R &D NOTES

Study of Gas-to-Liquid Mass Transfer by
Dynamic Methods in Trickle Beds

Mass transfer in trickle-bed reactors plays an important role
in overall performance (Shah, 1979; Ramachandran and
Chaudhari, 1985). Several studies have been published on the
liquid-side mass transfer coefficient (Goto et al., 1975; Tan and
Smith, 1982; Fukushima and Kusaka, 1977; Turek and Lange,
1981). Goto et al. (1975) studied gas-side mass transfer coeffi-
cients for desorption of naphthalene dissolved in water into air.
Mata (1980) performed steady-state experiments with sulfur
dioxide in water to measure mass transfer. Eroglu and Dogu
(1983) applied moment analysis to pulse-response experiments
similar to the ones described in this work, using cylindrical pel-
lets of a larger size.

Mass transfer data can be obtained with either steady state or
dynamic techniques, although the latter have seldom been used.
Dynamic experiments are often easier to perform and provide
more information (Burghardt and Smith, 1979). The dynamic
method is illustrated here by analyzing pulse-response experi-
ments for SO, in inert N, flowing cocurrently with water down-
ward through a packed bed of glass spheres. To obtain overall
gas-to-liquid mass transfer coefficients, only zero moments are
needed. For the very soluble gas-liquid pair, SO,—H,0, axial
dispersion in the liquid could be neglected, simplifying the data
analysis. For transitions between flow regimes our results can be
interpreted by allowing mass transfer coefficients to depend on
gas velocity to a power greater than unity.

Reproducibility is a major issue in experiments with trickle
beds, for dynamic as well as for steady-state methods. In our
experiments the gas-liquid disengaging section of the apparatus
had a large effect. Following the procedure of Ramachandran
and Smith (1979), we derived expressions for a multisectioned
trickle bed, and used these new results to account for the mass
transfer in the lower section of our apparatus where the gas and
liquid are disengaged.

Experimental Apparatus

The reactor (Figure 1) was a 0.3 m long glass tube of 1.6 x
10~* m ID. The liquid was introduced to the reactor through a
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movable distributor consistingof 12 (1 x 10*mID, 5 x 10> m
long) stainless steel capillary tubes located uniformly across the
reactor cross-sectional area. The outlet of the capillary tubes
was directly in contact with the bed packing, which was sup-
ported by a 60-mesh stainless steel screen. This was the same
liquid distributor utilized by Tan and Smith (1982). Spherical
glass beads (d, = 8.13 x 107*m, 16-20 Tyler mesh), constituted
the packing with d,/d, > 18, thus satisfying the criterion for uni-
form liquid distribution (Herskowitz and Smith, 1978).

At the reactor outlet, gas and liquid streams were separated
by the same device used by Tan and Smith (1982) and by Seirafi
and Smith (1980). About 2.5 x 107 m*/s of the gas stream was
accurately measured and directed to the detector for analysis.
The detector consisted of a thermal conductivity cell in a Varian
Chromatograph, Model 90-P, with the column replaced by a 4
inch stainless steel tube to connect the gas chromatograph. The
small amount of water vapor in the gas stream was determined
to have no effect on the thermal conductivity measurement of
SO, concentration. A variable-speed strip-chart recorder
printed the output signal from the detector. All runs were made
at 25°C and atmospheric pressure.

At the reactor entrance, a Varian six-port valve allowed
pulses of SO, to be introduced from a 4.0 x 10~* m® sample loop.
The SO, and N, gases (from Liquid Carbonic Co.) were 99.99%
pure. Distilled water was fed to the reactor by a variable-speed,
positive displacement pump. All tubing and fittings were of
Tygon or stainless steel.

Theory

Ramachandran and Smith (1979) have presented the gov-
erning differential equations for the trickle bed at constant tem-
perature, with no transverse concentration gradients, the gas
moving in plug flow, and an axial dispersion model for liquid
flow. A similar model, with calculations restricted to zero
moments, is proposed in this paper. When the gas tracer is
highly soluble, as in our experiments, it is readily demonstrated
that the effect of liquid axial dispersion vanishes in the expres-
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Figure 1. Experimental apparatus.
1R. gas flowmeters
1F. soap film flowmeter
2. flow controllers
3. water pump
4. liquid flowmeter
5. constant temperature bath

6. injection valve

7. bypass circuit

8. trickle-bed reactor
9. detector

10. recorder

sion of the zero moment. We extend the analysis to include mul-
tiple sections, including the gas-liquid disengaging section, for
the case of negligible axial dispersion of liquid. For the gas the
Peclet number is large, so that the plug-flow assumption is valid
(Goto and Smith, 1975). As the zero moment is the limit of the
Laplace transform when the transform parameter approaches
zero, this limit can be applied before solving the ordinary differ-
ential equation in the Laplace-transform domain. By this proce-
dure the dimensionless zero moment for tracer in the gas
reduces to the following expression for a single section of packed
bed,

Mo = j:, clt) dt /‘/o‘m cgot) dt = exp (—a) 0)]

Experimental values for m, are evaluated from the integrals
using the measured response curve. The last member of Eq. 1 is
obtained from the model equations and depends on K a; since

o = K,_aLL/HuG (2)
where
l/KLaL = l/kLaL + I/cha[_ (3)

Henry’s law constant, H is small (H = 0.0121 at 298°C accord-
ing to Komiyama and Smith, 1975) for the very soluble SO, gas
in water. Because the diffusivity in the gas phase is about 10*
times that in the liquid phase, &, is expected to be about 10°
times k. This makes k;a;, comparable in magnitude to Hk.a,.
An example in McCabe et al. (1985) likewise shows that gas
and liquid mass transfer resistances both contribute to the over-
all resistance for SO, absorption in a packed column.

Mass transfer occurs in the section of the trickle bed where
the gas and liquid are disengaged, as well as in the packed bed.
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We treat this section by modeling it in the same manner as the
packed bed, but with separate parameters, indicated by sub-
scripts 2 for the disengaging section and I for the packed bed.
The same partial differential mass balance equations, neglect-
ing axial dispersion, are written for the gas-liquid disengaging
section, with the appropriate boundary conditions. The zero-
moment equations for the gas and liquid streams, for the general
case when tracer is introduced in both the liquid and gas
streams, are

(1/m) f " eo(t) dt = moga = (8 + E)/(1 + B)
+ [my/mG(1 ~ EYH/(1 + ) (4)

(1/mi) f " eu(t) dt = mypu = B — E)/(1 + B)
+ [my/m5)(1 + BEYH/(1 + B) (5)

where
L= [ T dl, ms= [ ego(t) dt, 6
ny _/(; CL,O( ) G £ 6ol ) (6)
and

E = exp {—[a(1 — 8) + ass](1 + B)} Q)

The expressions for the dimensional zero moments in Egs. 4 and
5 are easily obtained for special cases when the input pulse is
either completely in the gas or completely in the liquid, i.c.,
m) = 0 or m; = 0, respectively.

The extension to the case of n sections of the trickle bed can be
shown to yield the same moment expressions as above, Egs. 4-6,
but with

E =exp[-(1 + B)1] 8)
in terms of
I'- i aiLi/ L 9

It is important to recognize that the influence of the length and
mass transfer capacity of one or more sections appears not
linearly, but exponentially in the zero moment.

For an infinitely long reactor, the gas and liquid streams are
in equilibrium and Egs. 4 and 5 reduce to

My Geq = MoLeq = B/(B + 1) + Hmy/mg (10)

For the case when the input pulse is fed only to the gas stream

(my = 0) the moment responses, from Egs. 4 and 5, are given
by

Mogan = (B + EY/(1 +B) (i1)
Mo =B(1 — E)/(1 + B) (12)

These two equations are not independent since a global mass
balance of the absorbable tracer dictates that

Pogan = Moran/B = 1 (13)
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so that, in principle, concentration measurements are necessary
in one phase only.

Focusing on the gas phase zero moment, we can solve for a; in
Eqs. 4 and 7 obtaining

o= —B/(1 + B)s — ey (1/s = 1) (14)

where

B =In [(1 + B)myga — B] (15)

It is convenient, when s = 1, to let
ayp=—B/(1 + B) = L(K;a;)./Hug (16)

In fact, a; » would be the “false” mass transfer group one would
obtain if the presence of the second section were not considered.
In terms of Eq. 16, Eq. 14 becomes

ay =aypfs —op(lfs = 1) a7

Next we set s = 0 in Eq. 7 and substitute into Eq. 4 with mj = 0.
The result is

myga = {8 + exp — (1 + 8)1/(1 + B) (18)

which represents the amount of absorption that would take place
in a reactor of length L, constituted only by section 2, the disen-
gaging section. Solving from Eq. 18 we get

a,=—(1 + 8)~'In [(1 + Bymyg, — 8]
= L(K.a;),/Hug (19)

so that for a reactor of length L — L, = L(1 — ),
ayp = ay(1 - §) (20)
Then Eq. 17 becomes
oy = (ar — ag)/s (21

which is our working equation. As a check on the solution, we
may substitute into Eq. 21 the corresponding definitions for oy,
a, , and a,. This gives

s(Kpap), + (1 — )(Kpap), = (Kapan (22)

which is the steady-state result relating mass transfer coeffi-
cients for the two sections.

The equations suggest the following experimental plan:

® Evaluate the mass transfer capacity of section 2 by measur-
ing the zero moment for this section alone. Use Eq. 20 to deter-
mine o,

@ Evaluate the overall mass transfer rate for combined sec-
tions 1 and 2 by measuring the zero moment. Use Eq. 16 to
determine o, ¢

® Determine the bed mass transfer coefficient through Eq.
21

Results

Measurements for the entire trickle-bed system were made
with two lengths of packed beds, 5.0 and 7.5 cm. To determine
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the zero moment for the gas-liquid disengaging section alone,
the reactor was emptied except for three to four layers of glass
beads. The distributor was lowered onto the fop of these layers to
simulate the hydrodynamics at the exit of the reactor. The
absorption of SO, in the disengaging end section was significant
as indicated by the low value of the zero moment compared to
unity.

The measured zero moments are given in Table 1 for the end
section, the 5.0 cm bed plus the end section, and for the 7.5 cm
bed plus the end section. The moments are average values with a
variation (difference between extreme values divided by the
average) of less than 9% for the disengaging end section only.
Also presented in Table 1 are the mass-transfer groups, a,, and
a, ¢ for the 5.0 and 7.5 cm beds, respectively. The zero moment
measurements showed a 15% variation causing a 16% variation
in the mass transfer group o, . Replication experiments made
on different days yielded differences in moments of less than
10%, resulting in a difference in mass transfer coefficients of
20%. The equilibrium values of the moments (at & = =) are also
tabulated, showing that my; decreases to its minimum as o
increases.

Mass transfer coefficients, calculated according to Eq. 21, for
the 7.5 cm bed either agreed with or were larger than those for
the 5.0 cm bed. The experiments for the 7.5 cm bed were closer
to equilibrium conditions, due to increased contact between gas
and liquid. For operations close to equilibrium conditions, small
changes in the zero moment cause relatively large changes in the
mass transfer parameter, . A linear regression of the data with
the logarithmic form of the correlating equation,

Koa/H = aubus (23)

yielded constants a, b, and ¢ with a relatively large standard
deviation. Some of the scatter in the data is due to the effect of
the disengaging section, as can be shown by an error propaga-
tion analysis.

Table 1. Moments and Mass Transfer Groups for Values of
Gas Velocity, ug, and Liquid Velocity, uf
UgU, 0.675cm/s 1.26 cm/s 1.90 cm/s 2.61 cm/s
cm/s  mgg a Myg a My a Mg o
3.28 0.338 1.14 0.237 1.52 0.150 201 0.102 240
0204 1.75 0.113 239 0.086 265 0.05 3.09
0.193 182 — — 0078 277 0.039 3.67
0.056 ® 0.031 o 0.021 @ 0.015 w
526 0464 081 0373 1.03 0194 173 0192 1.71
0316 1.26 0.153 211 0.118 234 0.097 254
0.254 155 — — 0.107 248 0.040 4.06
0.086 o 0.048 @ 0.033 o 0.024 ®
784 0465 083 0424 090 0264 140 0.262 1.40
0.356 1.16 0.193 189 0.146 220 0.123 231
0.249 1.70 0.137 244 0079 3.25 0.058 3.59
0.123 S 0.070 @ 0.048 ® 0.035 o
11.0 0493 0.78 0.390 1.02 0.363 107 0272 1.38
0.369 1.18 0245 1.63 0.137 240 0127 238
0241 200 0.138 277 0.107 292 0.068 3.69
0.165 @ 0.096 B 0.066 S 0.049 @

*The four entries of moments in the first column at each gas and liquid flow rate
are the zero moments for: 1) the end section; 2) the 5.0 cm bed plus the end section;
3) the 7.5 cm bed plus the end section; and 4) the equilibrium value. The first three
of a entries in the second column at each flow rate are the mass transfer groups a;,
a5 for the 5.0 cm bed, and «, - for the 7.5 cm bed. The equilibrium values of the
moments are paired with o = co.
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Figure 2. Correlations of the overall gas-to-liquid mass
transfer coefficient, K,a,, as a function of the
gas velocity, ug, at liquid velocity u, = 0.675
cm/s.

The regression showed that the mass transfer coefficient
depends on the gas flow rate to a power (b) greater than unity.
This dependency implies that at a higher gas flow rate one could
obtain better fractional removal of gas solute for a given size of
reactor. Goto et al. {1975) also reported an increase in the gas-
side coefficient to a power greater than unity (~1.45) for their
experiments. For liquid-side mass transfer coefficients, a similar
kind of functionality was found by Ufford and Perona (1973),
Fukushima and Kusaka (1977a), and Sylvester and Pitayagul-
sarn (1975).

Bird et al. (1960) show that in the transition region from lam-
inar to turbulent flow in a pipe, the heat transfer coefficient
depends on a power greater than that for the fluid velocity. Chou
et al. (1979) also reported that in the transition region from gas-
continuous to pulsing flow, the liquid-solid mass transfer coeffi-
cient increased sharply, in 2 manner proportional to 3. These
facts led us to believe that a flow transition could explain the
behaviour of our data. Although pulsing flow was not observed,
the flow map of Tosun (1984) indicates that a transition from
gas-continuous (trickling) to pulsing flow should occur in this
range of gas and liquid velocities. The boundaries between flow
regimes are not sharp, and visually distinguishing the transition
can be difficult.

Figure 2 shows a comparison of our results for the 5.0 cm bed,
and those of other workers for the liquid velocity 0.675 cm/s.
The results of Goto et al. (1975) have a stronger gas velocity
dependence, while those of Eroglu and Dogu (1983) have a
weaker velocity dependence. Qur correlation of the mass trans-
fer coefficient agrees best with Mata (1980).

Table 2. Correlation Parameters for Eq. 25, K,a; — dug*

up d e
0.675 242 x 107} 0.589
1.26 3.40 x 1072 0.740
1.90 6.30 x 10~* 1.61
2.61 8.00 x 10~* 1.49

*K.a, in 1/s, ug in cm/s at four values of liquid velocity and for the 5.0 cm
trickie bed
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Figure 3. Mass transfer coefficient according to Eq. 24
for u, = 0.675, 1.262, 1.900 and 2.614 cm/s.

At higher liquid flow rates the agreement of the correlation
and the experimental results was better than at lower liquid flow
rates. This suggested that the liquid velocity effect had not been
determined as accurately as possible. Thus the data were orga-
nized into sets of constant liquid flow rate and correlated with
the equation

Kia; = dug; (24)

This fit showed less scatter of the data than did Eq. 23. The val-
ues of the parameters d and e are given in Table 2, and the mass
transfer coefficient is plotted as a function of gas velocity in Fig-
ure 3. Each experimental point in Figure 3 is an average of up to
nine observations. The interesting feature of Table 2 is the sharp
difference between the parameters d and e for liquid velocity
between u; = 1.26 and u; = 1.90. According to Tosun (1984),
the transition of trickling to pulsing flow should occur between
these liquid flow rates. This is further evidence that the mass
transfer is dependent upon the flow regime.
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Notation

a, = gas-liquid mass transfer area per unit column volume, m?/
3
m
B = quantity defined by Eq. 15
¢ = concentration of tracer in the gas phase, mol/m*
€6o(?) = concentration of tracer input in the gas feed, mol/m?*
¢g,1 = exit concentration from section 1, mol/m®
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¢ = exit concentration from reactor, mol/m*
¢, = concentration of tracer in the liquid, mol/m’
¢15(t) = concentration of tracer in the liquid at entrance, mol/m®
¢, = exit liquid concentration from reactor, mol/ m?
d, = particle diameter, m
d, = reactor column diameter, m
H = Henry’s law solubility constant
kg = gas film mass transfer coefficient, m/s
k;, = liquid film mass transfer coefficient, m/s
(KL“L)1J
(K.a.); } = mass transfer coefficients for sections 1, 2 and overall, L /s
(Kap)a
L = total length of the column, m
L; = length of section i of the trickle-bed, m
m, = dimensionless zero moment, defined by Eq. 1
s = dimensionless length L,/L
t = time, s
ug = superficial gas velocity, m/s
u, = superficial liquid velocity, m/s
my, mg = dimt;nsional moments for inlet liquid or gas, Eq. 6, mol
s/m
my; = dimensionless zero moment for tracer in the gas for single
section of packed bed, Eq. 1
Mg, = dimensionless zero moment for tracer in the gas for disen-
gaging section, Eq. 18

Greek letters

o = [(K;a,)L)/Hug
oy = [(Kpa ) L]/Hug
a = [(Ka)ul]/Hug
@, ~ [(Kpa1),L]/Hug
a0 = [(Kpar)L — L)1/ Hug
Qa; = [(KLaL)lL]/ Hug
8 = Hugfu,
T = dimensionless quantity defined by Eq. 9
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