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TASK1: THE USE OF SLURRY REACTORS FOR INDIRECT COAL
LIQUEFACTION |

The cgnversion of synthesis gas to liquid produets is usually canfied 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 eare must be taken to prevent the catalyst from overheating with loss
of selectivity and activity. 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 promi;ing for indireet liquefaction

pracesses.

Scope of Work

In Task 1 of this éroject, the use of a slurry reactor for indirect coal
liquefaction is being studied. F_V_ork is being done using three indireet liquefaction
routes involving sy{lthesis gas — the Fiscﬁer—Tropsch reaetion, the one-step
conversion to meth;nol, and the two;step: coﬁversion to methanol via methyl

formate.

Results and Highlights .
Work during the quarter was devoted primarily to investigating the kineties
of the two—stép process for conversion of synthesis gas to methanol. The synthesis

consists of two sequential reactions. The first is the carbonylation of methanol to

" methyl formate and the second is the hydrogenation of methyl formate to two

molecules of methanocl, thus regenerating the methanol used in the earbonylation
step and producing one molecule of product. The reactions ean be earried out-
separately or they can occur simultaneously in the same reactor. Each method has

advantages and disadvantages. Carrying out the reactions in separate reactors



allows the use of optimum reaction conditions for each reaction, but does require
more equipment and the purification of products between stages. Carrying out the
~ reactions simultaneously requires less equipment and there is no intermediate
purification required, but both reactions musf take place at the same temperature
and pressure, and there can be deleterious interactions between the reactions. In
particular, carbon monoxide which is present for the carbonylation step is a poison
for the hydrogenation catalyst.

In previous reports, the kinetics of the individual reactions when carried out
separately were reported. During the last quarter, the rate of reaction for the
simultaneous two-step reaction was measured. Three temperatures were used -
140°9C, 160°C, and 180°C. Other parameters were kept constant at the values .
shown in Tabie 1-1. The expériments were conducted with a continuous feed of CO

and Hg at a rate substantially greater than the rate of reaction and with an excess

of hydrogen. Unreacted gas was removed continuously. The rate. of consumption
of CO and Hp could thus be measured. Hydrogen consumption is direetly
proportional to methanol production (assuming no hydrogen consumption in any by-
products), so the vertical axis in Figures 1-1 and 1-2 is labeled as rate of methanol
production. The fraction of CO converted is shown in Figures 1-3 and 1-4. The
initial reactor contents were pure methanol, and during the first 20 - 40 hours the
composition slowly changed. After about 40 hours, the liquid composition remained
constant with the mole fraction of methyl form#ie varying from 0.02 to 0.06. No
liquid products were removed, and the liquid level in the reactor slowly rose during
the run. Runs were continued for more than 200 hours to evaluate performance

over an extended period.



Table 1-1: - Cperating Conditions Used

for Simultaneous :r;vo;Step Reaction Study

Variables . Values
Pressure 62.2 atm
Feed H2/CO ratio 3

Spaca Velocity . 360 1/hr
Initial MeOH 500 «cc
Initial MeF 0 cc
Potassium Methoxide 15 gram

(Carboniyation Catalyst)

6-89 (Hydrogenation Catalyst) 20 gram
Stirrer Speed : 1800 rpm

A decrease in reaction rate with time for simultaneous reaetions was noted in
the last report and can be seen also in the data in Figure 1-1 through 1-4. There is
a steady decrease in reaction rate with time at all three temperatures studied.
Since the limiting reaction rate is hydrogenation, it is evident that the
hydrogenation catalyst is losing activity with time. “The rate of decrease of
reaction rate (dR/dT) is greatest at 140°C and lowest at 180°C. One explanation
for this trend is that the deactivation is caused by a chemisorbed poison which
forms stroﬁg bonds with the active sites or changes the electronie nature of the
surface. Since desorption rates increase faster with temperature than adsorption

rates, the net effect would be a decrease in adsorbed poison with temperature.1
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The most likely source for a poison would be a by-product of the reaction
which is produced in small amounts. The analysis of the effiuent gases from the
reactor using gas chromotography yielded three unidentified by-products. The
mole fractions of these products in the effluent gas from the reactor are shown in
Figures 1-5, 1-6, and 1-7. Samples are being analyzed by mass spectrometer, but
the results are not available as yet. While one of these might be responsbile for
the observed deactivation, it seems unlikely because in each case the rate of

‘»producﬁon increases substantially with temperature. If the deactivation is caused
by a poison, it is probably a small amount of an undetected by-product.

It can be seen in Figures 1-1 and 1-2 that the rate of hydrogenation increased
to a maximum and then slowly d‘;ecreased for runs made at 140°C and 160°C.
However, at 180°C there is a very sﬁarp decrease in rate between 20 and 40 hours,
followed by a slow decrease. This indicates a substantial difference in catalyst
performance at 1809C during the first 40 hours of operation. It was also obse:-ved
that there was a significant production of methane during this period for the run
made at 180°C. No methane was found for the runs at 140°C and 160°C,.and none
was {sund for the run at 180°C after tﬁe first forty hours. It seems pro!;zble that
these observations are related. The effect is being studied further.

In another run, the effect of total pressure on methancl production was
stixdied at 1409C, a feed H9/CO ratio of 6, and a space velocity of 260 hr~l. The
pressure was initially 62.2 atm, and after 210 hours, the methanol production rate
was constant. The pressure was then lowered and after ten hours, the reaction rate
was measured. The pressure was lowered agsain, and thé rate measured. The

results are shown in Figure 1-8. As expected, nigher methanol production rates

were obtained at higher total pressures.




0.03 [ H . H H
E P o H2/c0 = 5. P= soo pﬂg 5 ;
i CH30K =15 g, Gu/Cr203 = 20jg i
E ' SPACE VELOCITY 360 i/hr FOR 160 AND 1804C
w SPACE VELOCITY 400 !/hr FOR 140 C.
4 § REACTION START FROH 500 cc N.OH i
- S'ﬂRRER SPEED IBOO rpm ‘
8 0.024 - eeee A R reedieresanens g .................. ,;..........?..........:.... ................ : ..........
a Jo et |
. in P S R
H v H s s » ': ':
z 0,01 or0veee .‘....‘....;............... ..... Bess ...‘;.g cosrsaney --........:;..u.......:'...........: ..................... " ..........
(] S ] H al : A ;
s i . i d : N 2
. ] ] & [ ] . ] . H
E “ b : Poa i sl :
= : ; : : : H “
0.00 ~{=——nsempssmssmye . — ! Y T Y ] Y 1
0 20 40° 060 60 100 120 140 100 180 200 220 240

Time (hr)

Figure 1-5. Mole Fraction of By-Product lin Effiuent Gas From Reactor
(A = 140 C; X = 160 C;n,m = 180 C)




01

T R . ' s

§ i H2/CO= .3. P =i900 pﬂg

; : i CH3OK =15 g, €u/Cr2G3 =209

g i SPACE VELOCITYi= 360 V/hr FOR 160 AND 180JC
; : i SPACE VELOCITY = 400 i/hr FOR 140 C. '
. i REACTION START{FROM 500 cc HeOH

: { : stmcn spcr.o moo rplh '

»
: . H
: H [ H
[] ] ]
0.010 - - eeremrepraeirerrsmcicamngiatsisnen ferererraaadainiannanigereninisiveiscitiiraminairenibogiionannae , .....................
. . ] . H
o : : . 8 .
. . H . . ! q ' c c .
. N N » . . a . . .
] . I3 H L] a0 h . a H v
v . 1] . [ . + . . .
. [l . . . . M ' . . v
. * [ » H . . ] ] . .
. s . . H ' ' H . » »
. . . . H
. '
. ] .
[] .
.
1

MOLE FRACTION OF BY-PRODUCT 2 IN EFFLUENT

.: . : E ; i E : ! : .
: : : ; : ' : ; : ;
: ! : : } : o : R S
Y ; H : a : i : : : ;
: : : ! : : : ; : : :
q . . 14 [ [ 4 . a .
. . ' . » . h . . ’ ¢
: : : : : : : : : : :
y i A : : : : i : : :
[ T O S SRR IS TUUUN N S veebestresanes Leeeeriaces LI A P
0.008 et ; T e W W : : : e Ey ; :
: : P : I R : : : :
H H 'n . H H LN H . ' H
z ; ; P i ; : ; .= : :
e s HE ) H H U H : H o .
‘ hx P T e ox s : i a s
a i) : ;e : g : i :
s A ; § s a = i
[ . [ . ]
E E . : : : : ‘ A v A! . ': - .
1] 1] [
: : : A s s Y S : :
. A ) N . ) . ) [} . . .
S N N AN U N A N S S
°-°°° L ] | )
L3 s ] i

80 100 120 140 160 180 200 220 240
Time (hr) '

Figure 1-6. Mole Fraction of By-Product 2 in Effluent Gas from Reactor
(A=140C X=160C Qg .8 = 180 C)

-]
»N
o
o
o
S
Q




11

E 0.03 : H : ‘ H 4 H . : . i
' H2/CO = 3 P=i900pslg |
E . : CH30K = 115 g, Cu/CrZGS 20ig ;
v} i SPACE VELOCITYi= 360 ¥/hr FOR 160 AND 180}C
Z i SPACE VELOCITYi='400 V/nr FOR 140 ci
s i REACTION START FROM 500 cc MeOH |
5 '0.02drenbencienn I S §..........§.......§.".B.B.FB.§!’§F9..!§.QQ.€ 1. T NN SOOI
[a] : : : : 5 ; ] H
Q ' a i i : : : 5
T * a 5 i : : s :
U : a
o ' s
2 0.0 :
cﬁ) :
< : i ; H
e S PO S MU N N T A
ﬂ » s % : : ' x i i
(@] * é s : S : <M : A : o
2 0,00t S LI S S e
. {

o 20 40 60 80 100 120 140 180 180 200 ({20 240
Time (hr)

Figure 1-7. Mole Fraction of By-Product 3 1n Effluent Gas from Reactor
(A=100C; X=160C; 2 , 8 =180 C)



*10"*

4.0
£
3
Q
=
]
=
‘ ~ ®
‘ £
l E |
\ ° ¥ = 140 C, H2/CO = 6
? E CH30K = 15 g, Cu/Crj03 =20¢g
g 1.0.. ............................... docecossscessaessasessscaceensese FPKCEVEWCNY'Z“'%? ..........................
g ?nnncn SPEED 1800 rpm
i
o.oL ; ;
60

30 40 : -840
TOTAL PRESSURE (atm)

Figure 1-8. Effect of Pressure on Rate of Methanol Prgduction at 140 C

70




Future Wori{

During the next quarter, analysis will eontinue of the data obtained for the
simultaneous two-step process, and experimental measurements will be made
where appropriate. Attention will be concentrated on determining the effect of
'H2/CO ratio, the explanation for cataiyst deactivation, and the effeet of

temperature on the reaction. The analysis of by-products will also continue.

References Cited

1. Rase, H.F., "Chemical Reacfor Design for Process Plants,” Volume 1, John
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TASK 2: COAL LIQUEFACTION UNDER SUPERCRITICAL CONDITIONS

Supereritical fluid extraction is an attractive process primarily because the
density and solvent power of a fluid changes dramatieally with pressure at near
critical conditions, and during the extraction of coal, the density of a supereritical
fluid should also change the extractability of the coal. During earlier quarters a
non-reacting supercritical fluid, toluene, was studied to determine the effect of
density on the coal extraction/reaction process. Extractions were ecarried 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 tempera'_cure. A kinetic model shows
that higher solvent densities result in faster conversion rates and in higher total
conversions. Two papers have resulted from this study.

A second factor that makes supereritical extraction attractive is high mass
transfer rates. At high pressures, mass transfer rates in a supereritical fluid are
mvjch higher than in a liquid, despite the fact that the superecritical fluid has liquid-
. like solvent powers. The objective oti 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 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 define the flow rates liquid/solvent ratios
that would be appropriate for a supercritical system.

In this report, the entire program for evaluating mass transfer coefficients
under supercritical conditions is described and a review of current knowledge and

planned correlationsal appraoches is given.
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BACEGROUND

Historically, interest in superecritical fluids was initially related to the
observation that such fluids were often excellent solvents. This faet was
discovered over 100 years ago-by Hannay12 and by Hannay and Hogarth.13’14 Prior
to that time, it was generally thought that materials above their eritical
temperatures would be gaseous in nature and thus poor solvents.

| Studies of solubilities in supereritieal fluids have been continued15:16 and in
most instances, they concenirated on developing phase diagrams for binary
mixtures, particularly pressure-temperature projections. Vapor-liquid equilibrium
data on binary hydrocarbon systems at elevated pressure became ajvailable in the
1930's17:18 and the first patent for the practical application of supereritical
extraction was made in 1943.19 ZLater, Maddacks,20 Tugrul?l and Bartle et al.22
described the extraction of ecomponents of low volatility from coal liquids using
supereritical toluene. Barton and Fenske23 suggested using C13 and C12 paraffinic
fractions to desalinate sea water. Hubert and Vitzhu24 studied on the removal of
nicotine from tobacco leaves, of caffeine from green cofiee beans, and the
separation of a hop extract from commercial-hops, in all cases using supereritieal
carbon dixoide. Modell et al.29:26 giscussed the regeneration of aetivated carbon
by the use of supereritiecal earbon dioxid;a.

Critical data for a number of possible supereritieal fluid solvents are listed in
Table 2-1. These gases are suitable as a solvent either on ‘.chein own or as
components of mixtures. Because of their low eritiecal temperatures, several of
them can be used to extraet heat-labile substances. Particularly, superecritical
carbon dioxide is a very attractive solvent for practical applications because it is

nonflammable, nontoxic, environmentally acceptable and relatively inexpensive.
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The critical temperature of carbon dioxide is only 304°K (31°C) and thus it e¢an be
used at moderate temperature for the extraction of heat sensitive substances
without degradation. One good example of using supercritical carbon dioxide is

shown in selective extraction of caffeine from green coffee beans.

Table 2-1: Critical Data for Some Supercritical Solvents’S

Critical Critical Critical

Temperature Pressure Densit
Substance K MPa g cm”
Methane 191 4.60 0.162
Ethylene 282 5.03 0.218
Chlorotrifiuoro methane 302 3.92 0.579
Carbon dioxide 304 7.38 0.468
Ethane 2 305 4.88 0.203
Propylene 365 4.62 0.233
Propane ' 370 4.24 0.217
Ammonia 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, < 1.2 and P, > 1.0 where the SCF is very compressible as
illustrated in Figure 2-1. For example, at a constant T, of 1.0, increasing pressure
from P, = 0.8 to P, = 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 becomes greater. This practical
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consideration sets the upper bound on temperature. At higher pressures, the
density is less sensitive to temperature changes. In the vicinity of the eritical
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 directly in Figure
2-2 in the naphthalene-ethylene system.27,28 Solubilities increase with increasing
ethylene densities along each isotherm due to increasing solvent power, and with
increasing temperature at constant density due 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 solute can be easily separated, and we can fractionate multiple solutes by
stepwise reductions in solvent density.

In addition, SCF hagebetter physiocochemical properties than do gases and
liquids. The order-of-magnitude comparison shown in Table 2-2 indicates that,
whila SCF has liquid-like densities, its viscosities and diffusivities are intermediate
to thosé properties for liquids and gases. Thus SCF has the solvent power of liquids

with better mass-transfer properties.

Table 2-2: Order of Magnitude Compariscn of Gas, SCF and Liquid Phases3

Phase
Property Gas SCF* Liquid
Density (kg/m3) 1 700 1000
Viscosity (Ns/M2) 10-5 104 10-3
Diffusion coefficient (cm?/s) _  10-1 10-4 10-5

* At T.=1and P =2

** 103 centipoise = 1 Ns/m2
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DIFPFUSION COEFFICIENT AND VISCOSITY

The development of mass-transfer models requires knowledge of the diffusion
coefficient of the solute, the viscosity, and the density of the fluid phase which can
be used to correlate mass transfer coefficients.

Experimental data on diffusion coefficients in supercritical condition are
scarce. Most studies on diffusion coefficient in the high pressure Had been limited
to the measurement of self diffusion coefficients, and binary diffusion coefficients
in simple systems such as Hg-No, HE-Ng and Hg-Ar.32 But recently, several
experim-énts has been done to measure the diffusivities in systems such as
naphthalene-CQg,33,34 benzene-COg and caffeine-C07.33 As a result of this
work, it has been found that the viscosities and diffusivities of supercritical fluids:
were strongly dependent upon pressure and temperature in the vicinity of the
critical point, and the ratios (Dyp)/(Dys)® were 0.8 to 1.2. (Dyp)° is the value
calculated on the basis of the low density theory for a gas rat the given
temperature. In the recent review article,3% diffusion coefficient for the several
systems were shown as a funetion of reduced pressure in Figure 2-3.

The viscosity of compressed fluids have been studied quite extensively. In
Figure 2-4, the typical data of the viscosities of supercritical carbon dioxide is
given as a function of pressure.36 At the low pressure, the viscosities of earbon

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

viscosities increase rapidly with pressure.
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Table 2-3: Key for figure 2-3.

Symbol T. ‘c Syiiem Refercnce
. 20 CO3~Naphthakae 36, S
x 30
- 40
a s CO,-Naphthakne 5
v ss :

Rl 12 Etbylcas-Naphthalsos 58
-~ 35
ll 40 CO;~Beazene 6o
—— 40 00;-Piupylbenrcns 34
o) 40 €0;~1,2,3-Trmethylbeazeas 34
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MODELS FOR FLOW SYSTEM IN A PACKED BED

The packed bed reactor is applicable in many operations, such as extraction,
" adsorption, leaching, ion exchange and catalytic processes. Therefore, mass-
transfer coefficients in packed beds is the foecus 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 ecomplete radial mixing. Although no actual rezetors ean
be fully represented by an ideal model, the plug flow model can be used in a
number of packed bed reactors which:behave clese to the ideai.

However, flow behavior of most 6f the actual packed bed reactors deviates
from ideal conditions. The deviation may be caused by nonuniform velocity profile,
veloeity fluetuation due to molecular or turbulent diffusionm, by short-eircuiting,
by-passing and channeling of fluid, and by the presence of stagnant regio_ns of fluid
caused by the reactor shape and internals.: Many flow models consiéering the
" nonideality of the flow pattern in packed reactor have been proposed.37-41 Among
them, the cell model or compartment model4%:41 is one of the most widely used
models owing tb its advantages over other models as decribed below. We used
these two models (ideal ’plug flow model and :cel:l model) to gét mass-transfer

coefficients and estimate nonideality.

The Ideal Plug Flow Model

Flow patterns in packed bed reactors with small ratios of the tube and
particle diameter to length can be elosely approximated by plug flow. The

measurement of mass-transfer coefficients is based upon the following equation:
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AN, = d(V=y,) = k. (y: - y,)dA = k_ (¥, = y,)acSdL (2-1)
A ™A y\WYa ~Ya y\Wa = Ypl3g

Here,

v e L (2-2)

where V' is molal flow rate of inert component in moles per unit time. Therefore,

y dy dy _
d(upyy) = VAR = vt —R v A (2-3)
}(1 - .VA) A

From equations (2-1) and (2-2)

L
T .
0

. -
TRIn=0 (1 - yp)ly, - yp) By

yA,out dyA

y
where GMy is the average molal mass velocity of the gas in moles per unit area per
unit time. For dilute gas (i.e., 1 -ya = 1),

y
Aout vy Ky3s (2-5)
- (2

By integration and rearrangement,
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ke = () In (—B2—)
ys g _
Ya = Ya,out

Axial Dispersion in a Packed Bed

Severa! models have been used to analyze and correlate experimental data on
mixing in a packed bed. They introduced radial and/or -axial diffusion coefficients
Ep and/or Eg, independent of solute concentration, to take into account the mixing
effect in the radial and/or axial directions respectively, for packed beds. These
diffusion coefficients can be realted to flow parameters, fl.uid properties and the
geometry of the bed and the packing.

In a packed bed catalytic reactor, a chemical reaction takes place in a bed
and heat flows through the tube wall and therefore, the radial heat and mass
transfer are not negligible. However, radial dispersion can usually be neglected
compared with axial dispersion when the ratio of column diameter to length is
small and the flg_yz» is In the turbulent regi;zxe. Many investigators have found that
the mixing ;Efect in packed beds could be well deseribed in an axial dispersion
coefficient E, alone even though there was some radial dispersion effect.

Dankwerts?! first published the results on axial dispersion in a packed bed.
Wen and Fan4? summarized the results of previous investigations on the axial
diépersion of li’quids'r(Figure 2-5) and gases (Figure 2-6) in packed beds and have
developed empirieal correlations (shown below) based on about 500 data poin_ts for
liquids and gases, respectively. The axial Peclet number Pg 4 is defined as dpu/Ea.
These eqguations can be used to dete.'rmine the axial diffusion coefficient E4 for

liquids and gases, respectively.
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Liquids:

ePe,a = 0.2 + 0.11 Re0-48 (2-7)
Gases:
1__ 0.3, 0.5  (2-8)
Pe,a ScRe g 4 3.8(ReSc)'1

for 6.008 < Re < 400 and 0.28 < Se < 2.2

The general correlation of existing data of the axial dispersion coefficient for
liquids and gases respectively43 is shown in Figure 2-7. The dashed lines represent
the molecular-diffusion asymptotes, for Pe = (Re}(Se)T./e. The lines shown are for

T = /2 and ¢ = 0.4. In the case of gases, Pe a remains approximately constant,
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decreasing little from its value of 2 until molecular diffusion is important at Re
around 1.0. Molecular diffusion in liquids, however, is so slow that E, inereases as
Re is reduced below 500. But as Re is decreased from 300 to 10, Pg 5 remains
approximately proportional to Re indicating that E, is roughly constant in this
region. The correction of Pg 4 with Re is greatly dependent on the magnitude of
the molecular diffusion coeffieient Dy, that is, Schmidt number Se = u/pDy.

Even though no experimental data on axial dispersion have been published for
supereritical fluids, we ean approximate its effeet as described below.
For supercritical systems, the value of the Sechmidt number, around 10, is intermediate
to the values for gases (Se = 1.0) and liquids (Se = 1000). By comparing the order of
magnitude of Schmidt number for‘gases, supercritical fluids and liquids, we can
assume that the value of Pg 4 for SCF is so close to the value of Pg 5 for gas and is
approximately equal to 2.0 when Re is greater than 1.0. -

Kramers and Alberdal? first discussed an analogy between a packed bed and
a series of mixing vessels. By an analogy between the mechanism of imperfeet
mixing and Einstein's kinétic diffusion model, Carberry37 showed that the number

of perfect mixing tanks, n is given by:

Pe,a (2-9)
2

e}

it

o

[}
o.It—

N
m

p

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

Lu_ (2-10)
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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
common characteristic of this model is that the basic mixing unit is a completely
mixed or stirred tank. This model has been employed extensively from early days
of chemical engineering to the present.30,41,45-48  This cell model has the
following practical advantages over other models:

1. The transition mixing behavior of suech model can be presented by a set
of lineér 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-going stream from the ith cell is ;. If the bed is viewed as a series of n
perfect mixing cells each having surfaéé area of pellets A7/n and constant mass-
transfer coefficient ky, then for the steady-state mass-transfer the material

balance around the first cell gives

ky(AT/0)y* - ¥1) = VT{y1 - Vo) (2-11)

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

similarity for each cell (its derivation is not given here)




*

"y -y
= ok [(*_o)l/n - 1]

k_yaS _ (2-12)
T ¥y ~¥

nv
SL
n

As mentioned above, we can assume that the value of Pg, 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 eguation {(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 supercritical conditions ean 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 c;mditions are
determined; they need to be correlated as a funetion of the significant independent
variables. Data on the rate of transfer between beds or particles and a flowing
fluid are needed in the design of many industrial devices used for extraction,
adsorption, leaching, ion exchange and chromatography. Numerous studies for
packed beds have been carried out with the objeet of measuring mass-transfer
coefficients and eorrelating the results under standard conditions, usually at 1 atm
and 259C. As far as we know, no data have been published on the mass-transfer
coefficients under supereritical conditions. As several researchers pointed
out,10:11 ynder supercritical conditions we expect correlations for mass-transfer
coefficients to differ from those for mass-transfer eoefficients of solid-gas or

solid-liguid systems under standard conditions.
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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

relationships obtained for heat transfer:

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

where Sh, Re, Sc, and Gr are respectively the Sherwood number, Reynolds,
Schmidt, and Grashof numbers for the mass-transfer. Such a relationship has been
obtained theoretically by Eckert4® from a consideration of the boundary
conditions.

Below we describe several existing correlations, developed under non-
supercritical conditions, which may serve as guxda for the correlations to be

developed in this work.

Natural Convection

Recently, Debenedetti and Reid50 pointed out that, in the ecase of
supercritical fluids, buoyant effects had to be considered because supereritical
fluids showed extremely 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. I-‘rorﬁ the last column in Figure 2-8, we can find that
tne effect of buoyant forces is ﬁi;re than two orders of magnitude higher in
supereritical fluid than in normal liquids.

For transfer under natural convection condition. where the Reynolds number

is unimportant, general expression reduces to

Sh = g(Sc,Gr) (2-14)
: 32
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For large Schmidt number (usually liquid system) Karabeal et alsl proposed
the following typical form of relationship for this natural conveetion condition by
the use of asymptotic relations.

Sh = 0.46(GrSc)1/4 (2-15)
for laminar natural convection

Sh = ¢.112(GrSc)l/3 (2-16)

for turbulent natural convection.
If natural convection is dominant, the correlations like those above are likely
to be appropriate for modeling the mass-transfer coefficient data. Its main

difference is that it is independent of Reynolds number Re.

Forced Convection

Under forced convection conditions, where the Grashof{ number. is

unimportant, the general expression becomes
Sh = h(Re,Sc) (2-17)
The most convenient method of correlating mass-transfer data under forced
convection conditions is to plot the jg factor as a function of Reynolds number as

suggested by Colburn® and Chilton and Colburnd who, from theoretical

consideration of flow and from dimensional analysis, defined jg as follows:
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In ealeulating the Schmidt nubmer, n/pDy, the viscosity and density of carbon
dioxide will be used sinece the amount of naphthalene in earbon dioixde has a
negligible effect on these properties.

The functional dependence of jq on Reynolds number Re has been the subjéet
of 'study by many investigators. A variety of equations have been proposed to
represent their experimental data. Many of these correlations also employ the bed
porosity ¢ as an additional correlating parameter. The porosity is the ratio of the
void volume between pellets to the total bed volume. Two typical correlations for
solid-gas and solid-liquid systems are as follows:

1.  Solid ~ Gas Sys‘clern:52

ejgq = 0.357 Re~0.359 3< Re < 2000 (2-19)

2.  Solid-Liquid System:8
ejg = 0.25 Re™0-31 55 < Re < 1500 (2-20)
eig = 1.09 Re~2/3 0.0016 < Re < 55 (2-21)

Other proposed correlations of mass-transfer data are shown in Rable 2-4.91

Combined Natural and Forced Convection
In the intermediate region where natural and forced convection happen
simultaneously, neither the Reynolds number nor the Grashof number can be

neglected. Garner and Grafton®3 suggested that the transfers due to the two
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Karabelas et al.S1 proposed the following

proéesses are simply additive.

correlations using an asymptotic method which are shown in Figure 2-9.

1/4,6 1/3,6)1/6 (2-22)

Sh = [{0.46(GrSc) + {4.58 pe

for 1 in, and 1/2 in, speheres (GrSe < 1.31x108)

1/3}2 0'565c1/3}2|1/2 (2.23)

Sh = [{0.112(GrSc) + {2.39 Re

For 3 in, sphere (GrSec = 3.2x109)
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Table 2-4:

Correlations of mass-transfer data

51

Reference Type of pucking Correlation Re Sc
ol Spherical and Ju=168Re™? < 40 0-61-0-62
cylindrical petlers
Ji= 0-9B9R e~ > 350
&2 Same as above Ju= 1'B2Re~O3 < 350 ~ 0:615
a3 Granularsolid SISt = 0-45R¢~0> <10 ~ 1000
S1Set* = 0-20R e~ > 50
&4 Spheres and eylinders  jy= 1-25S1Re ™" Ry > 620 ~ 061
Ja= 28R, "0 Rew < 620
[$ Spherical and fluke Ju= 1-62SRe—>= < 120 1200~-1500
shaped particlex Ju=0-687R¢-% > 120
66 Porous sphericul logjs = 0-7643 0--10.000 776
particles soukedinan  —~0915log Re+ 0:0817 and
aqueous solution flog Re)? 865
'\ -a-613 R
61 Pellenofsuccinic - StSc™v® =197 [55 Z<200 150-13.000
. € € a,
and sulicylic acids orse F
5150 = 0:29 [55] 2> 200
6 Virious pasticle Je= lm;‘—_elRf"St"m wide range wide range
geametries
ﬂé -13
+ 6 Sc
. —0nd)
&9 Spheres Ja= 146 [-6—6] (1—e)? 5¢ > 100 wide range
ap N ap
i
Je= 17[%] (1—-epe ‘:Ti-< 10
7 Porous spheres Ja= 10Re= < 50 low
Ja = 1'30R e~ > 150
mn Benzoic acid Je = 1-48Re~>> 1-70 ~ 1000
granules - .
. . - i
22 Varouspariclenpes j, =5[22 ] 1< 2 <30 0-6-10.000
ot « - .
=1 B neFciw
) Spherical particles Ju=0-667Rerv 20-200
7 Porous spheres Ja= Eg‘-'?%? ‘l3-2136; 0-606
2 Fixed und fluidized e = 0010+ 583 _ >1 wide range
beds of spheres Rtsr—0-483
15 Fixed und fluidized .
e e 0-30 .
beds of purticles with —fm ———0—ae Re. > 50 wide runge
various geometries S Red 150
. . Re]o% : Re
26 Spherical particles SIS = 240 [-:] 008 <8< 125 ~ 1000
3
SISO = 0442 [—Rf]'" 125 < 2 < s000
7 Pofo‘us ::p'hcrical and . Gd 1 o .
cylindrical Ja= 228 Tl—_—; wide range 0-60
particles
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EXPERIMENTAL

The schematic disgram of the experimental apparatus used in this study is
_shown in Figure 2-10. Liquid carbon dioxide is pumped into the system via a high-
pressure Milton-Roy liquid pump. Pressure is eontrolled by using a back pressure
regulator and pressure fluctuation is dampened with an on-line surge tank. The
system consists of a preheater which allows the solvent to reach the desired
temperature and the extraction vessel 171 em3 in volume, 14.6 em in length and
3.87 in diameter. Tfhe extraction vessel is packed with naphthalene pellets which
_have been made from pure naphthealene using a die. The height of the packing in
the bed can be changed by usit;é inert packing at the bottom and the top of the bed.
The inert packing material being used is glass beads with size similar to that of the.
pellets. Another advantage in using the ix;ert pellets is to get rid of end effects in
the packed bed being used as thé:':éxtrgctor. Pressure at i:he inlet of extraector is
'mea.sured using a pressure transducer. The temperature of the extractor is
measured at the inlet.

The fluid mixture coming out of the extractor is depressurized to
atmospherie pressure by passing it through a heated metering valve and a back
pressure regulator. The instantaneous flow rate of the gas leaving the extractor is
measured using a rotameter and the total amount of gas flow is measured with a
calibrated wet-test meter.

The mass of precipitated solid is found as deseribed below. With tt;is value
2nd total amount of gas flow through.wet-test meter, the mole fraction of solids in
the supereritical fluid can be readily determined. The temperature and pressure in
wet-test meter are also measured.

The sample collectors are high pressure bombs whiech are kept at room

temperature by two 200 watt resistance heaters. Each vessel contains toluene
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which will help dissolve the extract (naphthalene) from the carbon dioxide. These
vessels are operated at 300 to 400 psi where the solubility of the solid in the carbon
dioxide is at a minimunm. The seecond vessel is redundant and is used to guarantee
that all of the extract is collected and to reduce entrainment losses. No
naphthalene was found in these vessels during current experiments. To determine
the amount of extract collected, the amount of toluene (with dissolved extract) is
weighed: A sample of the toluene-extraet solution is then injected into a ga§
chromatograph to determine what portion of the solution is extract. Finally, the
bypass, from valve 12 to 16, is designed to insure steady-state flow through the
extracticn vessel 11.

h The whole apparatus is rated for a pressure of 5000 psi. All measured
temperatures and pressures are recorded on a data logger at regular time intervals.
The parameters that are being studied are:

- Effect of flow rate on solubility of naphthalene in carbon dioxide at

" different pressures and temperatures.

- Effect of bed height on the - mass-transfer coefficient under
supereritical eonditions.

- Effect of flow rate on the mass-transfer coefficient under supereritical
com.:litions.

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

The experimengal conditions are as follows:

System:  Naphthalene - Carbon Dioxide

Pellet Characteristies: .
Material: Naphthalene

Shape: Cylindrical
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Size: Length (mm) = 4.76
Diameter (mm) = 4.76

Height of Bed (mm): 4.76 - 19.04
Temperature of Bed (°K): 308, 318, 328
Pressure (psi): 1470, 2205, 2940, 3675
Flow Rates (STD. liter/min at 0°C and 1 atm): 4 - 30
Reynolds Number: 10 < Re < 250
Schmidt Number: 5 < Se < 12

Grashof Number: 1.69x106 < Gr < 2.13x107

RESULTS AND PLANS

This work is divided into two major parts. The {irst part is to measure mass-
transfer coefficients, while the second one is concerned with establishing the mass-

transfer corrélations under supercritical conditions. ,

Mass-transfer coefficients in packed beds under standard conditions have been
measured using various flow models. Howe\;ér, no study has yet been carried out to
estimate the mass-transfer coefficient under supercritical conditions and no mass-
transfer correlations under these conditions have been developed. A

For this fundamental mass-transfer study under supercritical conditions,
naphthalene-COg systems have been chosen due to convenience of getting the
values of transport properties such as binary diffusion coefficient, viscosity and
density of carbon dioixde from the literature. Experiments will be cﬁrried out to
investigate the effect of the flow rate of CO9 on solubility of naphthalene in COs.
The effect of flow rate on COg, temperature, and pressure on mass-transfer

coefficients will be 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 to those shown in the previous section which would be useful

in designing separation units. Finally, these correlations for solid-supercritical

fluid will be compared with mass-transfer correlations for sdlid-gas and/or solid-

liquid systems, depending upon three different flow conditions, respectively

(natural, foreced, and combined natural and forced conveetion).

Preliminary Measurements

In recent months, mass-tr_ansfer coefficients were obtained for different flow

rates of ecarbon dioxide at 100 atm and 35°C by cell model and are shown in Table

2-5. ¢
Table 2-5: Preliminary Results for Mass-Transfer Coefficients
at 100 atm and 35°C

Superficial Molar Mass
Flow Rate Exit Mole Velocity

Run (2/min) at 0°C Fraction ke (gmole/cmé sec)

No. 1 atm x103 (sec-1) . x104

2 19.324 3.4816 21.214 12.367

1 17.798 3.6256 20.794 ~ 11.392

3 14.009 4.3036 18.875 8.973

4 10.906 4.8020 16036 6.989

Comparison of our data with those of -ordirary systems such as COsg(g)-

naphthalene54 and water-naphthalened® under stardard conditions (usually 1 atm

and 259C) is shown in Figure 2-11. It shows that the nié.ss—transt‘er rates under

supereritical conditions were high (same order-of-magnitude as COg(g)-
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naphthalene system), and their numerical values lay in between those of solid-gas

and solid-iiquid as expected.
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NOMENCLATURE

a : System parameter in Peng-Robinson equation of state
ag : Surface area of pellets per unit volume of extractor [em2/em3)
Ap : Surface area of single particle [em?2]

AT : Total surface area of pellets in extractor [em?)

System parameter in Peng-Robinson equation of state
C : Concentration of solute {[gmole/em3]
dp : Diameter of sphere possessing the same surface area as a piece of

packing [em]

Dy : Molecular diffusivity [em?2/sec]
Eg : Axial dispersion coefficient [em2/sec]
Ep : Radial dispersion coefficient [em?2/sec]
fls : Fugacity of component i in solid phase fatm]
134 : Fugacity of component i in vapor phase [atm]
g : Gravitational acceleration [em/s
G :A Mass veloeity [g/cm2sec]
Gmy : Average molal mass veloeity [gmole/em2sec]
Gmy : Molal mass velocity [gmole/cm2sec]
:_Gx; : Grashof number = d3gpap/u 2
de z Mass transfer factor = ShRe~15¢™1/3
ko : Mass transfer coefficient = kyC [em/sec]
kij : Binary interaction parameter
ky : Mass transfer coefficient [gmole/cmZsec mole-fraction]
Lt : Total height of bed [em]
Mgy : Average molecular weight [g/gmole]




Pe

Pe,a

Py

Re

Se

Sh

ug

Vo

YA
YA
¥i
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Number of perfecet mixers

Molal flux of solute [gmole/emZsec]

Total pressure [atm]

Critical pressure [atm]

Peclet number = ugdp/Dy

Axial peelet number = udp/Eq

Saturation (Vapor) pressure of pure solid [atm]
Gas constant = £.08205 [atm liter/gmole ©K]
Reynolds number = oapus/u .
Cross section area of packed bed [em?]
Schmidt number = u/pDy

Sherwood number = kedp/Dy

Absolute temperature

Critieal temperature [PK]

Reduced temperature

Tortuosity of bed

Interstitial veloeity [em/sec]

Superficial veloeity [em/sec]

Total molal flow rate [gmole/sec]

Molal flow rate of inert component [gmole/sec]
Mole fraction of component A

Equilibrium mole fraction of component of A

Mole fraction of ecomponent A in stream outgoing from ith eell

Compressibility factor
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Greek Letters

€ : Void fraction
Py : Fugacity coefficient of component i in vapor phase

% : Fugacity coefficient of component i in solid phase at saturaction
pressure P§

v? : Activity coefficient at infinite dilution

u : Viscosity [g/cm sec]

Density [g/em3]
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