CH3OK and then sealed and 

heated to react ion temperature. The react ion was started by introduein~ a mixture 

of H 2 and CO to the reactor. The flow ra tes  of H 2 and CO were monitored by two 

on-line mass flow controllers. The reac tor  operation and sampling were the same 

as those previously reported. Methanol formation rates are shown in Figure 1. It is 

clear that  the hydrogenolysis rates of the runs using the in-situ pre-reduetion are 

higher than the ra tes  obtained in the runs using the gas phase pre-reduetion and no 

pro-reduction. The rates using in-situ pro-reduction with and without  CH3OK are 

similar. 

H20 is a product of catalyst  reduction when H 2 is used as a reducing agent. 

The H20 concentrat ion of the slurry increased from 0.37 m o l t  before the pre- 

reduction to 0.53 m o l t  after  the pre-reduetion. It has been reported tha t  H20 has 

a negative e f fec t  on the homogeneous ca ta lys t  (CH3OK in this study) [2p4~5]. 

However~ the increased H20 concentrat ion in the slurry af ter  the ca ta lys t  pre- 

reduction did not reduce the methanol production rates in the concurrent  reactions. 

One possible explanation is that  the amount of CH3OK added in the reac tor  (0.43 

ml/L = 1.8 m o l t )  may be more than enough for  the concurrent react ions.  Even if 

some of the CH3OK is lost by reacting with H20 to form potassium hydroxide and 

methanol~ there  is still enough lef t  to catalyze the earbonylation reaction. 

Another explanation is that the H20 produced during the catalyst  pre-reduetion 
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may be removed from the reactor  by side-reaction(s). The la t te r  is supported by 

analysis of reac tor  gas eff luent .  Af ter  the catalyst  reduction, the reactor  gas 

phase contained H 2 with a small amount of CO 2 and methanol. Af te r  synthesis gas 

was introduced into the reactor  (CO was the only new chemical introdueed)~ the 

CO 2 eoneentrs t ion in the gas phase s tar ted to increase with t ime, reached a 

maximum in 4 hours, and then decreased to a s teady-s ta te  level. CO 2 formation 

rate in two runs is shown in Figure 2. The H20 concentration also decreased a f te r  

synthesis gas was introduced to the reactor.  These fac ts  suggest that a 

water-gas shift  reaction occurs in the reactor  a f te r  CO is introdueed into the  

reactor. 

H20 + CO = H 2 + CO 2 (1) 

Thermodynamie ealeulations verify tha t  at  the reaction conditions used the above 

reaction wiU proce~'~t to the right. 

It can be concluded tha t  in-situ copper-chromite pre-reduetion in the  

presence of CH3OK can be used in the concurrent two-step methanol  synthesis. It 

gives good ca ta lys t  activity and is simple in operation. Water, which has been 

reported to be a poison for the  earbonylation eatalyst  does not seem to be a 

problem for the concurrent two-step reaction in a single reactor .  The H20 

concentrat ion can be reduced by the reverse water-gas shift  react ion and the CO 2 

formed can be removed from the reactor .  

1.5 Effec t  of H2/CO Ratio on the  Concurrent Two-Step React ions 

H2/CO ratio is an important  operating parameter  for the eoneurrent 

methanol synthesis. Some experiments were made to study the e f f ec t  of H2/CO 

ratio on the methanol formation ra te  using gas phase ca ta lys t  pre-reduction and 
6 
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the results  were reported previously. Further study on the e f f ec t  of  H2/CO was 

made in the last quar ter  using in-situ reduction with H 2 in the presence of CH3OK. 

The experiments were carr ied out at 160°C and 63.5 bar using 4.5 grams of CH3OK 

and 6 grams of copper-chromite  in 150 ee  methanol. The feed H2/CO ratios were kept 

constant in each run. Results are shown in Figure 3. A decrease  in the  methanol 

production rates with t ime was found in all three  runs. Since the liquid methyl 

formate concentrat ions were close to equilibrium values, the decrease  in the 

methanol production rates was at t r ibuted to decreased hydrogenolysis rates.  The 

rate of decrease in methanol production seems related to the  H2/CO ratio. A 

higher feed  H2/CO ratio (lower CO pressure) gives a slower ra te  of decrease  in 

methanol production. Since H 2 does not a f fec t  the hydrogenolysis ca ta lys t ,  this 

indicates that  the decrease  in the  methanol production rates  is probably re la ted to 

CO part ial  pressure in the  reactor ,  as observed in previous reports.  The higher the 

CO part ial  pressure, the  higher the ra te  of decrease  in methanol production. 

However, it is difficult  to  corre la te  the slope of the lines with the part ia l  pressure 

of CO in the reac tor  because the H2/CO ratio inside the reac tor  depends on the 

methanol production ra te  and, therefore,  changes with react ion t ime.  

1.6 Thermodynamics of  the  Coneurrent Two-Step Reaction in a, Single ,Slurry 

Reactor  usin~ Methanol a s  the.,Csrrier Aleohol 

The sum of the two-s tep  methanol systhesis react ions gives the  same overall 

reaction as the current industrial direct  methanol synthesis.  Hence, 

thermodynamics of the coneurrent  two-s tep methanol synthesis in one reac tor  is 

the same as that  for  the  direet  systhesis. But the reaet ion driving force  for the 

two synthesis methods is d i f ferent  at the same tempera ture  and pressure because 

different  reaction media are  used. For the direct  methanol synthesis, the 

reaction is carried out in the gas phase or in a high boiling paraff in solvent.  
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The reac t ion  tempera ture  is high (240-260°C). The methanol produced is in the gas 

phase and is withdrawn from the  reac to r  with the  gas eff luent .  The part ial  

pressure of methanol in the  reac tor  is small (much less than its vapor pressure). 

The driving force can be wr i t ten  as PMeOH, e-PMeOH, where PMeOH, e is the  

equilibrium partial pressure of  MeOH. For the concurrent  methanol synthesis using 

methanol as the carrier alcohol, however,  the react ion is carr ied out in a methanol- 

rich environment. The partial  pressure of methanol equals its vapor pressure and 

the driving foree for  the react ions  can be writ ten as PMeOH,e-PMeOH,v, where 

PMeOH, v is the vapor pressure of methanol. If the equilibrium methanol part ia l  

pressure equals the vapor pressure of methanol, the concurrent  react ion 

will not oeeur. Using this a s  a criterion, an equilibrium relation be tween 

tempera ture  and to ta l  pressure for  the eoneurrent synthesis was ealeulated and is 

shown as a line in Figure 4. The equilibrium constants  were ealculated using the 

method recommended by Wade e t  al. [6]. Fugaci ty  eoeff ie ients  nsvd were 

calculated using the method reeommended by Tsonopoulos [7]. The vapor pressure 

of methanol equals the equilibrium methanol pressure at conditions represented by 

the line. Since the equlibrium methanol  partial pressure must be higher than the 

vapor pressure of methanol for  the  react ion to occur,  the shaded area in Figure 4 

above the equilibrium line represents  possible react ion conditions ( temperature  and 

pressure) at which methanol can be  produced. The area  below the line represents  

conditions at whieh eoneurrent  methanol synthesis is thermodynamieal ly 

impossible. Figure 4 provides a simple but useful way for determinat ion of feasible 

reaction conditions for the concurrent  methanol synthesis when methanol is used as 

the carr ier  alcohol. 

10 
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1.7 Modelin W of Non-lsothermal Fiseher-Tropseh Slurry Reaetors 

Modeling studies for the Fiseher-Tropseh reaction when carried out 

adiabatically in a slurry reactor were continued by Dr. Y. T. Shah at the University 

of Tulsa. Of particular interest is the determination of multiple steady states for 

the reaction. In the range of operating conditions which have been tested, either 

one or three steady states have been found. This work will be finished during the 

next quarter, and a paper is being prepa,'ed for submission for publication. 

1.8 
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TASK 2: COAL LIQUEFACTION UNDER SUPERCRITICAL CONDITIONS 

Supercritieal fluid ext rac t ion  is an a t t r ac t ive  prooess primarily because  the  

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

critical conditions. During the extraetion of eoal, the density of a supercritical 

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

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

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

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

between 647 and 698 K. The data obtained can 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 supererRieal extraction attractive is high mass 

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

much higher than in a liquid, despite the fact that the supercritieal 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 coefficients vary with pressure, flow rate, and bed height, since these 

parameters w|ll influence the design of extraction or reaction processes which 

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

eoal/supercritieal fluid systems to help define the flow rate and liquid/solvent 

ratios that would be appropriate for a supercritical system. 

13 



2.1 Results and Highlights 

During the quarter, we prepared a paper on Supereri t ical  Fluid-Solid Mass 

Transfer.  The first  draft  of this paper is a t tached for approval  and consti tutes the  

report  for  this period. 

2.2 Future  Work 

Next quarter,  we will e0ntinue experimental  studies for mass transfer in 

multiple layers of solid pellets.  We will also review the  implications of these 

results  for eoal liquefaction. 

14 



APPENDIX A 

Supererit ieal  Fluid-Solid Mass Transfer  Coeff ic ients  
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SUPERCRITICAL PLUID-SOLID MASS TRANSFER COEFFICIENT 
II~ THE CO2-NAPHTHALENE SYSTEM 

G. B. Limp G. D. Holder and Y. T. Shah* 
Chemical and Petroleum Engineering Department 
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Pittsburgh, PA 15261 

*Present Address 
CoLlege of Engineering and Applied Sciences 
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ABSTRACT'- It is generally known that a supereritieal fluid enhances the 
dissolution of solid particles. This is largely attributed to the enhanced solubility 
of the solid in the supereritieal fluid. Little information, however, is available in 
the literature for the mass transfer coefficient between supereritieal fluids and 
solids. In this paper, we present mass transfer coefficient data for the 
naphthalene-supercritieal carbon dioxide system. The experimental data are 
obtained in the temperature of 35°C~ pressures of 100 arm to 200 atm and for a 
single layer of naphthalene in a packed bed of inert particles. For experimental 
conditions, the ranges of dimensionless parameters are 2 < Re < 55, 8 < Se < 11 and 
0.8x106 < Gr • 5.0x106. Both forced and natural convection m'e considered to be .. 
important under experimental conditions. The experimental mass transfer 
coefficients are correlated and discussed. 

KEY WORDS 

Supereritieal, Mass Transfer Coefficient, C02-Naphthalene 

INTRODUCTION 

The use of supereritieal fluids in separation proeesses has received 
considerable attention in the past several years and the fundamentals of 
supereritieal fluid (SCF) extraction and potential application have been described 
in a number of review articles (most recent of which is by Paulaitis et al., 1983). 
Supereritical fluid extraction utilizes the solvent power of supereritieal fluids at 
temperatures and pressures near the eritieal point. In comparison with liquid 
solvents, the supercritieal fluids have a high diffusivity and low density and 
viscosity, thus allowing rapid extraction and phase separation. 

While numerous studies have been carried out on solubility of solutes in SCFs~ 
very little information is available on the mass transfer coefficient in SCF-solid 
systems, in the present study, we present experimental data for the mass transfer 
coefficient for a well defined naphthalene-supercritieed CO 2 system and compare 
these data with solid-gas and solid-liquid systems. 

BACKGROUND 

Historically, interest in supereritieal fluids was related to the observation 
that sueh fluids were often excellent solvents. This fact was discovered over 100 
years ago by Hannay (1880) and by Hannay and Hogarth (1879, 1880). Prior to that 



time, it was generally thought that fluids above their critical temperatures would 
b~ gaseous in nature and thus, poor solvents. 

Studies of solubilities in supercritical fluids have-been continued (Buehner, 
1906; Centnerszwer, 1903) and in most instances, they concentrated on developing 
phase diagrams for binary mixtures~ particularly pros*sure-temperature projections. 
Vapor-liquid equilibrium data on binary hydrocarbon systems at elevated pressures 
became available in the 1930's (Sage et el, 1936; Kayj 1938) and the first patent 
for the practical application of supereritical extraction was made in 1943 
(Messmore~ 1943). Later, Maddocks (1977), Tugrul (1978) and Battle et el. (1975) 
described the extraction of components of low volatility from coal liquids using 
supercritical toluene. Barton and Fenske (1970) suggested the use of Cli and C12 
paraffinie fractions to desalinate sea water. Hubert and Vitzhum (1978) studied 
the removal of nicotine from tobacco leaves, the extraction of eaffe|ne from green 
coffee beans, and the separation of a hop extract from commercial hops by using 
supercritical carbon dioxide. ModeU et aL (1978p 1979) disucssed the regeneration 
of activated carbon by the use of supercritieal carbon dioxide. 

Supercritieal earbon dioxide is a vet'y attractive solvent for practical 
applications because it is nonflammable, nontoxic~ environmentally acceptable and 
relatively inexpensive. The critical temperature of carbon dioxide is only 304°K 
(31oc) and thus it can be used at moderate temperature for the extraction of heat 
sensitive substances without degradation. One good example o f  using supereritical 
carbon dioxide is the extraction of caffeine from green coffee beans. 

• The supereritieal fluid (SCF) region is not defined rigorously, but for tile 
practical considerations, the SC~F region is usually defined at conditions hounded 
approximately by 0.9 < T r < 1.2 and Pr > 1.0 where the SCF is very compressible as 
illustrated for CO 2 in ?igure 1. For example, at a constant T r of 1.0, increasing 
pressure from Pr = 0.8 to Pr - 1.2 signifieantly increases the density from gas-like 
densities to liquid-like densities. At higher reduced temperature, the pressure 
increase required to increase an equivalent density becomes 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 critical 
point, large density changes can be obtained with either relatively small pre.~sure 
or temperature  changes. 

In addition, SCFs have bet ter  physioeochemieal properties than do gases and 
liquids. The order-of-maghnitude comparison shown in Table I indieates that while 
SCFs have liquid-like densities~ their  viscosities and diffusivities are intermediate 
to those properties for liquids and gases. Thus SCFs have the solvent power of 
liquids with better mass-transfer properties. 



TABLE I 

ORDER OF MAGNITUDE COMPARISON OF GAS, SCF AND 

LIQUID PHASES( Paulaitis eL el . ,  1983) 

Property 

Density (gr/cm3) 

Viscosity (poise: grlcm sec) 

Diffusion coefficient (cm21s) 

Phase 
Sa_~s SCF* 

10 -3 0.7 1 

i0-4 i0-3 10-2 

I0- i  i0-4 i0-5 

* At Tr = 1 and Pr = 2 

DIFFUSION COEFFICIENT AND VISCOSITY 

The development  of mass t ransfer  models requires knowledge of  three" 
properties --  the diffusion coefficient  of  the  solutep the viscosity of  the  SCF, and 
the density of  the SCF 9hase. These proper t ies  ean be used to eo r re la t e  mass 
transfer eoeffieient~.  

Experimental da ta  on diffusion eoef f ie ien t s  in supercritieal condit ion are 
searee. Most studies on diffusion coeff ic ients  a t  high pressure had been l imited to 
the measurement of  self  diffusion coeff icient% and binary diffusion eoef f ie ien ts  in 
some systems sueh as H2-N 2, He-N 2 and H2-Ar (Balenovie e t  al., 1979). It has 
been found that  the  viscosities and diffusivi t ies  of supereri t ieal  fluids were 
strongly dependent  upon pressure and t empera tu re  in the vicinity of the crit ical 
point, and rat ios of (DvP)/(Dv0) ° were found to  be 0.8 to 1.2 where (Dvp)Oisthe 
value cs lcula ted on the basis of the low densi ty theory for a gas at  the  given 
temperature.  At present, for the CO2-naphthalene systemp a linear relationship 
between log D v and p at constant temperature has been presented by several 
researehers who determined the diffusivities in supereritiesl fluids (Feist and 
Schneider, 1982; Debenedetti, 1884). 

We determined a relationship by using the diffusivity da ta  for  CO 2- 
naphthalene (Iomtev and Tsekhanskaya~ 1964) as shown in Figure 2. At 3 5 o c  the 
relationship is 

D v = 2 . 6 6 4  x 10 "0"568 x p T = 3 5 ° C  (1) 

The above equation was used for  ealoulat ing diffusivities in the  present 
studies. 



The viscosity of compressed fluids has been s tudied quite extensively. In 
Pigure 3, the  typical  data  of  the  viscosities of  supercr i t iea l  carbon dioxide is given 
as a function of pressure (Stephen and Lucas, 1979). 

EXPERIMENTAL APPARATUS, AND PROCEDURE 

The schematic  diagram of  the experimental  apparatus used in this s tudy is 
shown in Figure 4. Liquid carbon dioxide is pumped into the system via a high- 
pressure Milton-Roy liquid pump. Pressure is control led by using a back pressure 
regulator and pressure f luctuat ion is dampened with an on-line surge tank. The 
system consists of a p rehea te r  which allows the solvent  to reach the desired 
tempera ture  and the ex t rac t ion  vessel which is 104 cm 3 in volume, 14.8 cm in 
length and 3.45 cm in diameter .  The extract ion vessel  is packed with naphthalene 
pellets  whieh have been made from pure naphthalene using a die. The height of the  
ac t ive  packing in the  bed can be changed by using inert  packing at  the bot tom and 
the  top of the bed. Because the  surface area of the pel le ts  decreases (by 5 to 2096) 
during an extraction, the average area  and part icle d iamete r  is used assuming tha t  
uniform extract ion of  the par t ic les  takes place. For a single layer  this should be 
valid. The inert packing mater ia l  consisted of glass beads with d iameter  similar to  
tha t  of the pellets. An advantage in using the inert pel le ts  is to reduce end e f f e c t s  
in the packed bed being used as the extractor .  Pressure at the inlet of the  
ex t rac tor  is measured using a pressure transducer.  The tempera ture  of the  
ex t rac tor  is measured at the  inlet using a thermocouple ( type K). 

. .  

The fluid mixture coming out of the  ex t r ac to r  is depressurized to 
atmospheric pressure by passing it through a heated meter ing valve and a back 
pressure regulator. The instantaneous flow ra te  of t he  gas leaving the ex t rac to r  is 
measured using a ro t ame te r  and the to ta l  amount of  gas flow is measured with a 
cal ibrated wet - tes t  meter .  

The mass of precipi ta ted solid ~is found as descr ibed below. With this value 
a n d  the to ta l  amount o f  gas f low through the we t - t e s t  meter ,  the  mole f ract ion of 
solids in the supercri t ieal  fluid can be readily determined.  The tempera ture  and 
pressure in the we t - t e s t  meter  are  also measured. 

The sample col lectors  a re  high pressure bombs which are  kept at  room 
tempera ture  by two 2{]0 wat t  resistance heaters .  Each vessel contains toluene 
which will help dissolve the  ex t rac t  (naphthalene) from the carbon dioxide. These 
vessels are operated at 30 to 35 atm where the solubili ty o f  the solid in the  carbon 
dioxide is near a minimum. The second vessel is redundant and is used to gua ran tee  
that  all of the ex t rac t  is col lected and to reduce entrainment  losses. No 
naphthalene was found in this second vessel during current  experiments .  To 
determine the amount of ex t r ac t  collected,  the amount of  toluene (with dissolved 
extract)  is weighed. A sample of  the to luene-ext rac t  solution is then injected into 
a gas chromatograph to de termine  what portion of the  solution is ext rac t .  Finally, 
the  bypass, from valve 12 to  16, is designed to insure s t eady-s t a t e  f low through the 
extract ion vessel 11 before  samples are collected.  

The whole apparatus is rated for a pressure of  330 atm. A l l  measured 
temperatures and pressures are recorded on a data logger at regular t ime intervals. 
The SCF-solid mass t ransfer  coeff ic ient  was measured as a function of f lowrate  
and pressure (or density). The range of the system parameters  examined in this 
s tudy is shown in Table 1I. 



TABLE I I  

RANGES OF SYSTEM PARAHETERS IN EXPERIMENTAL STUDY 

System: 

Pellet Characteristics: 

Material: 

Shape: 

Size: 

Height of Bed (cm): 

Temperature of Bed (oc) 

Pressure (atm): 

Flow Rates (STD. liter/min at OoC and I arm): 

Reynolds Number: 

Schmidt Number: 

Grashof Number: 

Naphthalene - 

Supercritical C02 

Naphthalene 

Cylindrical 

Length (cm) = 0.476 

Diameter (cm) = 0.476 

0.476 

35 

1DO, 200 

0.8 - 31 

2 < R e < 5 5  

8 < S c <  11 

0.8x106 < Gr < 5.0xi05 

Additionally, one run was conducted at 45oc and 100 arm and resulted in complete 
dissolution of the naphthalene. 

CELL MODEL 

Since the present experimental study was carried out with a single layer of 
particles and for small Reynolds numbers~ the effects of axial dispersion and 
natural convection on the experimental resuRs would be important. 

In the present studyt a cell model is used to analyze the data. Kramers and 
Alberda (1953) first discussed art analogy between a packed bed and a series of 
mixing vessels. For a small number of mixers, Kramers and Alberda (1953) derived 
a relationship 

n - i = Lu_u.. (2) 
2E a 

Although approximate, equation 2 is used in this study for determining the number 
of perfect mixers to be used in the cell model below. 

MASS-TRANSFER COEFFICIENTS FROM THE CELL MODEL 

The eeU 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 
common eharaeteristie of th';~ model is that the basic mixing unit is a completely 



mixed or s t i rred tank. This model has been employed extensively from early days  
of chemical  engineering to the present  (Chole t te  and Cloulier, 1959; Danekwerts ,  
1953; Adler and Hovorka,  1961; Deans and Lapidus, 1960; Levenspiel, 1962). 

A general  correlat ion of existing da ta  of  the  axial dispersion coef f ic ien t  for  
liquids and gases respect ively  (Sherwood et  al., 1975) is shown in Figure 5. The 
dashed lines represent  the molecular-diffusion asymptotes ,  for  Pe,  a = (Re)(Se)TJs .  
The lines shown are  for  Te = J2 and e = 0.4. In the ease of  gases, Pe.a  remains 
approximately constant ,  decreasing l i t t le  from its value of  2 until m o l e c u l a r  
diffusion is important  at  Re  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 proportional to Re indicating that E a is 
roughly constant  in this region. The eorrelat ion of Pe, a with Re is great ly  
dependent on the magnitude of the molecular  diffusion coeff ic ient  D v, that  is, 
Sehmidt number Se = IJ/pD v- 

Even though no experimental data on axial dispe~ion have been published for 
superct|tical fluids, we can approximate its effect as described below. For 
supereritieal systems, the value of the Schmidt number, around 10, is intermediate 
to the values for gases (SC = 1.0) and liquids (Se = 1000). By comparing the order 
of magniturde of  Sehmidt number of  gases, superer i t ical  f luids.and liquids, we 
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 grea te r  than 1.0. 

Since complete  mixing is assumed in a eeLl, the  mole f raet ion of  a solute in 
out-going s t ream from the nth cell is Yn- If the  bed is viewed as a series of n 
perfect  mixing cells each having surface  a rea  of  pellets  AT/n and eonstant  mass- 
transfer coeff ic ient  ky, then for the  s t eady-s t a t e  mass- t ransfer  the  mater ial  
balance gives 

V T y .  1/n (3) 
, ky = (A---~) [(.V*- Yn ) - 1I 

In the  present  study, all the  experiments  were earried out  with a single layer  
of psrt ieles.  As mentioned above, we ean assume that  the  value of P e a  for  SCF is 
approximately equal to 2.0 when Re is g rea te r  than 1.0. Then, the  number of  
per fec t  mixers in a packed bed can be determined by equation (2). With one layer  
of particles,  the  number of eells is two; tha t  is, n = 2 in equation (3). 

EFFECT OF NATURAL AND FORCED CONVECTION 

Af te r  mass- t ransfer  coeff ic ients  under supereri t ieal  conditions are  
determined, they need to be eorrelated as a function oe the  significant independent 
variables. Data  on the ra te  of t ransfer  be tween  beds or  part icles and a flowing 
fluid are needed in the design of many industrial devices used for  extract ion,  
adsorption, leaching, ion exchange and chromatography.  The mass- t ransfer  
between a fluid and a packed bed of solid can be described by eorrelat ions of  the  
following form. 

Sh = f(Re, Se, Gr) (4) 

where Sh, Re, So, and Gr are respeet ive ly  the  Sherwood number, Reynolds, 
Sehmidt, and Grashof numbers for the mass transfer. Such a relationship has been 



obtained theoret ical ly  by Eckert  (1950) from a consideration of the boundary value 
theory.  

Recently,  Debenedet t i  and Reid (1986) pointed out that ,  in the ease of 
supercri t ieal  fluids, buoyant e f f ec t s  had to be considered because supercri t ical  
fluids showed ext remely  small kinematic  viscosit ies as a result  of  their high 
densit ies and low viscosities.  The e f f e e t  of buoyant forces  is more than two orders 
of magnitude higher in supercr i t ical  fluid than in normal liquids at the same 
Reynolds nu tuber. 

When natural convection is controlling the e f f ec t  of Reynolds number is 
unimportant,  and the general expression reduces to 

Sh = g(Se, Gr) (5) 

For  large Schmidt number (usually liquid-solid system} Karabelas et  aL 
(1971) proposed the following relationship for laminar, natural convection, 

Sh = a(Se Gr} I /4 (6) 
I !  

For liquid-solid systems, Mandelbaum and Bohm (1973) indieated that  natural  
convection should be considered for the range of  Reynolds numbers studied in this 
system. 

If forced convection is controlling equation (6) will not corre la te  the  data.  In 
the forced convection regime, the  Grashof number is unimportant and the general  
expression is reduced to, 

Sh = h(Re, Se) (7) 

For a wide range of Reynolds numbers, the following relationship was found to be 
ef fec t ive ,  

Sh = eRe d Sc I/3 (8) 

RESULTS AND DISCUSSION 

Table IIl and IV show a summary of  the experimental ly measured results for  
the present study. At 100 atm the Sh is a lmost  independent of Re and Sh is best  
correlated as a function of Gr and Sc numbers as follows: 

Sh = a(Se Gr) b (9) 

The "optimal" exponent was 0.253, but 'b' was set  at  1/4 without significantly 
altering the accuracy of  the  correlation.  With this restr ic t ion a = 0.665 and b = 
0.25. According to Karabelas et al. (197I}~ thls indieates that  pure natural  
convection is dominating. The resul ts  are,, compared with those repor ted by 
Karabelas et al. (1971) and Mandelbaum and Bahm (1973) in Figure 6. Both of these  
earl ier  studies were carried out using the e lec t rochemical  technique. 

At 200 arm, the  Sh number was strongly dependent upon Re and not 
corre la ted with the product SeGr. The following eorrelat ion described the da ta  
well, 



Sh = 5.081 Re 0"439 Sc 1/3 (1o) 

The data  and correlations at  100 arm and 200 arm are compared with each other  
and with l i terature values in Figures 7, 8 and 9. Figure 7 shows that the 100 atm 
data is independent of Re and is therefore  in the natural  convection regime. At 
200 atmt the supercritieal carbon dioxide is more dense and the e f fec t  o f  dissolved 
naphthalene has a less significant e f fec t  on the gas density. The density gradients 
across the boundary layer are  smaller and forced eonvection is t h e  controlling 
mechanism. This conclusion is supported by ~'igure.~ 8 and 9 which show "chat the 
mass transfer j factor  and the mass transfer coeff icients  are much higher at 100 
atm where the large density gradients across the boundary layer produce very large 
buoyant forces. Considering the size of the naphthalene pellets (3/16 inch), the 
mass transfer rates in supercrit ieal fluids is much higher than those obtained at low 
pressure. 

Several factors can af fec t  this enhanced mass transfer,  l~irst as Debenedett i  
and Reid (1986) pvlnted out, the very low kinematie viscosities give rise to very 
high buoyant forces which serve to enhance natural  convection at the same 
Reynolds number. This is aeeentuated by large density differences that can occur 
as naphthalene dissolves in the CO 2. It is possible to have very large, negative 
partial molar volumes for a solute at conditions near the crit ical point (Ziger, 1983) 
which causes the fluid density to depend strongly on composition. At 35°C and 100 
arm, naphthalene's partial molar volume at  infinite dilution is approximately -500 
cc/mol. This can cause a significantly higher fluid density at the solid surface as.. 
compared to the bulk. Additionallyp near crit ical conditionss the compressibility of 
the fluid begins ~o diverge and molecular level density fluctuations can occur and 
lead to additional convective contributions. The partial molar volume ef fec ts  
decrease rapidly as the pressure inereases beyond the crit ical point and at 200 arm 
this effect  is relatively minor. A decreased density gradient explains why the 
natural  convection is no longer controlling. The e f fec ts  of buoyant forces should 
be much larger as the crit ical point of the mixture is approached and m a s s  t ransfer  
coefficients should increase. For example, at 45oc and 100 arm, the infinite 
dilution partial molar volume of naphthalene in carbon dioxide is n e a ~ - 2 5 0 0  
ee/mol. The one exper iment  done at these condil~ions resulted in complete  
dissolution of the naphthalene particles (possibly due to very large natural 
convection contributions) and required discontinuation of runs at these  conditions. 
These effects  require fur ther  theoret ical  and experimental  studies. 

CONCLUSIONS 

Mass transfer at supercrit ical conditions is dramatical ly enhanced by strong 
natural convection effects .  The ef fec t  of natural  eonveetion is strongest at 
pressures near the erit ical point and diminishes as pressure is increased. In th e  
near future, we will present results for multiple layers of naphthalene particles and 
for different temperatures.  



NOMENCLATURE 

AT 
dp 

Dv 
Ea 
g 
G 
Gr 
Jd 

May 
n 
P 
Pe 
Pe 
Pe, a 
Pr 
R 
Re 
Se 
Sh 
T 
To 
Tr 
T~ 
U 

U s 

VT 
y* 

Yn 

Total surface area of pellets in extractor [cm 2] 
Average diameter of sphere possessing the same surface area as a piece 
of packing [cm] 
Moleeular diffusivity [cm2/see] _ 
Axial dispersion coefficient [cruZ/see] 
Gravltational acceleration [cm/sec z] 
Superficial mass velocity [g/em2see] 
Orashof number = dngpAp/1J Z 
Mass transfer factor'= ShRe'iSe "113 
Mass transfer coefficient [gmole/em2see mole-fraction] 
Total height of bed [em] 
Average moleeular weight [g/gmole] 
Number of perfect mixers 
Total pressure [atm] 
Critical pressure latin] 
Peeler number = usd~/D v 
Axial Peclet number'= udo/E a 
Reduced pressure = PIPe "' 
Gas eonstant= 0.08205 latin literlgmole °K] 
Reynolds number = pd~usll~ 
Sehmidt number = ~/~D v 
Sherwood number = ky Mav dp/p D v 
Temperature [C] 
Critical temperature [K] 
Reduced temperature (absolute) 
Tortuosity of bed 
Interstitial veloeity [emlsee] 
Superficial velocity [emlsee] 
Total molal flow rate [gmolelsee] 
Equilibrium mole fraction of component of A 
Mole fraction of component A in stream outgoing from nth cell 

GREEK LETTERS 

E 
P 
P 
PC 
Pi 
Pr 
&p 

Void fraction 
Viseosity [g/cm see] 
Average density over the bed length [g/em 3] 
Critical density [glem 3] 
Dens~.ty at solid-solvent interface [g/em 3] 
Reduced density = pip e 
Average density difference = oi " P [g/cm3] 
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TABLE I l l  

MASS TRANSFER COEFFICIENTS AND DIMENSIONLESS GROUPS 
WITH ONE LAYER OF NAPHTHALENE PELLETS AT 35°C AND 100 ATH 

Run 
No. 

Velocity (1/min) y x 103 G x 102* k~ x 104 
at OOC, ! arm (mole-fraction) (9rlcm sec) (gm61e/cm2-sec) 

1-10 31.30 1.24 11.04 2.53 
1- 9 20.98 2.47 7.41 2.59 
1- 8 13.45 3.73 4.76 2.56 
1- 7 9.22 4.73 3.27 2.48 
1- 5 7.16 5.08 2.54 2.01 
1- 6 4.87 6.26 1.73 2.14 
I- 1 2.56 8.01 0.91 2.10 
1- 3 0.83 9.82 0.30 1.86 

Run 
No, Re* Jd* GrxlO-6* Sh* Sh Sc-I/3. ScGrxlO -7. 

I-I0 
1-9 
1-8 
1-7 
1-5 
1-6 
I - I  
1-3 

54.45 0.41 2.675 45.40 22.47 2.205 
44.15 0.63 4.401 55,B6 27.70 3.610 
29.94 8.96 4.Bl l  58.14 28.87 3.927 
20.65 1.36 4.604 56,47 28.08 3.744 
16.70 1.41 5,069 47,43 23,60 4.177 
11,02 2.21 4.290 48.91 24,37 3.470 
5.84 4.10 3.B75 48,01 23.97 3.115 
2.13 11.13 4.715 47.75 23,73 3,768 

Densities are averaged over the bed length. The ~ in density 
due to dissolved naphthalene is estimated using the Peng-Robinson 
(1976) equation of state with a binary interaction parameter of 
0,095. 



TABLE IV 

HASS TRANSFER COEFFICIENTS AND DIHEHSIONLESS GROUPS 
WITH ONE LAYER OF NAPHTHALENE PELLETS AT 35Oc AND 200 ATM 

Run Velocity (I/min) y x 103 G x 102* ky x 104 
No. at OOC, i arm (mole-fraction) (9r/¢m 2 sec) (9mole/cm2-sec) 

2-Ii 18.26 3.66 6.46 
2- 9 13.89 3.71 4.92 
2- 8 10.65 3.26 3.77 
2-10 6,21 5.53 2.20 
2- 5 3.89 7,75 1,38 
2- 4 3.84 7.48 1.37 
2- 7 2.89 7.45 1.03 
2-12 2.14 9.57 0.76 
2- 6 1.56 8.81 0.56 
2- 3 1.12 9.21 0.40 

2.49 
1.94 
1.62 
1.26 
1.44 
1.30 
0.88 
1.13 
0.61 
0.44 

Run 
No. Re* 3d* Sh* GrxlO -6. Sh Sc-I/3. ScGrxlO-7* 

2-11 28.24 0.84 52.91 1.195 
2- 9 21.42 0.86 41.04 1.182 
2- 8 14.5i 0.94 30.40 0.831 
2-10 10.40 1.25 28.18 1.393 
2- 5 6.32 2.88 31.94 1.142 
2- 4 6.33 2.08 29.18 1.210 
2- 7 5.02 1.86 20.79 1~411 
2-12 3,60 3.24 25.92 3.162 
2- 6 2,79 2.40 14.88 1.446 
2 - 3  2,11 2.38 11.18 1.652 

23.78 
18.45 
13.66 
12.96 
14.38 
13.14 
9.36 

11.67 
6.70 
5.03 

1.315 
1.301 
0.916 
1.531 
1.252 
1.327 
1.548 
1.272 
1.585 
1.810 

* See footnote for Table I I I .  

4 



LIST OF YlGURES 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

:Figure 6 

Figure 7 

Yigure 8 

-Yigure 9 

Reduced density-redueed pressure diagram for carbon dioxide at various 
reduced temperatures (Tr) in the vicinity of the critical point (Paulaitis 
et al., 1983). 

Binary diffusivity of CO2-Naphthe3ene system (Iomtev and 
Tsekhanskaya, 1964). 

Viscosity of carbon dioxide (Stephen and Lucas, 1979). 

Schematic diagram of the experimental apparatus. 

Relationship between axial Peelet number (Pc, a) and Reynolds number 
(Re) (Sherwood et aL, 1975). 

Correlation between Sh and SeGr at 35°C. 

Correlation for natural and forced convection. 

Comparison of m a s s  transfer correlations under supercritieal (100-200 
atm, 35°C) and suberitical (1 at'm, 25°C) conditions. 

Comparison between supereritieal mass transfer coefficients (100-200 
arm, 35°C) and subcritical mass transfer coefficients (1 atm, 25°C). 



i l I I I i I I I I I I I i I I I I  I 

- 

,'..:~:i:!:~:~.~ " "~!::-':.~:~ ~,:~:~:~:~:~ ~::::::...:.-::~-.:;~ TWO PHASE ........... ~-:'-:-'.':~/ / '~"" / 
"': ' :" ' : ' :" ' : i~ :s:: :::': :: ~.:::, . i  [~~i~ REGION :::"..:i~m:;-:~ ! ! 
,.<..: , .: .::,:.:.:,:.:,....':~.:..::...:. ::.:::.~:.:-:...~.:.:.:,:~:::~.~::-- 
:,,.~.,.~:,.:.:.;.!.:~,~i~i:~&.:~:,i~.~.:s~:.h...~.i~i..:~&~....;.~k..:~ ,:.:ii.:,..:.i 
:!~:~ ~::~.:.:..'::~:~!~-~.,"-~.~i~:.:"~.:'-:.'~ ~ ~:'. ::-~ ~..'.-'!!:'..~'~!:!i~:~ • "~!~c.'~.': ~:.'::,:~::::::::::~.:::.':::::'-:::'-.-'-:.~::-::::::.': .:.:.:-:-~:.:-:.:.:-:~.:.'-' 

.':':':.': ::::::::::::.~.'..':~: ~:-:: ::.::::.:::::.:.:-:.:." f~!~i~::::::~::~:~.:~,!~!~ POINT :~::.::~.~:::i:i:~!~i / / ::::::::: : ~:':~: ~:.~:~:::.:::-:..,.-....:-..~.:.:.:.~.~ ~ . :  ::: :::::::::::::. 
~:::~...:~;~.:-.~:`~::~:~:~.::~::::::.:`.~.:::::~;.:.~.:P::::~:~¢~:~ 

• ".'-':.::.:~.:::~:~ ~:~ ::~ ~ ~ ~ ~ ~ ~'-:;::".'.-&~.~:~:i:~:.'-~ ~ 
• ~:~:~:~:~::::.::::-.~. ::..:::..:s:::::~:.:.:, ,.::..::.:.:....:.:.:.:.:.:.:.:~ 

0.1 1.(3 10.0 
REDUCED PRESSURE (Pr) 

Figure 1. Reduced density-reduced pressure diagram 
for carbon-dioxide at various reduced tem- 
peratures (Tr) in the vicinity of the critical 

~point (Paulaitis et al,, lg83). 



3 

2.5- 

2 -  

1.5- 
(3 

v 

X 

-i-- 

0.5 
0,3 

[] 35 °C 

D 45°C 

• 55 °C 
ID 

o 

o:4 oC5 o:6 o.~ o:8 o:9 
Densily of CO 2 (g/cm 3) 

Figure 2. Binary diffusivity in C02 - Naphthalene 
system (Iomtev and Tsekhanskaya, 1964). 



10 

9 -  

8 ~ 

"S" 

7 -  
E 

6-  v 

"o 
X 5 -  

0 4 -  
0 

.~_ 
>-  

3 

[] 100 otto 

[] 150 atm 

. . ' e ~ _  • 200 otm 

I ' i , J  , | i i i i i i 

300 3~o 320 330 340 3so 360 

Temperature (OK) 

Figure 3. Viscosity of carbon dioxide (Stephen end Lucos, 1979). " 



l - -  

l - -  

n 

E ~ 

L) 
t~ 

. . . . . . . . . . .  ' r ? 7 1 ~ ~ ~  ,_ 

3 

tu ~ 0  ~ 0  
~ co ¢n m,'," .~ 

cl~ i]1 

~ . ~  ' ,- 

~.. *"' ~ o e" o 

• "~ ~2 

O. 

n 

(x) 

E 

£:). 
x 
Q) 

G) 
.£:: 

~ E 
o 

~ :5 

. ~ ' ~ - , , , , ~ .  ~ ~ 



10 3 

H 101 

m 1 

II 

cff 10 -1  
13_ 

i i , i  

I 
| i - -  | 

/ 
S o  = 7 3 0 / ' "  

/ 
/ 

/ 
/ 

/ 
/ 

1 / 1 

/ 
/ / 

"1 i /  / I / / 
sc = 2 / / ~ I s =  --- o.6 

/ / 
/ / 

/ / 

LIQUIDS 

, , / / /  GASES 
/ / 

/ /  . /  J AXIAL 

1 0 - 2  , I / z', l  I , I I ,  
10 -4  10 -3  10 -2  10 "1 1 101 

Re = edpUs 

. . . .  / ~  ..~._ ,.. _._.,~..."- . RAPID / 
/ . ' ~ ' q k  / / MIXING ~ - - ~  

/ IN VOIDS _MOLECULAR~ / / 
D I F F U S I O N / ' ~ / /  

/ / 

10 2 10 3 10 4 

Figure 5. Relationship between axial Peclet number (Pe,a) and 
Reynolds number (Re) (Sherwood et aL, 1975). 



300 

nt~ 100 

E 

0 
o 

t -  
( z )  

Izl 

r 

. ~  .e --~mlm j ~  
I J 

f f 
J 

f 
J 

[ ]  This work ot 100 a tm 

FI KorabeXaRL(.~..minar naturol convection.n~, 1971 

@ t,,!ondelbaum, 1973 

0.05 0.1 1 5 
ScGr x 10 -8 

Figure 6. Correlation between Sh and ScGr at 35 °C. 



I 
tJ 

{/1 
,,¢ 
L/1 

1000 

I00 

10  ̧  

ill 
I Tnis v, orF oL 100 otto (3/1.  =" cvlinoric.oipellets) 

'--1 Tn;s work o~ "_'00 o t m  t3/1~'" cvi~norical pell'~.tS~ j 

Korac_elOS_(3"_aia._mete_ r SO.heresy. 1"371 / 

Korat)elos (1"' a lometer sDneres~. 1.=71 

Kora___E~ejgs ~ d l g m ~  .~n~res). 15.7.1 . , ~  

/ ,  

• " J "z " 
, ...,,__=.,,,~. -.-,~/ShS~-'/-'=2.39 

. . . . . . . .  _ 

. ~  • 

. . . .  _ _ . _ . . . f  L_ ShSc..ip~__4.5 8 ReV3 

~.01 0.1 ; 10 O. 

Re, Reynolds number 
1000 

Re0.S6 

. ~ . , . ,  
10000 

Figure 7. Correlation for natural ond forced convection. 



03 
r" 
O 
i .  

03 

O 

-6 

500 

100' 

10 ̧  

0.1 

0,01 

[] Thls work o[ 100 olrt, 

Tn ls  ~or ;~  a ~. ~ 0 0  m r n  - 

• Pct rov lc  {Go"--Sol;a~.I~=6E , 

O ~.~dSon (LtoulO-Sol,oi.19=c__:. 

. D l l  I 

L ~ 

. . . . . . . . . . . . . . . .  , . . . . . . .  , • . , . . . . .  . . . . . . . .  . 

o.ool o:ol o.~ I Io ~oo IOOO ~ooo 
Re, Reynolds number 

Fiaure 6. Comparison oi" mass transfer correlations under supercritical 
(100 - 2 0 0  aim, 35 °C )  and subcritical (1 otto, 25 ° C ]  conditions. 



P 
I 

o 
E 
O 

# 
o 

E 

x 

I0 

0.1 - 
0 .001  

/ 
/ 

/ 
/ 

/ 

[ ]  /d 
/5 

,,, [ ]  Th;s work ot 100  o l in  

~, I"1 This work ~ t  2 0 0  o tm 

6 Brads how (A}r_.-C.=.H,), 196.1 

O R~,;c, LCO.-C..HJ. 19¢9 
/k Resnlck (AIr_~:C~C H4). 194(3 . 

i . . . .  , , , i  , , I ,  i . , , , 1  I I  o • J , , , , ,  

0.01 0.1 

G, Superficial mass velocity (g/cm 2 sec) 

Figure 9. Compar!son between supQer-crifical mass 
transfer coefficients (,100 - 200 afro; 35 C) and subcritical 
mass ~ransfer coeff icients (1 a im,  25 oC). 



'0 " 

U) 0 

0 

0 

m _a,,t :P.i 

- n O , .  ~ 

.;",m ,. ;J tv~ 

U ' D  ~-  w 
, 

!~, =1 4) e~ '-- w_ 
U ' I m  w ~ im 

e 

Reproduced by 
National Technical Information Service 
Springfield, VA 22161 

This report was printed specifically for your order 
from nearly 3 million titles available in our collection. 

For economy and efficiency, NTIS does not maintain stock of its 
vast collection of technical reports. Rather, most documents are 
custom reproduced for each order. Documents that are not in 
electronic format are reproduced from master archival copies 
and are the best possible reproductions available. 
Occasionally, older master materials may reproduce portions of 
documents that are not fully legible. If you have questions 
concerning this document or any order you have placed with 
NTIS, please call our Customer Service Department at (703) 
605-6050. 

About  NTIS 

NTIS collects scientific, technical, engineering, and related 
• business information -then organizes, maintains, and 
disseminates that information in a variety of formats - including 
electronic download, online access, CD-ROM, magnetic tape, 
diskette, multimedia, microfiche and paper. 

The NTIS collection of nearly 3 million titles includes reports 
describing research conducted or sponsored by federal 
agencies and their contractors; statistical and business 
information; U.S. military publications; multimedia training 
products; computer software and electronic databases 
developed by federal agencies; and technical reports prepared 
by research organizations worldwide. 

For more information about NTIS, visit our Web site at 
http:l/www.ntis.gov. 

. 

E n s u r i n g  P e r m a n e n t ,  E a s y  A c c e s s  to  
U .S .  G o v e r n m e n t  I n f o r m a t i o n  A s s e t s  



U.S. DEPARTMENT OF COMMERCE 
Technology Admini~afion 

Nalional Technical Information Se~ice 
Springfield, VA 22161 (703) 605-6000 


