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Rates of oxidation of hydrogen were megsured by using plotinum—aluming cotalyst posticles
and 1.86-cm. pellets. For high-reaction rates, temperature differences between center and
surface of the pellets were more than 300°C. Under these conditions large variations in tempera-
ture with position on the pellet surface were observed. The pellet reactor was of the recircula-
tion, stirred-tank type with injection nozzles. Local heat transfer coefficients between pellet
and gas varied twofold with location on the surface. The data showed that intrapellet heat and
mass transfer resistances were both important, while between pellet and gas only the heat

transfer resistance was significant.

The effective thermal conductivity of the pellet was measured independently. By using this
and the experimental temperature measurements, a new method is devised to establish the

effective diffusivity under reaction conditions.

Effectiveness factors were predicted from k. and D, and the rate data for the particles. The
results were about 7% greater than the experimental effectiveness factor.

The necessity of mass and energy transfer for steady
state performance of porous catalyst pellets requires in-
trapellet concentration and temperature gradients. The
effect of these gradients on the overall kinetics has been
accounted for traditionally by the use of an effectiveness
factor. The combined influence of both transport processes
has been described analytically in several investigations
(I to 3) and the whole subject has been reviewed by
Satterfield and Sherwood (4). Such studies predict large
temperature differences within catalyst pellets for highly
exothermic or endothermic reactions on solids of low
thermal conductivity. Most porous catalysts do have sur-
prisingly small thermal conductivities (5, 6).

Besides modifying the effectiveness factor, temperature
gradients may cause a favorable shift in equilibrium con-
stants. Side reactions which were impossible at pellet
surface temperature may have appreciable equilibrium
conversions at conditions within the pellet. In extreme
cases chemical and mechanical changes in the catalyst it-
self may occur. Despite the recognition theoretically of
large temperature gradients very little experimental work
has been done. Cunningham et al. (7) reEorted maximum
temperature differences of 20°C. for the hydrogenation of
ethylene on copper-magnesia catalyst pellets. Experimen-
tally established effectiveness factors changed greatly
with temperature. However the data were not compared
with predictions based upon mass and heat transfer in
the pellets. Miller and Deans (8) report temperature in-
creases up to 33°C. No measurements of effectiveness fac-
tors were given.

In this work the reaction

2H, + O3 — 2H,0 (1)
AHggs0x. = — 115,600 cal./g.-mole

was studied at 1 atm. pressure by using a 0.005 wt. %
platinum on alumina catalyst. Because of the high AH
and low k., temperature gradients are very high. How-
ever the activation energy is only 5,300 cal./g.-mole, so
temperature variations do not have a large influence on
the effectiveness factor. Particular care was taken to meas-
ure accurately the At between center and surface of the
pellets. Values up to 300°C. were observed. Also the tem-
perature changed significantly with position en the outer
surface. For single pellets these results indicate that the
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usual assumption of radial heat low may be but a rough
approximation when the gas film resistance around the
pellet varies greatly with peripheral position, as for ex-
ample in a packed bed.

Experimental effectiveness factors were obtained di-
rectly by comparing rates of reaction for catalyst particles
and for pellets. Sufficient kinetic data were measured to
predict effectiveness factors from transport properties of
the porous solid. Comparison of these results and intra-
pellet temperature differences were used to test the suita-
bility of the transport properties and equations.

APPARATUS

The flow system used experimentally is represented sche-
matically in Figure 1. Hydrogen and oxygen flows at constant
pressure are provided from gas cylinders by using the constant
head column (4). Hydrogen gas flows through the reference
side of the conductivity cell (18) and through needle valves
(3). The hydrogen and oxygen streams are mixed, the main
part sent to the reactor (15) and the excess discharged to the
atmosphere through a constant head column (8).

The gas mixture is cooled to —78°C. in dry ice trap (11)
to eliminate condensable vapors, mainly water from the soap
film meters (7, 10). The U tube (13) contains a mixture of
silica gel and charcoal to remove possible poisons prior to
the reactor. It was necessary to maintain this bed of particles
at constant temperature to avoid perturbations in gas composi-
tion caused by adsorption and desorption of oxygen. The gas

1,2 Hpand Op supply requiators 14,17 trops (-78°%C)

3,5,12 needle valves 13 silica gel-activated charcoal bed
14  three-way vaive 15 reactor

6,9 ball flowmeters 16 capillary restriction

4,8 constant head columns 18 thermal-conductivity cell

Fig. 1. Fiow diagram.
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Fig. 2. Reactor for catalyst particles.

leaving the reactor is cooled to —78°C. in the trap (17) and
then fHows through the sample side of the conductivity cell.
The three-way valve (14) permits the feed gas to go to the
reactor through the sample side of the cell. The apparatus was
made primarily of Pyrex glass with Tygon tubing used for
flexible connections and copper tubing for long lines. The
equipment was shielded with a 5-mm. thick plate of Lucite
to reduce danger in the event of explosions.

A tubular flow packed bed was used to measure the rate
of reaction for the catalyst particles and a stirred-tank type of
reactor was employed for the pellet measurements. These two
reactors are shown in Figures 2 and 3.

Particle Reactor :

To approach isothermal operation and obtain uniform veloc-
ity proﬁfes, the 9.0-mm. L.D. reactor tube was packed with
25-mm. lengths of glass beads before and after the catalyst
bed as indicated in Figure 2. The 0.005 wt. % platinum on
alumina catalyst particles were diluted in a ratio of 1 to 10
with plain alumina particles. This mixture (0.1 to 0.4 g.) was
further diluted with about 4.0 g. of glass beads (diameter =
854) to reduce the heat evolved per unit volumé of bed. The
length of the diluted bed was about 35 mm. The entire reactor
was immersed in constant temperature bath (5).
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i inlet 6 catalyst pellet

2 outlet 7 peliet support

3 water trap (O *C) 8 entrance nozzles

4 digphragm pump 9 constant temperature bdth
5 preheater 10 gloss rod

Fig. 3. Reactor for catalyst pellets.
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Temperatures were measured with an iron-constantan ther-
mocouple of 40 gauge (0.08-mm. diameter) wire inserted in
a 0.7-mm. O.D. glass tube (6) running the length of the
catalyst bed. The radial distribution of temperature in the
bed was assumed to be parabolic, thus providing a method for
obtaining the average temperature at any axial position from
the measured temtgeratures at the center and at the wall (as-
sumed equal to the bath temperature). Then the mean bed
temperature was taken as the arithmetic average of the tem-
peratures at four axial positions.

By maintaining a constant temperature at the saturator (7)
a constant and known amount of water was added to the feed
gas.

Pellet Reactor

The pellet reactor (Figure 3) was a spherical glass vessel
of 44 mm. LD, with a 21-mm. neck to permit passage of the
18.6-mm. catalyst pellets. The pellet (6) was supported with
a fine stainless steel wire loop (7) which was hejljd by glass
rod (10).

To approach an ideal stirred-tank system, the reaction mix-
ture was recycled through the neoprene diaphragm pump (4).
The recycle and feed gases were preheated in the coil (5)
and entered the reactor through the nozzles (8) to provide
additional internal circulation. The recycle rate was constant
at about 66 cc./sec. (STP), giving a recycle ratio from 13 to
42, by volume, The water trap (3), maintained at 0°C., held
th§ water content of the reaction gases at a low and known
value,

The thermal conductivity cell was calibrated by by-passing
the reactor through the capillary (16) (Figure 1). The soap
film meters (7) established the composition of this gas, which
passed through the sample side of the cell. Periodic recalibra-
tion was needed. Differences between censecutive calibrations
were only 1 to 2%, but the trend was in the same direction
and became significant over a long time. The accuracy of the
cell as an analytical device was tested by a gravimetric
method which involved conversion of the oxygen to water by
reaction, adsorption, and weighing of the water produced. The
average deviation of the two methods of analysis was less than
5%.

As preliminary runs, the reactors without catalyst but with
thermocouple wire, stainless steel wire (for pelf;t support),
glass beads, and alumina were tested at severe reaction con-
ditions. The catalytic activity thus observed was negligible.

CATALYST PREPARATION

A single batch of catalyst was prepared by wetting Boeh-
mite (spray dried AlzO3H20 from American Cyanamid Com-
pany) powder with a dilute solution of chloroplatinic acid.
The resulting paste was dried at 80° to 90°C. for 24 hr,,
ground slightly to reduce particle agglomeration, and then
heated in air at 550°C. for 5 hr. to decompose the chloro-
platinic acid. At this stage the catalytic activity was poor and
unstable,

Next, the catalyst was degassed in vacuum at 300°C. for 3
hr. and reduced in a stream of hydrogen at the same temper-
ature for 5 hr. To reduce variations in activity in storage (due
to exposure to air), a final treatment was given in which a
stream of humid air at room temperature was passed through
the particles for 8 hr.

A particle size range from 61 to 1754 (Tyler mesh No.
80-250) was selected for rate studies.

Pellets

The pellets, 1.86 cm. in diameter, were made by compress-
ing mixtures of catalyst powder and alumina in hemispherical,
stainless steel molds. To facilitate removal of the pellets, a
very thin layer of stearic acid was deposited on the mold sur-
face by first wetting it with a 1.0 wt. % solution in acetone
followed by evaporation of the solvent, The amount of stearic
acid introduced in a pellet in this way was not more than
0.5 mg. in-comparison with a pellet weight of 2 g.

Pellets without thermocouples were pressed in one stage,
while those with thermocouples requireg a two-stage process.
Thermocouples were iron-constantan, Teflon-insulated, and
40 gauge to reduce the disturbance to the temperature field
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TasLE 1. CHARACTERISTICS OF THE PELLETS

Center Center
Mass} and Masst and

Cata- of surface Cata- of  surface

Pellet lyst* pellet, thermo- Pellet lyst® pellet, thermo-

No. dilution- g couples No. dilution g couples
7 1/10  2.158 Yes 16 1720 2.083 No
8 1/10  2.135 Yes 17 1/20 2.082 No
9 3/10 2136 Yes 19 1/2.5 2.073 No
10 3/10 2.133 Yes 20 1/10 2079 No
11 1/10  2.021 Yes 21 1/10 2.079 No
12 1/10 2131 Yes 22 1/5 2.080 No
13 1/5 2.180 Surface 23 1/2.5 2.078 No
only 24 1/10 2125 Yes
14 1/5 2.162 Yes E 1/10 2,149  Yes

© Mass of catalyst powder/total mass of alumina plus catalyst powder.
t Mass is based upon weight of catalyst powder as taken from storage.

and to reduce conductivity error. A surface thermocouple was
fixed in the lower hemisphere of the mold with at least a
length of 0.5 cm. of wire running along the mold surface. The
lower half of the pellet was then compressed and a second
thermocouple placed with the bead at the center of flat sur-
face. The pellet was completed by compressing the upper
hemisphere in contact with the lower one. The position of
the center thermocouple was verified by cutting some of the
pellets. The bead size was about 0.2 mm. and the location of
the surface couple was known within this distance. The posi-
tion of the center couple was believed to be accurate to about
= 0.5 mm.

The pellets were prepared from mixtures of catalyst powder
and inert homogeneous alumina. Dilution ratios from 1/2.5 to
1/20 were used in preparing pellets, Table 1 gives the condi-
tions for each pellet used. Since the alumina and catalyst pow-
der (99.995 wt. % alumina-0.005% platinum) have essen-
tially the same properties, varying the dilution ratic provided
a means of changing the Thiele modulus while maintaining
constant physical properties of the pellets. This cannot be
achieved, for example, by changing the temperature.

PROPERTIES OF CATALYST PELLETS

Since the catalyst powder and inert alumina are so similar,
properties of the pellets may be measured by using mixtures
of catalyst and alumina of any proportion, as long as the
density is constant.

Thermal Conductivity

The effective thermal conductivity was measured on cylin-
drical pellets (5.0 em. in diameter, 1.3 cm. in height) of the
same density as the spherical pellets. The comparative method
(6), with Lucite as the reference substance, was employed.
This material has a conductivity of the same order as the pel-
let. The experimental value obtained with hydrogen in the
pores and at 68.5°C. and 1 atm., was

ke = 6.2 X 104 cal./(cem. ) (sec,) (°C.) (2)

TasLE 2. MicRO- AND MACROVOID FRACTIONS
IN CATALYST PELLETS

Micro- Macro- Micro- Macro-
pore  pore Solid  Apparent pore pore
volume volume volume ellet void void

Pellet V;, Va, Vs, dI()ensity fraction fraction

No. cc/g. cc/g. cc/g  pp, g/cc € €

8 0400 0987 0.373 0.568 0.227 0.561
14 0400 0933 0.373 0.586 0.234  0.547
16  0.400 0.997 0.373 0.564 0226  0.563
23 0400 0997 0373 0.564 0.228  0.563
Average: 0.57 0.228  0.558
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Measurements on pellets of lower density were lower, as ex-
pected (6). The accuracy is believed to be about 10%. Since
the pores will contain small amounts of oxygen and water
vapor under reaction conditions, some modification of the re-
sult in Equation (2) will be necessary when calculating tem-
perature gradients in reacting pellets.

Porosity Measurements

It is customary to divide the porosity of alumina pellets into
two fractions: microporosity associated with pores for which
a < 100 A., and macroporosity in pores with radii > 100 A.
Because of the low density of the pellets used, the macropore
contribution to transport properties is dominant; also the mi-
croporosity is not affected by the pelletting process.

The micropore properties of the same batch of alumina
were measured by nitrogen adsorption by Otani (9) and are

Vi = 0.40 cc./g.
@ =27 A.
Sy = 300 sq. meters/g.

The macropore volume distribution was measured in the
range g = 170 to 90,000 A. with an Aminco-Winslow mercury
porosimeter. Four pellets of different dilutions, with and with-
out thermocouples, but at the same density level were studied.
The results for each pellet, as summarized in Table 2, are
practically the same. The apparent density given in the fifth
column was calculated as 1/(V; 4+ Vo + V;). The solid vol-
ume Vs was based upon a true density for alumina of 2.68
g./cc., as reported by the alumina manufacturer. The average
macropore radius, based upon volume, is 10,000 A.

The macropore volume distribution as measured in the
porosimeter for the pellets and for unconsolidated assembly of
particles is shown in Figure 4. The micropore region gives the
results obtained by Otani (9). The pellet curve shows the un-
usual behavior of two peaks in the macropore region, one at
5,500 A. and a second at 30,000 A. The first peak is due to
macropores within the particles and second corresponds to
void spaces between paticles. This can be seen by comparincg]
porosity curves for the pellets with curves for unconsolidate
particles, particles with no macropores, and with catalyst
pellets of different densities.

The unconsolidated particle curve in Figure 4 shows a
sharp maximum at about 6,500 A. and another increase in
porosity beginning at a radius of 15,000 A, This second in-
crease is a false one, corresponding to void spaces between
particles. These spaces are caused by the agglomeration re-
sulting from the pressure of the mercury. This was verified by
measurements on unconsolidated particles of silica-alumina of
the same size range. Again the increase in porosity at high a
values was observed. even though there is no macropore poros-
ity for this catalyst. The peak at 6,500 A. agrees with the peak
at 5,500 A. on the pellet curve, thus identifying these macro-
pores as void spaces within the particles.

Comparison of porosity curves at different pellet densities
gives further evidence that the peak at 30,000 A. corresponds

20
U
_; —o--- particles ; + 3
-~ 16 o— pellets (f’p-o.57 g/em3 ) .
E ;
o .
1.2 7
- ———1 { ! £
—_ l-sorptometer porosimeter / :
o data. data. '
o 0.8 y
E AU
2 o AR\,
> - \
© yoat ¢ $ }?'/
ol .-
00 i
o2 5 10z 5 10Wa 5 wWa 5 O

PORE RADIUS, a (4)

Fig. 4. Pore size distribution for particles and pellets (op = 0.57
g./cc.).
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Fig. 5. Cumulative pore volume vs. pressure (porosimeter data).

to void spaces between particles. Figure 5 describes cumula-
tive pore volume vs. pressure curves for densities from 0.52 to
0.99 g./cc. The arrows denote inflection points which locate
the peaks on the distribution curves, such as Figure 4. The
catalyst pellets used for rate studies have densities close to
0.57 ‘g./cc. Increasing the density decreases both the size and
volume of the interparticle pores. At pp = 0.7 these pores have
almost disappeared and at higher densities they do not exist.
Since most alumina catalyst pellets have densities greater than
0.7, only one maximum in the macropore distribution curve is
normally observed. The catalyst pellets used in the rate studies
are unusual in this respect.

REACTION RATE RESULTS

Initially, feed compositions 0 to 4 mole % hydrogen
were fed to the reactors. However the catalyst particles
exhibited a 35-hr. period of nonsteady activity. The tran-
sient period for pellets was longer; the rate still decreased
slowly after 50 hr. Further, water vapor affected the rate
at temperatures up to 160°C. A few runs carried out at
a partial pressure of water = 0.023 atm. with hydrogen
Eressures from 0.005 to 0.040 atm. indicated second-order
inetics with respect to hydrogen.

A more satisfactory behavior was found with feed gases
in the other nonexpfcl)sive range, 0 to 6 mole % oxygen.
Steady activity was reached after an initial 2-hr. period in
which the rate increased with time. Water vapor had no
measurable influence at temperatures above 80°C. Below
40°C. the reaction almost completely stopped. This was
likely due to the strong adsorption or capiﬁ)ary condensa-
tion of water in the micropores. The reported data were
obtained for the most part in this composition region, al-
though a few measurements were made in the explosive
range above 6 mole % oxygen. It was not possible to cool

the apparatus and retum to the same catalyst activity.
Hence all runs with a given catalyst sample were com-
pleted before shutdown.

Particles

The average rate of reaction in the bed of catalyst
particles was calculated from the differential reactor ex-
pression
2F 0z X

Me

F:

3)

Because of the dilutions with inert alumina and glass
beads the radial and axial temperature gradients were
low. The mean bed temperature was never more than
2°C. above the bath temperature. Furthermore, for the
rate equation obtained [Equation (4)] and the feed gas
compositions, Equation (3) can be used with accuracy
even for large conversions. For example, by using Equa-
tion (4) it can be shown that the error introduced in
associating the rate from Equation (3) with the arithme-
tic average partial pressure of oxygen in the bed is less
than 1% at a conversion of 25%. Hence differential re-
actor behavior could be assumed and rates could be eval-
vated from Equation (3) for all the observed data (aver-
age conversion = 25%). It should be noted also that the
particle size is small enough to neglect heat and mass
transfer resistances around and within the particles.

Rates were measured with twelve different samples of
catalyst, since sample size was only about 0.02 g. Illus-
trative results are given in Table 3. The data covered the
range:

Poz = 0.0057 to 0.0726 atm.

o

° o
Q
[+

o
o
@

o 8

o]

8 da——— equation (4)

/e 522%RT (1l H,0)/ (secXg.cat)
(3
g

TABLE 3. ILLUSTRATIVE RATE DATA FOR PARTICLES

Average
Bath bed Oxygen

Mass  temper- temper- partial pressure

Run  of cata- ature, ature, F X 105, Inlet, Exit,
No. lyst, g. °C. °C. mole/sec. atm. atm.
40 0.01843 141.5 141.8 5.82 0.0218 0.0146
43 0.01843 100.0 100.2 4,79 0.0218 0.0174
45 0.01801 1414 142.0 4.84 0.0651 0.0437
47 001801 100.1 1005 5.67 0.0653  0.0548
48 0.01801 80.5 80.7 281 0.0642  0.0538

o q
0.02
o / ff%
I~ 0.0!
0.006 0008 0.01 0.02 0.04 006 0.08 Q.1
o) atm.
Po,: ( )
Fig. 6. Effect of oxygen partial pressure on reaction rate for catalyst
particles.
Water Hydrogen 7
) X X 108,
partial pressure partial pressure  Con-
Inlet, Exit, Inlet, Exit, version M_
atm. atm. atm, atm. x (sec.)(g.-cat.)
0.0245 0.0375 0.982 0.948 0.316 433
0.0261 0.0351 0.972 0.948 0.213 24.3
0.0236 0.0654 0.939 0.891 0.324 112.8
0.0232 0.0414 0.940 0.904 0.145 59.2
0.0226 0.0434 0.925 0.903 0.162 329

Total pressure at inlet to reactor was g little higher than 1 atm. because of some pressure drop across the reactor.
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Prgo = 0.0077 to 0.0654 atm.
Pu, =0.891 to 1.00 atm.
T=160° to 200°C.

All the data above 80°C. were correlated by the follow-
ing equation:

7 = 0.655 po,28% exp (-—

5230 )

R,T (4)
with an average deviation of 6.6%. This expression was
used to estimate rates at the pellet surface conditions in
the calculation of experimental effectiveness factors and
to compute the theoretical effectiveness factors.

The effect of po, on the rate is shown in Figure 6 by
the experimental points. The solid line represents Equa-
tion (4). Figure 7 shows the effect of temperature for
various levels of oxygen partial pressure. Again the solid
lines correspond to Equation (4). Deviations from the
constant slope occur below 80°C. Note that the deviation
is greatest for the runs with the highest puyo, suggesting
that the effect may be due to competitive adsorption of
water vapor. The activation energy of 5,230 cal./g.-mole
agrees well with that found by Miller and Deans (8).

Pellets

The rate of reaction for the pellets could also be eval-
uated from Equation (3). However, the rate is not an
average but a single value and the composition associated
with the rate is that in the outlet stream. The rate is
based upon the mass of undiluted catalyst in the pellet so
that it will be on the same basis as the particle results.

Since the measurement of temperature differences was
an important objective, it was vital to know if the ob-
served AT were entirely due to the chemical reaction.
Other temperature differences will be observed if the
gases entering the reactor are not well mixed or preheated.
A test run was made without oxygen in the feed. Thermo-
couples in three regions of the gas phase and the center
and surface thermocouples in the pellet read within
0.3°C. of the bath temperature. In another test run the
catalyst pellet was replaced with a pellet of pure alumina.
No activity was observed.

The heat transfer resistance in the gas phase around
the pellet was found to be significant, and its magnitude
is discussed in the next section. It could be evaluated
from the measured surface temperature. It is also desir-
able to know the mass transfer resistance, but surface
concentrations were not measured. However, the concen-
tration drop between bulk gas and solid surface could be
estimated by two methods; both are based upon an anal-
ogy between mass and energy transfer. Thus for laminar
flow, if the mechanism of transport and the effective gas
film thickness are the same for mass and energy transfer

Tx loe, gmole /(g.cat.)(sec)

Fig.

T X IOG, gmole/(g.cat)sec.)
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Fig. 8. Arrhenius piot for catalyst pellets.

TABLE 4. ILLUSTRATIVE DATA FOR CATALYST PELLETS

Temperature measurements

Bath

Pellet temper- F x 105,
run® ature, °C. ts,} °C. te,} °C. mole/sec.
11-1 95.0 100.7 124.1 11.6
11-2 89.9 100.8 147.7 8.57
11-3 97.5 99.5 107.2 10.5
12-3 90.3 101.5 150.1 117
24-1 180.6 205.8 254.6 146
24-3 119.1 130.3 171.6 14.3
E-1 83.6 117.6 219.2 20.4

¢ First number indicates the pellet number in Table 1.
1 Average values of six rotation positions.

Oxygen
(POZ )g:
atm.

0.0291
0.0541
0.0094
0.0595
0.0459
0.0456
0.111

Vol. 12, No. 5 A.1.Ch.E. Journal

partial pressure FIX 108,
0y )s, Ave. s_grface moles water
atm. temp, ts, °C.  (sec.)(g.-cat.)
0.0283 101.3 98.5
0.0527 1010 49.8
0.0091 99.6 9.5
0.0579 101.9 498
0.0423 207.7 125.68
0.0441 131.0 51.8
0.107 116.7 140.5
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(Co—Cs), = Fe (T To) (3)
2 D02 (_" AH)

The temperature difference was measured and AH, the
thermal conductivity of the gas k,, and the diffusivity of
oxygen are all known. The concentration change evalu-
ated in this way was always less than 5% of (Co,),.
Since the flow is not completely laminar, Equation (5) is
not exactly valid. As an alternate approach the Chilton-
Colburn analogy was used to estimate the gas film con-
centration -difference. In this case AC was somewhat less,
not more than 4% of (Co,),. While these analogies are
not exact, particularly because of radiative heat transfer,
the results show that the gas film mass transfer resistance
cannot be large.® Hence surface concentrations evaluated
from Equation (5) were used in calculating effectiveness
factors in later sections.

Illustrative rate data for pellets are given in Table 4
along with oxygen partial pressures and total flow rates.
The various temperatures, particularly the calculated
-average value, are discussed in the following section.
Figure 8 is an Arrhenius plot of rate vs. calculated aver-
age surface temperature for two oxygen partial pressures.
The dashed lines represent particle rates at the same oxy-
gen concentration, as evaluated from Equation (4). The
apparent activation energy for the pellets was about two-
thirds of that for the particles. The points at the highest
temperature, 200° to 220°C., seem to indicate a shift in
activation energy, but measurements were not made at
high enough temperatures for either particles or pellets
to confirm this possibility. The results in Figure 8 indicate
that the effectiveness factor for the pellet is less than
unity down to the lowest temperatures studied. This is
due primarily to the low activation energy.

INTRAPELLET AND GAS-PELLET TEMPERATURE
DIFFERENCES

The pellet in the reactor was set on the glass rod sup-
port in such a way that the surface thermocouple was on
the equator. By rotating the rod from outside the reactor
it was possible to measure surface temperatures at any
position on the equatorial line during a run. The results
were as follows:

1. Pellet surface temperatures were 1° to 115°C. above
the bath temperatures. Gas phase temperatures were be-
tween bath and surface values, thus indicating that gas
film resistance to heat transfer was not negligible. Intra-
pellet temperature differences were much larger than
those between pellet and gas. For run E-3, which was in
the explosion range, t. — t; was more than 300°C. Even
for low reaction rates, run 14-3, the intraparticle At was
about 9°C. It may be noted that the importance of the
gas-to-pellet temperature difference with respect to in-
trapellet At depends upon the Thiele modulus @. In the
region where the effectiveness factor decreases with o,
the relative importances of the gas film At increases as @
increases, since the heat of reaction is evolved closer to
the pellet surface.

2. While the average reaction rate and the tempera-
ture at the pellet center were practically insensitive to ro-
tation, the surface thermocouple readings were a strong
function of position. Six readings of surface and center
temperatures for successive rotations of about 30°C are
given in Table 5 for low, intermediate, and high rates.
The differences around the surface increased with rate
and were largest for run E-3 where a maximum At; of
97°C. was observed.

© Hutchings and Carberry (10) also predict that negligible mass
transfer and finite heat transfer resistances are expected under some
conditions.
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TABLE 5. SURFACE TEMPERATURE MEASUREMENTS
ON EQUATOR OF PELLETS

Reaction rate

Temperature readings by per pellet
rotation of pellet rp = meT,
Run Bath Surface, Center, mole/ (sec.)
No. temp., °C. °C. °C. (pellet)
103.3 158.2
99.7 158.2
14-2 817 104.2 158.3 21.0 x 10-¢6
114.5 158.4
94.9 158.6
107.5 158.6
96.3 105.7
95.6 105.7
95.6 105.7
14-3 92.4 97.3 105.7 3.5 x 10-¢
954 105.7
96.3 105.9
151.9 474.2
157.0 476.6
E-3 85.0 1878 478.6
166.4 486.1
169.5 477.3 88.0 x 10-¢6*
248.8 488.4

¢ Not measured; estimated value from (fc — ?a) data.

Since rotation does not change the thermocouple loca-
tions with respect to the pellet, the differences in #; must
be due to local variations in heat transfer coefficient hy
between gas and pellet. These variations, due to unsym-
metrical mixing, indicate that the radial heat flow model
is an approximation. The approximation may be reasona-
bly valid provided the variations in surface temperature
are moderate and average values for T, and h, are used.

In order to be able to assume radial heat flow for ef-
fectiveness factor calculations, an average f; was com-
puted in the following way. First, surface temperatures
were measured for three pellets in fourteen locations (six
positions equally spaced on the equator and four locations
in each hemisphere). Then local values of h, were esti-
mated for each location by using the equation

h, = QP - (— AH) Tp
¢ Ap (ts - tw) Ap(ts - tw)

This expression supposes that the local heat flux is equal
to the average value Q,/A,. This will be a good approxi-
mation if the variations in ¢, are small enough that radial
heat flow is valid. Thus Equation (6) should give reliable
results for runs such as 14-2 and 14-3 but probably not
for run E-3 (see Table 5). For applicable cases the local
coefficient varies twofold, with an arithmetic average of
0.99 X 10~% cal./(sq.cm.) (sec.) (°C.). Since the pellet
location and recirculation rate in the reactor were the
same for all the runs, h; should be approximately con-
stant. Finally, this average value of h, was used in Equa-
tion (6) to calculate an average t, for all the pellet data.
It is this temperature that is given in the next to last
column of Table 4.

(6)

EFFECTIVENESS FACTORS

Experimental Values

(E.F.)exp is the measured rate of reaction for the pellet
divided by the rate at surface conditions. The latter can
be evaluated from Equation (4) at surface conditions if
it is assumed that the catalytic activity of a particle in the
pellet is the same as the activity of the particle by itself.
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TasLE 6. COMPUTED AND EXPERIMENTAL
EFFECTIVENESS FACTORs

Run EF. Te—Ts
No. ®s B8 v  Predicted Exp. exp., °C.
7-1 2.67 0.030 7.00 0.78 0.67 8.4
8-3 247 0.085 6.90 0.87 0.87 26.4
8-4 2.44 0.131 6.81 0.94 0.93 415
8-7 2.00 0.136 7.27 1.01 0.96 36.9
11-2 2.17 0.116 7.03 0.95 0.92 46.7
E-1 2.17 0.339 6.75 1.42 1.10 102.5
14-2 3.14 0.161 6.96 0.89 0.80 53.6
10-2 4.53 0.116 6.58 0.64 0.60 41.9
10-6 3.04 0.144 7.52 0.89 0.79 47.2

At high pellet densities crushing of the particles during
pelletization might change the activity, but for the low
density pellet used here this is unlikely. Hence

T T

(E.F.)exp = T =
* 0.655(Poy) 8% exp [ —

5230 ]
R,Ts
(7)

where T, is the average surface temperature. (E.F.)exp
from Equation (7) are given in Table 6.

Prediction Method

Assuming again that the particle rate is the same in the
pellet as measured for beds of unconsolidated particles,
one can use mass and energy balance equations to pre-
dict an effectiveness factor. Additional assumptions are:
constant k., and D, within the pellet, mass and heat trans-
fer by bulk flow and heat transfer by radiation within
the pellet are negligible, and radial heat and mass transfer
and constant surtace temperature and concentration.

In terms of the oxygen gradient, (E.F.), is given by

c c
2A,,D,_,( dCo ) eve(d—‘m)
Ro Rg

dR dR

E,F. = =
( Jor my(D.R.) g Ropats

(8)

where the factor of 2 is needed because the rate is ex-
pressed as water produced while the gradient is expressed
in oxygen concentration. In terms of the Thiele modulus
®; and dimensionless variables, Equation (8) is

= (2)
EF.)py=—| — 9
(E.F.)p reANe 7Y (9)
1 pA 1/2
o, = R (—————) 10
> \2B, (Cor, (10)
Cop
= 11
Y= Cor. (11)
R
£= R, (12)
d
To obtain (Ey ) , the following differential mass bal-
£=1
ance within the pellet must be solved:
d?y  2dy ( r )
+—L_e2(l)=0 13
de fdf Ts ( )

The ratio r/rs is necessary because ®; applies to condi-
tions at the pellet surface. From Equation (4)
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0.655 (pog) 5% exp (;35—2139-)
—_ t

(14)

Ts

0.655 (pog) 28 exp ( _ 5230 )

R,T,

or in dimensionless parameters

(L) ol s (1=2)] 0

The Damkoehler relationship between concentration
anq temperature can be used instead of writing a differ-
ential energy balance; this is

D,
T—Ts= (—aH) % [(Cop)s— Cos] (16)
or in dimensionless form
T
o= L1+B8—8y (17)
. (—AH)De(Coz)s
B= kT, (18)

Combination of Equations (16), (18), and (15) and
substitution of the resultant expression for r/r; in Equa-
tion (13) give the following equation for y as a function

of &:
dy 2 dy .
— 4+ = A _e2r1 - 0.804
d52+§df 22 [(1+ B8—By)y]
B=8y \1_
exp [ 7 _—1+B—ﬁy)]"° (19)

with boundary conditions

y=1até=1
dy

Equations (19) and (20) were solved numerically and
(E.F.)pr was evaluated from Equation (9) by machine
computation for a range of values of y (from 5 to 15)
and B8 which covered the experimental hydrogen-oxygen
system. The integration was carried out from surface to
center of the pellet by using 50 to 300 radial increments.

d .
For the initial value of ( —2) needed to start the
£=1

computations, the well-known result for the first-order iso-

f=03
i
o ———

o8
0.6
£=0.
ISARN

N \
N

~

2.0

¥=70

Q2

EFFECTIVENESS FACTOR, (EF)py,

0.1

04 06 08 1O 20 40 60 80 100 200
THIELE MODULUS, O¢
Fig. 9. Computed effectiveness factors.
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thermal problem was used. This gave a lower limit to
(E.F.)pr, since for both kinetics of less than first order
and an exothermic reaction, E.F. will increase. The com-
puter results were checked with the analytical solution
for first-order isothermal conditions to establish the size
of increment required for 0.1% precision. Most of the
experimental data were for values of y near 7.0 (see
Table 6). In Figure 9 the computed results are illustrated
by plotting (E.F.),; vs. 8 and @ for this level of y. The
effect of nonisothermal conditions is evident by compari-
son of the curves with that for 8 = 0.

Effective Thermal Conductivity and Diffusivity

To predict E.F. from the computed results, k. and D,
are required. The effective thermal conductivity under
reaction conditions can be obtained by making correc-
tions, for temperature and composition changes, to the
measured value [Equation (2)]. The effective diffusivity
can be estimated from the random pore model (1I) by
using the porosity and pore volume distribution data in
Table 2 and Figure 4. However the very low density of
the catalyst and the resulting three peaks in Figure 4,
rather than the usual two, create uncertainties in apply-
ing the model. If the very large pores (peak at 30,000A.),
which disappear for pellets of higher density, are neg-
lected (D¢)1g9-c. is found to be 0.15 sq.cm./sec. The other
extreme in diffusivity would result if the micropores in
the model are restricted to those of radius less than 100A.
and the two peaks at larger radii are assumed to be
macropores. Under these conditions (Dg)ye.c. = 0.32
sq.cm./sec. Both calculations are based upon estimating
a bulk diffusivity for oxygen in the gas mixture at 100°C.
For an average gas composition in the pellet of 95.1 mole
% hydrogen, 1.6% oxygen, and 3.3% water, this value is
(Dog) 190-c. = 1.05 sq.cm./sec.

Fortunately, another method of obtaining D, can be
derived in terms of the temperature measurements. This
approach has the added advantage of giving D, directly
at reaction conditions. It is based upon Equation (16)
applied at the center of the pellet; that is

G
ke (_ AH) [(C02)s— (CO2)c]

As the diffusional resistance increases, (Co,), approaches
zero. Hence, the limiting form of Equation (21) estab-
lishes D./k. as

().t =]
— )= lim —_—
ke ‘bs\/D_e“’ * <_' AH) (COZ)S
All the quantities in brackets are measured and k. was
determined separately. Hence D, can be estimated from
the limit of a plot of the term in brackets vs. ®; \/D,. The
quantity ®s\/D, measures the diffusion resistance equally
well as ®; but has the advantage that D, is not needed
for its evaluation.

Both D, and k. vary slightly with temperature so that
Equation (22) defines a ratio at some average tempera-
ture which varied from run to run. To account for this
effect, both sides of Equation (22) were multiplied by a
correction factor f to give

(21)

(22)

De . f(Tc - Ts)
= 11 ———————————— s
( ke )100°C. ‘1’s\/77r:1" ® [ (— AH) (Coy) s ] (23)
and (DK
_ \e/Rel 10000,
'~ ok 24

The factor f was estimated by taking into account the ef-
fects of temperature on ko, and Dg,. Figure 10, a plot
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Fig. 10. Estimation of (D./k,.).

of the data according to Equation (23), does indicate
that a limit is approached and that its value is

(&)
ke
'_I'he measured k. [Equation (2)] was for hydrogen
filling the pores and at 68.5°C. A small correction should
be applied to this value before using it in Equation (25).
By taking the average composition of the gas in the pellet
given earlier, calculations suggest that these two effects
just about balance, giving k. for pellet conditions at
100°C. as 6.1 X 107* cal./(cm.) (sec.) (°C.). By using

this result in Equation (25), the diffusivity under reac-
tion conditions is

(De) 199c. = 0.166 sq.cm./sec. (26)

This result, which is close to the lower extreme calculated
from the random pore model, is probably the most reliable
and is used in later calculations of (E.F.),. In view of
the thousandfold range of diffusivities reported in the
literature for porous catalysts, the similarity in the results
found by the two methods is encouraging.

It should be noted that Equation (23} is independent
of the kinetic measurements; therefore (E.F.)ex, was not
used in obtaining D..

= 272 cc./(°K.) (cal.)

100°C.

(25)

Predicted E.F.

With k,, D., and T, known, 8, &, and v can be evalu-
ated for each pellet run and used with charts like Figure
9 to determine (_I;.FA)DP Average values of k. and D,,

corresponding to Tp, were used to calculate 8 and @, A
few of the results are given in Table 8. Agreement of ex-
perimental and predicted results is reasonably good
(about 7% average deviation) except for pellets No. 21,
24, and E. There is reason to believe that the catalyst was
deactivated in pellets No. 21 and 24 by poisoning vapors
from the Tygon connections in the recycle line. Data for
run E were taken in the explosion range where particle
kinetic data had to be obtained by exirapolation and the
gases contained considerable water, thus reducing the ef-
fective diffusivity.

The predicted results are consistently higher than
(E.F.)exp as seen in Figure 11. Several reasons could ex-
plain the deviation: a decrease in activity of the catalyst
particles of about 7% during the pellet process, caused
perhaps by blocking of some of the smaller pores; esti-
mated D, is high; and estimated T, is high because of
errors in temperature measurements. The first explanation
seems the more probable. Both the second and third pos-
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Fig. 11. Experimental vs. computed effectiveness factors.

sibilities would lead to differences between predicted and
experimental E.F. that were high at large values of @,
(low E.F.) and small at low &, However Figure 11
shows that the deviation is essentially constant. The dot-
ted line corresponding to a decrease in catalyst activity
of 7% fits the data with about the same precision as
Equation (4) correlates the particle rates.

PREDICTED TEMPERATURE DIFFERENCES

Equation (21) can be used to predict T — T by using
Equation (25) for D./ke.. The agreement of the temper-
ature difference so evaluated with the measured result is
given by the consistency of the points in Figure 10. The
points should not fall on a single curve, since 8 varies
from run to run. The shaded area corresponds to 8 from
0.03 to 0.17 which include 8 values for most of the runs.
The data fit the shaded region quite well. This test is sig-
nificant because the functions plotted include experimen-
tal errors in composition and temperature measurements,
reproduction of pellets, and estimation of the average
heat transfer coefficient.

CONCLUSIONS

1. The possibility of very high temperature differences
between the center and surface of catalyst pellets has
been confirmed experimentally. It is important to note
that the temperature difference for given @5, 8, and v is
independent of pellet size. Large pellets were used in this
study to simplify and increase the accuracy of the experi-
mental methods.

2. Large variations in surface temperature with posi-
tion were observed at high reaction rates. This variation
should be more pronounced in beds of pellets than for the
single pellet case studied here. Despite these variations,
the radial heat flow model gave a satisfactory prediction
for E.F. if an average surface temperature, defined with
Equation (8), were used.

3. The predicted and experimental E.F. and (T, — T;)
agreed well, but it is probable that a small (7%) de-
crease in catalytic activity occurred during the pellet
process.

4. A method of evaluating D, at reaction conditions
was proposed which relates the effective diffusivity to the

VYol. 12, No. 5
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thermal conductivity and T, — T, through the Dam-
koehler equation.

Finally, it may be noted that @, should be in the range
0.6 to 5.0 in order to measure accurately large intrapellet
temperature differences. If @, is much less than 0.6 the
temperature rise will be small. If ®; > 5.0, the tempera-
ture rise will be close to the maximum, but will exist as a
very sharp increase near the pellet surface. For example,
for @, = 10, y = 7.0, and 8 = 0.2, nearly 99% of the
rise will be between R/R, of 0.8 and 1.0. This makes it
extremely difficult to measure the surface temperature ac-
curately.
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NOTATION

pore radius, A.

external area of catalyst pellet, sq. cm.

concentration, g.-mole/cc.

bulk diffusivity, sq. cm./sec.

dilution ratio, (g.-catalyst at storage conditions)/
(g.-catalyst + g. alumina)

= effective diffusivity of oxygen in pellets, sq. cm./

sec.

activation energy, cal./g.-mole

temperature correction factor, defined by Equa-

tion (24)

effectiveness factor of pellet

total feed rate, Fo, = oxygen feed rate, g.-mole/

sec.

heat of reaction, cal./g.-mole

hy gas-to-pellet heat transfer coefficient, cal./(sq.

cm.) (sec.} (°C.)

effective thermal conductivity of pellet, cal./

(em.) (sec.) (°C.)

t(hermal conductivity of gas, cal./(cm.) (sec.)
°C.)

mass of undiluted catalyst, g.

mass of pellet, g.

partial pressure, atm.

rate of heat evolution per pellet, cal./sec.

radial distance in spherical pellet; R, = radius,

cm.

gas constant, cal./(g.-mole} (°K.)

rate of reaction, moles water produced/(g. of

undiluted catalyst at storage conditions) (sec.)

average rate, for pellet or for bed of particles

rate at pellet surface conditions

pore surface area, sq. meter/g.

temperature, T, = mean temperature of pellet,

°K.

temperature, °C.

pore volume

conversion of oxygen

(Coz)/(Cog)

Greek Letters

y E/R,T;

B defined by Equation (18)

€ void fraction

P density of catalyst pellet, g./cc.

pa mass of undiluted catalyst (at storage conditions)
per unit volume of pellet, g./cc.

3

T

f

Fa EomE o Thm O Qoag®
S =
A

Fol
@
I

L O I
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I
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®; = Thiele modulus, defined by Equation (10)
£ = R/R,

Subscripts and Superscripts

average value

b = average bed condition (for particles)
c = catalyst or center

ai = macro- and micropores, respectively
exp = experimental

g = bulk gas phase

p = pellet

s = solid or outer surface of pellet

pr = predicted

w = reactor wall condition
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Shape of Liquid Drops Moving in

Liquid Media

R. M. WELLEK, A. K. AGRAWAL

University of Missouri, Rolla, Missouri

and A. H. P. SKELLAND
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An investigation of the effects of various physical properties, drop size, and drop velocity on
drop shape was carried out for nonoscillating liquid drops falling through stationary liquid con-
tinuous phases. The data of forty-five dispersed-continuous phase systems were studied with
continucus phase viscosities varying from 0.3 to 46 centipoise and interfacial tensions varying
from 0.3 to 42 dyne/cm. A theoretical relation was obtained from the Taylor and Acrivos analysis
which quite accurately predicts drop eccentricities for drop Reynolds numbers less than about
20, but is highly inaccurate at higher Reynolds numbers. Relatively simple empirical relations
involving the Weber number, Eétvés number, and viscosity ratio were obtained which enable the
prediction of the eccentricity of nonoscillating drops over a wide range of Reynolds numbers
(6.0 to 1,354) with average deviations of 6 to 8%. These relations may be useful in the estimation
of the interfacial areqa, velocity, and continuous phase mass transfer coefficient of drops distorted

from spherical shape.

In liquid-liquid extraction, mass transfer between
phases is often facilitated by dispersing one phase in the
other. Many investigators have studied mass transfer from
single liquid droplets in order to obtain information which
might ultimately aid in the design of large-scale extrac-
tion columns without the need for experimentally meas-
ured overall extractor efficiencies (11, 18, 23, 26, 33, 36,
38). Most of these studies have been based on the as-
sumption of spherical droplets. At low droplet Reynolds
numbers, droplet shape will approximate a sphere; how-
ever, at high Reynolds numbers droplets will be distorted
from spherical shape. The change in shape affects not only
interfacial area but also, as indicated by recent experi-
mental and theoretical studies (2, 24, 32), the continuous
phase mass transfer coeflicient. While several investigators
(4, 6, 10, 14, 19, 22) have reported quantitative infor-
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mation on the shape of liquid droplets for individual sys-
tems, currently there is no accurate means of predicting
droplet shape without recourse to experiment.

It is the purpose of the present investigation to obtain
a relation which will predict the shape of nonoscillating
liquid droplets moving in liquid media from a knowledge
of the physical properties of the Newtonian dispersed
and continuous liquid phases, the droplet size, and rela-
tive droplet velocity.

PREVIOUS WORK AND THEORETICAL CONSIDERATIONS
Droplet Shape

The shape of a drop moving in a liquid continuous
phase is determined by the forces acting along the sur-
face of the drop. Basically the shape is dependent upon
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