Gas-Solid Mass Transfer in a Jetloop Reactor
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Recycle reactors have been used as laboratory tools for
catalyst testing and kinetic studies for years (Berty, 1984).
Weekman (1974) discussed laboratory reactors and their limi-
tations. Berty (1984) indicated that recycle reactors are supe-
rior for studying catalyst kinetics. Reactors such as those of
the spinning basket type (Tajbal et al., 1966; Brisk et al., 1968)
have been shown to have relatively poorer mass-transfer rates
(Caldwell, 1982) than those of the Berty-type (Berty, 1974;
Caldwell, 1983). Nevertheless, with careful design the perfor-
mance of spinning basket reactors can be significantly im-
proved (Hidajat et al., 1987; Carberry and Martinez, 1995).
For kinetic stndies in such reactors, the following assump-
tions are usually made: (1) the reactor is well mixed; (2) con-
version across the catalyst bed is differential and the rate can
be based on the exit gas concentration; and (3) heat- and
mass-transfer rates are high enough to be neglected.

The first assumption can be verified by tracer studies. Con-
version over the catalyst bed can usually be estimated if the
flow pattern is known (recycle ratio) and this would generally
follow from the tracer studies. The measurement of heat- and
mass-transfer rates are not easily achieved and in many cases
cannot be neglected. In many reactors the influence of mass
transfer can be determined by varying the stirrer speed, but
this however does not guarantee that the mass-transfer rate
is sufficiently high. Many criteria have been developed to
predict operating conditions which will not be limited by heat
and mass transfer rates (Luft and Herbertz, 1969).

This article presents results of a study of the mass-transfer
rates in a new internal recycle reactor, the jetloop reactor
(JLR) as proposed by Luft (Shermuly and Luft, 1977). This
reactor has been used, among other things, to study selective
oxidation on palladium alumina catalysts (Haas and Gaube,
1989). The residence time studies (Moller et al., 1995) in this
reactor have shown that it behaves as a well-mixed reactor,
with recycle ratios easily exceeding the minimum value of 20
required for CSTR behavior (Gillespie and Carberry, 1966).
In this system, however, the influence of mass-transfer rate
on the reaction rate cannot be determined by varying the im-
peller speed, as the recycle ratio is dependent on the flow
rate and must therefore be measured independently. The ob-
jective of this work was to symmetrically investigate the effect
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of particle size and flow rate on the mass-transfer rates to
catalyst particles with a view to using this reactor for kinetic
studies.

Experimental Studies

The JLR in Figure 1 is discussed in detail by Moéller et al.
(1995). The JLR operates on the principle that momentum
transferred to the bulk fluid by a high-pressure, high velocity
jet causes the gas to recycle because of its novel construction.
Recycle ratios up to 70 have been measured (Moller et al.,
1995). For the mass-transfer studies three types of packing
were used: (1) 3.8 mL of 6-mm glass balls (approximately 20
balls); (2) 5.6 mL of 4-mm glass balls (approximately 100 balls);
and (3) 6 mL of 2-mm glass balls.

The recycle ratio was measured independently for each of
these systems, using methods outlined previously (Moller et
al., 1995). For the mass-transfer measurements, a naphtha-
lene particle was placed randomly among the glass beads. The
naphthalene particle used had an equivalent spherical diame-
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Figure 1. Jetioop reactor.
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ter of 5.8 mm based on equivalent surface area (as deter-
mined from micrometer measurements). The naphthalene
concentration was continuously monitored as a function of
the flow rate using a flame ionization detector. The flow rate
leaving the reactor was measured using a soap bubble meter.
The naphthalene concentration was less than 0.1% in the exit
gas stream and would thus not significantly effect the total
flow rate or the properties of the N, carrier gas, nor cause
excessive mass loss of the naphthalene particle for the dura-
tion of an experiment.

Results and Discussion

The basic mass-transfer equation
N=FC=K, a(C,-C) 6))

can be manipulated, by noting that the detector response R
for a gas concentration C (mol/mL) is given by

R~Fy_C, »
R-R, C
and making use of
d 3
TF
to yield
1 Vv 1 1
= —+ 4)
R—-R, K.a(R,—Ry)) | v R,—R,

Equation 2 is normalized with respect to the concentration
on the naphthalene surface C,, i.e., saturation pressure. Mass
transfer in packed beds can be represented by the correlation
of Wakao and Funazkri (1978)

Sh=2.0+1.18c"’Rey*® (5

Since the jetloop system operates at constant temperature and
pressure, K, (cm/s) is only a function of velocity. The veloc-
ity (Eq. 6) is proportional to the reciprocal residence time if
it can be assumed that the recycle ratio is constant

3 (1+ RRYV

o (6)

u

Grouping all the constant terms in Eq. 5 and rearranging, the
mass-transfer coefficient can then be represented by

0.6
K., =A+ B( —) @)
T
where
P 2D, ®
dp
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Figure 2. Experimental detector response as a function
of reciprocal reactor residence time for
2-mm-dia. glass beads.
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Note that B is not necessarily constant as the recycle ratio
will vary with flow rate at large residence times. This expres-
sion may be inserted into Eq. 4 to yield a general expression
for the mass-transfer rate of naphthalene

1 1 v
R-R, R,-R,

a A+B[

T

1]0_6) [%]H (10)

By using nonlinear regression techniques, the three parame-
ters of Eq. 10, A4, B, and R, may be determined. Thus it is
possible to determine the mass-transfer coefficients without
having to determine the saturation vapor pressure of naph-
thalene, as shown previously (Caldwell, 1983). In the case of
zero flow, saturation should be achieved, and thus extrapola-
tion to infinite residence time should yield R,.

Figure 2 shows the results obtained for six experiments
done using the 2 mm glass balls. The differences in magni-
tude are due to variations in the attenuation of the FID.
These data were used to determine the constants of Eq. 10.
In all cases B was found to be zero, indicating that data was
linear and that the mass-transfer coefficient was independent
of flow rate or residence time. Figure 3 shows the typical
linear fit of the experimental data. Table 1 shows the mass-
transfer coefficients obtained.

The fact that K, was invariant with respect to flow rate is
an anomalous result. Recycle ratios estimated from residence
time distribution studies on the equivalent glass beads enable
the calculation of particle Reynolds numbers (Re ) ( pud,,/p).
These were found to lie between 10 and 250, and thus the
jetloop operates in a regime between laminar and turbulent
flow. Using Eq. 5, mass-transfer coefficients may also be esti-
mated based on glass bead particle diameters. The results for
a typical case are shown in Table 2. Clearly the mass-transfer
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Figure 3. Curve fit of the experimental detector re-
sponse as a function of reciprocal reactor res-
idence time for 2-mm-dia. glass beads.

coefficients estimated from Eq. 5 show variation with flow
rate, but underestimate K, by a factor of 2 and more. This
suggests that mass transfer is enhanced in the JLR, especially
at low flow rates. There may be two reasons for this: first, the
reactor will be highly turbulent due to the induced turbu-
lence of the jet and the inherent mixing which occurs in the
system improving mass transfer and possibly eliminating in-
fluence that flow rate might have on K,; secondly, Eq. 5
strictly does not apply to packed beds in which the bed length
is only a few bead diameters.

Table 1 also shows that there is an increase in the mass-
transfer coefficient with a reduction in glass bead size. Smaller
glass beads would induce better mixing around the larger
particle and thus increase mass-transfer rates. When the
mass-transfer coefficient is independent of flow rate, Eq. 5
predicts that K, should be proportional to the inverse parti-
cle diameter. This is in fact observed in Figure 4 where K, is
plotted as a function of 1/d, (particle diameter, cm). This
confirms that the mass-transfer coefficient in the jetloop re-
actor are independent of flow rate and dependent on particle
size for the conditions studied here.

Comparison with the literature is difficuit, because most
recycle reactors (or mixed reactors) have impellers which al-
low variation of the recycle ratio (velocity of the gas through
the bed) independently of the residence time; thus data in
the literature is usually given as a function of impeller speed.
In the JLR the recycle ratio can only be varied by varying the

Table 1. Mass-Transfer Coefficients: 20°C, 121 kPa (Abs.)

Exp. Particle Size K,

No. mm cm/s
1 6 6.8
2 4 7.4
3 2 8.8
4 2 9.9
5 2 9.4
6 2 9.1
7 2 10.2
8 2 8.9

Avg. (2 mm) 2 9.4+0.6
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Table 2. Mass-Transfer Coefficients for the 2-mm Glass
Beads Estimated from Eq. 5

Residence Time K,
s cm/s
35.1 24
229 33
17.4 3.8
13.9 4.4
11.6 4.8
10.0 52

K, = 9.4 cm/s obtained from experiment

residence time. Table 3 summarizes the present results and
those from other studies. The mass-transfer coefficient in the
JLR compares very well with that obtained in a Berty-type
reactor and both are clearly superior to spinning basket type
reactor tested by Caldwell (1982). This is expected as the for-
mer two reactors are internal recirculation reactors with high
gas velocities over the catalyst. It has been shown by Car-
berry and Martinez (1995) that a well-designed spinning bas-
ket reactor (K, =7 cm/s at 2,000 rpm) performs as well as
the JLR and Berty-type reactor. Superficial gas velocities cal-
culated from the estimated recycle ratios varied between 10
and 70 cm/s.

The mass-transfer coefficient in the spinning basket and
Berty reactors are independent of flow rate above minimum
impeller speeds, which is also observed in the JLR. This reac-
tor thus offers similar performance to a Berty-type reactor
without the need for any moving parts. Disadvantages of the
JLR are that high jet head pressures complicate the reactor
feed system, and that flow rates can only be varied over a
limited range without having to change the jet diameter.

Conclusions

The mass-transfer coefficient in a jetloop reactor has been
shown to be similar to that of a Berty-type reactor. This reac-
tor is well suited for the measurement of reaction rates. The
mass-transfer coefficient was found to be independent of flow
rate and was a linear function of the reciprocal particle diam-
eter.
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Figure 4. Variation of mass-transfer coefficient with re-
ciprocal particle diameter.
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Table 3. Comparison of Mass-Transfer Coefficients with the

Literature
Reactor Type  K,,cm/s  Impeller RPM Conditions
Spinning basket  0.3-1.2 500-2,000 4-mm cylinders,
(Caldwell, 1982) naphthalene /air,
53°C, 1.16 kPa
Berty 25-95 200-2,000 4-mm cylinders,

(Caldwell, 1983) naphthalene /air,

23°C, 0.87 kPa

This work 7.4 — 4-mm spheres,
naphthalene/N,,
20°C, 121.3 kPa
Notation

a=surface area for mass-transfer, cm?
D,, = molecular diffusion constant, cm?/s
F = gas flow rate, mlL./s
N = mass-transfer rate, mol/s
R,= FID zero response
S = cross-sectional area of the annulus, cm?
Sc = particle Schmidt number, u/pD,,
Sh = particle Sherwood number, K, d,/D,,
u = superficial gas velocity, cm/s
V= reactor volume, mL

Greek letters

= viscosity, g/cm-s
p= density, g/cm?
T=reactor residence time, s
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