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Abstract

The solid-liquid wetting factor, f; was experimentally determined in a fixed-bed three-phase reactor with downward concurrent gas
and liquid flows (trickle-bed reactor). The method employed consisted of comparing the shear stress obtained when two phases (liquid
and gas) circulated through the bed, with that obtained at liquid-full bed conditions, maintaining the intrinsic liquid and gas velocities
constant. The shear stresses were related with pressure drop and liquid hold-up. In this way, a non-intrusive method can be applied to
any chemical trickle-bed reactor by only measuring pressure drop and liquid hold-up. Experiments were carried out in a pilot unit,
where the flow of both phases was modified, obtaining a direct dependency of f ' with the flow and hold-up of liquid and f values in
agreement with those reported by other methods. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The wetting factor, f, or sometimes named as the con-
tacting effectiveness, is defined as the fraction of the
external area of the catalyst pellet effectively wetted by
the liquid flowing down the bed. From the literature
data, f, has been obtained either with a chemical method
- comparison of reaction rates in a two-phase operation
and in a reactor completely filled with the liquid (Satter-
field, 1975; Morita and Smith, 1978; Specchia et al., 1978;
Herskowitz et al., 1979; Mata and Smith, 1981; Her-
skowitz and Mosseri, 1983; Leung et al., 1987; Lakota
and Levec, 1990, Llano et al., 1997) — or with a dynamic
tracer technique (Colombo et al., 1976; Schartz et al.,
1976; Sicardi et al.,, 1980; Mills and Dudukovic, 1981,
1982; Burghardt et al., 1990, Al-Dahhan and Dudukovic,
1995).

Colombo et al. (1976) measured intraparticle effective
diffusivity for two-phase gas-liquid and liquid-full opera-
tion at the same liquid flow rate and they defined the
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external surface-wetting fraction wetted by its ratio:

f_ (Deff)Z-phase (1)

(Deff)liquid-filled '

Dudukovic (1977) and Baldi and Gianetto (1979), de-
rived a revised formula in which the external contacting
was related to the square root of the ratio of the effective
diffusivities in two-phase and liquid-filled operation:

f= (Deff)z-phase (2)

(Deff)liquid-filled ’

Schwartz et al. (1976) developed a method which in-
volved feeding two tracers into the system: an adsorbing
one (heptane) and a non-adsorbing one (benzene or
naphthalene). Helium and hexane were used as the gas—
liquid system. They defined the external catalyst contact-
ing efficiency as the ratio of the apparent adsorption
equilibrium constant, observed in two-phase flow, to the
adsorption equilibrium constant for completely wetted
particles as in a liquid-filled column:

f _ (KA )apparent

(KA )liquid—filled )

3)
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Morita and Smith (1978) estimated the fraction of par-
ticle surface wetted by liquid from the data for two
catalyst activities and from the intrinsic rate constant
established by the liquid-full data in a batch-recycle sys-
tem. Herskowitz and Mosseri (1983) calculated wetting
efficiency from intrinsic kinetic parameters measured in
a stirred tank and with a correlation for the liquid-solid
mass transfer.

Lakota and Levec (1990) and Gonzalez-Mendizabal
et al. (1998), defined the wetting efficiency as the ratio of
the volumetric mass transfer coefficients in the two-phase
flow to those in single-phase (liquid) flow at the same
intrinsic velocity of the liquid:

kS LS)2-phase

(ks a)liquid—filled.

It has been shown experimentally (in the hydrodesulfur-
ization reaction in a pilot reactor; Bondi, 1971), in the
hydrogenation of oils (Montagna et al., 1977), in the
denitration of hydrogenated oils (van Klinken and van
Dongen, 1980), in the dehydrogenation of crotonal-
dehyde over a palladium catalyst at ambient conditions
(Sedricks and Kenney, 1973), and in the hydrogenation of
benzene (Satterfield and Ozel, 1973), that the degree of
wetting exerts a substantial influence on the overall rate
of a heterogeneous catalytic reaction. Furthermore, the
degree of wetting also depends upon many other vari-
ables. Various empirical equations, which determine the
degree of wetting of the packing, as a function of the
liquid and gas velocities, the physical and chemical prop-
erties of the liquid, and the size of the packing have been
developed. However, as noted by Satterfield (1975),
the applicability of these equations, as generalized in
Schwartz et al. (1976), for calculations of the degree of
wetting of catalyst particles is questionable, and requires
the performance of experiments under conditions corre-
sponding to such operations.

In this work, we propose a new method by which we
compare the liquid-solid shear stress times the specific
area in the two-phase flow to that in liquid-full bed at the
same intrinsic liquid and gas velocities, i.e.

_ (tLs aLS)Z-phase (5)

(TLsa)liquid-fuu bed'

The advantage of this method is that the external wetting
can be determined directly from the pressure drop and
liquid hold-up measurements without disturbing ap-
preciably the chemical system.

2. Model
In trickle flow the liquid phase trickles over the pack-

ing while the gas phase, which is continuous, moves in the
remaining void space. The driving force of the gas flow is

the pressure drop while the driving force of the liquid
flow is mainly gravitational, dominated by the liquid-
solid viscous shear stress. It has been found by Rode et al.
(1995), that the overall mass transfer rate is proportional
to one-third the power of the overall shear-rate charac-
teristic for a laminar mass-transfer mechanism where
liquid flow is dominated by viscous forces even at high
interaction regimes. Considering that the analogy be-
tween mass and momentum transfer is in this case applic-
able, a knowledge of the average liquid and gas shear
stresses enable us to establish simplified expressions of
the average force balances for the liquid and gas phases;
with the following assumptions: the phases are treated as
continua; the flows are isothermal and steady with con-
stant and uniform voidage and liquid hold-up values;
acceleration effects are negligible; and there is no radial
pressure gradient. By overall force balance over the
liquid and gas phase we can relate each shear stress with
pressure drop and liquid hold-up measured under two-
phase and liquid- and gas-filled operation.

For liquid-full bed operation, we have for the liquid:

ep(AP )liquid-full bed

(TLs Dtiquid-full bea = I + €3pLY- (6)

For gas-filled operation, we have for the gas:

eg(AP )gas-filled

(Tes Dgas-titled = I + éppgY. (7)

For the two-phase operation, we have for the liquid the
following force balance:

AL(tLsaLs)2-phase = AL(trgarg) + AeL(AP)s phase
+ eLpLgAl 8)
And for the gas:
AL(trgarg) + AL(TGsdgs)2-phase
= A(eg — e)(AP)2 phase + (¢ — €L)pcgAL. ©)

To account for the wetting efficiency, a comparison
was made between the shear stress for the two-phase and
to that in single-phase (liquid-full bed) flow at the same
intrinsic velocity of the liquid:

f= (Trs )2 phase at the same v} . (10)

(trs a)liquid—full bed

Using the dynamic liquid hold-up data, the intrinsic
velocity vy was calculated by

(11)
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The new liquid Reynolds number is defined as

Ref = Re, X (12)
érd

It is postulated that the gas—solid shear stress for the
two-phase flow is related to the single-phase flow (gas-
filled) by the fraction of the packing not wetted by the
liquid, (1 — f), at the same intrinsic gas velocity,
1—f= M at the same intrinsic gas velocity.
(165 @)gas-filled

(13)

And the new gas Reynolds number is defined as

843_ (14)

Rez = ReG
(es —&L)

By eliminating the gas-liquid shear stress from Eqgs. (8)
and (9) and by taking into account Egs. (10)-(14), an
expression for the wetting fraction, f; is obtained:

f:
glprer + poles — e1)] + ep((APs phase)/L) — (TGs@)gasrittea

(TLSa)liquid.fun bed — (TGSa)gas.fined

(15)

where (TLsa)liquid-fuu pea and (TGsa)gas-fiued are given by
Egs. (6) and (7), respectively.

3. Experimental

The experimental apparatus, bench scale, used to
measure pressure drops and hold-up for both single-
phase and trickle-bed operation is shown in Fig. 1. The
2 m high column is made of a carbon steel tube in an
internal diameter of 4 in, with four pressure taps of 1/4 in
each one separated by 0.6 m. The column has a thick
optically clear acrylic window to observe the behavior of
the two-phase flow near the wall surface. The gas-liquid
distributor is similar to the one used by Herskowitz and
Mosseri (1983).

Distilled water was stored in a 2001 reservoir, and it
was pumped through a rotameter up to the top of the
column. The flow was regulated manually by needle
valves. Compressed air, regulated to a constant pressure
of 60 psig, was driven through gas rotameters and intro-
duced to the top of the column at a given flow manually
fixed by a needle valve. For all the experimental runs, the
liquid and gas phases, were at ambient conditions (25°C
and atmospheric pressure).

The column is packed with cylindrical extruded cata-
lyst material. The characteristics of the column and
the particle used are shown in Table 1. The column-
to-particle diameter ratio is about 26, enough to avoid

channeling. As stated in the literature (Sylvester and
Pitayagulsarn, 1975; Hirose et al, 1976; Satterfield
et al., 1978; Wang et al., 1982; Losada and Pironti, 1988),
the above ratio may vary between 5 and 47 with no
significant effect.

On the top and at the bottom of the column there are
two solenoids valves connected to a switch that suddenly
and simultaneously interrupts the entry and the exit of
fluids to the column allowing the measurement of ex-
ternal liquid hold-up. The exit valve of the column is
opened, allowing the liquid to drain for a time not less
than 30 min, after that the liquid collected is weighed.
Then the dynamic liquid hold-up is calculated by

pLV

éra (16)
Pressure drops across the particle bed, were measured
with pressure transducers connected to the top and the
bottom of the reactor bed. Then the signal is recorded by
a data acquisition system. For each gas and liquid flow
rate, a minimum of 20 min was allowed for the pressure
drop and liquid hold-up measurements to ensure that the
data reflected the true steady state (Holub et al., 1993).
The mass flux range adopted in this work varied from
1.76 to 14.48 kgm s~ ! for liquid flow and varied from
0.1to 0.31 kgm~2s~ ! for gas flow. Under these operat-
ing conditions, visual observation through the acrylic
window indicates the existence of continuous gas flow
regime in the column. This was corroborated by stable
and steady pressure drop measurements.

4. Results and discussion

To find the wetting factor, according to the model
proposed in this work (Eq. (15)), single-phase pressure
drops, liquid hold-up and pressure drops for two-phase
runs, are needed.

To predict pressure drop when only one-phase experi-
ments are carried out through the column, Ergun’s equa-
tion can be used:

E o 0= ep)” Vit

(1 —ep)vp
L b gd? '

epd,

+E, (17)
However, as Holub et al. (1993) recommends, the con-
stants, E; and E,, must be determined for each particular
packed material, since they depend on the tortuosity and
rugosity of the bed particles. The single-phase flow Ergun
constants were determined from pressure drop measure-
ments using air over dry packing. The experimental re-
sults obtained are shown in Fig. 2, together with the
Ergun’s equation with constants: E; = 150 and E, = 1.8.
These constants were obtained by regression (Raw
R? = 0.995) from pressure drop experimental values and
were reproduced with an error less than 5%.
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Fig. 1. Schematic diagram of the experimental set-up; (B1) pump; (D) distributor; (PT) pressure transducer; (R) reactor; (R1-R4) rotameters; (S1, S2)

solenoid valves; (St) terminal section; (V1-V9) valves.

Table 1
Characteristics of solids, fluids and column

Column diameter 10.16 cm
Column volume (V) 16,863.21 cm?®

Void fraction of the bed (ep) 0.41 +£0.01
Static holdup (ers) 0.036 + 0.001
Mean equivalent diameter of the particles (de) 3.68 + 0.01 mm

Values for the dynamic liquid hold-up in the gas con-
tinuous regime are shown in Fig. 3, as a function of liquid
Reynolds numbers for different gas Reynolds numbers.
The reproducibility of the experimental method, em-
ployed for the determination of the dynamic liquid hold-
up, was good with a deviation less than 2%, which affects
the wetting factors results, calculated by Eq. (15), by
approximately 2%. A direct dependence of the liquid
Reynolds number upon the dynamic liquid hold-up is
observed. However, the gas Reynolds number seems to
exert less influence on the dynamic liquid hold-up, as the
gas Reynolds number increases the liquid hold-up de-
creases. The above results can be correlated to obtain the
following expression:

era = 0.048 Re24%3 Re; 0077 (Raw R = 0.998),  (18)

valid for the range: 11 < Rep, <904 9 < Reg < 110.

Eq. (18) predicts the experimental values with a standard
deviation less than 3.7%.
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Fig. 2. Experimental single-phase pressure drop compared with values
calculated from the Ergun equation.

Basically, all correlations reported in the literature for
the calculation of the dynamic liquid hold-up, show a di-
rect dependency upon liquid superficial velocity or liquid
Reynolds number, as an exponent in accordance with the
movement of the liquid through the bed (laminar film,
turbulent films or spray) and the particle texture. Gener-
ally, the values of this exponent oscillate between 1/3 for
laminar films and 0.5-0.6 for turbulent films (Wammes
et al., 1990). However, contradictory results have been
found, for instance, Goto and Smith (1975), reported an
exponent of 1/3 for lower liquid Reynolds numbers, while
Kohler and Richarz (1984) related the liquid dynamic
hold-up, ¢4, with a 0.53 exponent for very low Re;,
(0.1-5). In our case, the exponent is around 0.4, which is
an indication that the flow regime is laminar, where the
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Fig. 3. Dynamic liquid hold-up vs. liquid Reynolds numbers, for
different gas flows.

energy loss of the fluid is mainly due to viscous effects
between the liquid and the packing (Wammes et al.,
1991). Regarding the effect of the gas upon the liquid
hold-up, Shah (1879) and Ramachandran and Chaudhari
(1983) reported that at atmospheric pressure it was not
appreciable. Their results are in agreement with those
obtained in this work. However, at high pressure, the gas
flow reduces the liquid hold-up considerably, due to the
increase of the drag force in the liquid—gas interface.

Correlation from Saez and Carbonell (1985) - for two
gas Reynolds numbers — Wammes et al. (1990) and
Eq. (18) are also shown in Fig. 3, indicating that the ex-
perimental data of this work is in the range of values
reported. However, there is a difference between the slope
of the line through the experimental points (Eq. (18)) and
that of the correlation of Wammes et al. (1990). A max-
imum deviation of 17.5 and 6.5% for all liquid Reynolds
of this work and Reg; =9 and Re; = 110 respectively,
was found, when experimental values of ¢;, were com-
pared with those predicted by the correlation of
Wammes et al. (1990).

The pressure drop for two-phase operation, as a func-
tion of liquid Reynolds number for several gas Reynolds
numbers, is shown in Fig. 4. It is clearly observed in this
figure, that the pressure drop increases with both
Reynolds numbers. The reproducibility of the experi-
mental method, employed for the determination of the
two-phase pressure drop, was good with a deviation less
than 5%, which affects the wetting factors results, cal-
culated by Eq. (15), by approximately 2%. Pressure drop
values reported by Saez and Carbonell (1985) and
Larkins et al. (1961), for two different gas Reynolds
numbers, are also shown in Fig. 4, indicating that the
experimental data of this work is in agreement with other
results. However, for Re; = 107 all measured data points
are higher than predicted by the correlation of Larkins
et al. (1961) and by Saez and Carbonell (1985). The
deviation found between our experimental values and
those reported by Larkins et al. (1961) was 16% for
Reg = 34 and 23% for Reg = 107, for all Re;, covered in
this work.
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Fig. 4. Pressure drop for two-phase flow vs. liquid Reynolds numbers
for different gas flows.
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Fig. 5. Liquid-solid shear stresses as a function of modified Reynolds
number for two-phase and single-phase (liquid-full bed) flow.

Shear stress for single-phase operations was calculated
from Ergun equation with the constants determined by
measured single-phase pressure drops and Egs. (6) and
(7). Liquid-solid shear stresses for two-phase operation
together with the liquid-full bed results, are shown in
Fig. 5 as a function of modified liquid Reynolds numbers
(Ref = Rey eg/ery) for several gas Reynolds numbers. The
same behavior predicted by Lakota and Levec (1990) and
Gonzalez-Mendizabal et al., (1998), is clearly observed
from this figure. As the gas and liquid flow increases,
the wetting factor should come closer to unity, since the
shear stress for two-phase operation is approaching the
liquid-full bed values, even more if the Reynolds
number is based on the intrinsic liquid velocity over the
particles.

In Fig. 6 values of gas-liquid shear stresses estimated
from Eqs. (8) and (9), are reported as a function of operat-
ing conditions. As it is observed, most of the experimental
points are on the 45° slope line, which is an indication of
the concordance between results calculated by either
equation, and there is no danger that by subtracting two
numbers a large error could be generated.

The wetting factors were calculated by means of
Eq. (15). Fig. 7 shows the results plotted against the
Reynolds numbers for both phases and for all the experi-
ments done in this work. The figure shows that the
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Fig. 6. Parity plot of gas-liquid shear stresses calculated by Egs. (8)
and (9).
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Fig. 7. Wetting factors as a function of superficial liquid mass velocity
and gas Reynolds numbers for two-phase flow.

wetting efficiency increases with the liquid and gas
Reynolds numbers. These results agree with those re-
ported by numerous authors (Satterfield, 1975, Her-
skowitz and Mosseri, 1983; Leung et al., 1987; Lakota
and Levec, 1990; Al-Dahhan and Dudukovic, 1995;
Llano et al., 1997; Gonzalez-Mendizabal et al., 1998), and
disagree with Morita and Smith (1978), and Levec and
Pavko (1978), who got constant f values for different
liquid flow values.

Results of this work are compared in Fig. 7 with those
reported by other researchers. This figure shows that the
[fvalues obtained here are within the wide spread found in
literature for this parameter. This is basically because
authors propose their own equation based on specific
fluid phases and packing characteristics. Therefore,
a small change in solid texture or shape difference greatly
modifies the f value.

The method proposed in this work was checked by
employing correlations reported in the literature by
Wammes et al. (1990) for the dynamic liquid hold-up, and
by Larkins et al. (1961) and Saez and Carbonell (1985) for
two-phase pressure drop. In Fig. 8, a reasonable agree-
ment is observed, in a parity plot, between the f values
calculated by substituting these correlations in Eq. (15)
and our experimental results.

1.00
[JWammes et al. (1991)- * L i}
S d Carbonell (1985 * o *
0.80 aez and Carbonell ( ) +20% - 0O
& Wammes et al. (1991)- ’. 9
0.60 | Larkins etal. (1961) 5 10
fcal *
0.40
0 O
0.20 T20%
0.00 T T T T
0 0.2 0.4 0.6 0.8 1
fexp

Fig. 8. Parity plot of wetting factors calculated from Eq. (15) and
known correlations of AP and ¢4, and experimental values obtained in
this work.

1 L 4
4
+15 %
fcal 05
-15%
0 T
0 0.5 1
fexp

Fig. 9. Parity plot of wetting factors calculated from Eq. (15) and AP
and ¢;, data of Al-Dahhan and Dudukovic (1994), and experimental
values obtained by the same authors (1995).

Furthermore, the model proposed in this work
(Eq. (15)) was used to calculate wetting factors with ex-
perimental published data, AP/L and ¢;, reported by
Al-Dahhan and Dudukovic (1994). These calculated
values were compared with reported wetting factors by
the same authors in 1995. Shear stresses for liquid- and
gas-full bed were calculated from the Ergun equation
with the constants reported by these authors for the
packing they used. Results obtained by our model repro-
duced the data of Al-Dahhan and Dudukovic (1995) with
a maximum deviation of 15%, as shown in Fig. 9,
for low gas velocities (less than 8 cm/s) and different
pressure. For high gas velocities our model predicts
values of f higher than one, probably because it fails to
take into account the gas-liquid turbulent stresses now
present.

The f values obtained in this work corroborated the
feasibility of using the method proposed here to deter-
mine solid-liquid wetting factors, with the advantage to
be a non-intrusive method, requiring only the knowledge
of Ergun’s constant characteristics of the packing bed,
the pressure drop and liquid hold-up under three-phase
operation. These parameters can be taken either from
experimental data or from published correlations applic-
able to the operating conditions.
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5. Conclusions

A non-intrusive method for determination of
solid-liquid wetting factors in the gas continuous regime
was proposed for a three-phase operating column. The
model is simple and required only the knowledge of
two-phase pressure drop, liquid hold-up and Ergun’s
constant characteristics of the packing.

Solid-liquid wetting factors were determined with the
model proposed in this work, obtaining a direct depend-
ency of the wetting fraction with the liquid and gas flows.
The experimental values were contrasted against those
reported by the literature and it was found that they are
within the ample band of values proposed by other
authors for the same liquid and gas flow combinations.

Notation

a effective interfacial area of particles per unit
volume of bed, m !

A column cross section, m?

d, average equivalent particle diameter defined as

six times the volume to surface ratio, m

particle diameter, m

D¢ intraparticle effective diffusivity

E,E, Ergun constants for the single-phase flow
on the packing (describes bed tortuosity and

roughness)

f wetting factor, dimensionless

kga volumetric liquid-solid mass transfer coefficient
without reaction, s !

K, adsorption equilibrium constant

L superficial liquid mass velocity, kgm™%s™*

0 volumetric flow, m3s ™!

Re Reynolds number defined as (Q/Aeg)(p/w)
de(ep/(1 — ep))
Reg«  modified gas
Regep/(ep — 1)
Re;»  modified liquid Reynolds number, Rep. =

Reynolds number, Reg: =

Rerep/erq
v superficial velocity, ms™!
Vps intrinsic liquid velocity, vy« = Q; /(A&Lq)
14 column volume, m?

W, weight of the liquid, kg

Greek letters

1

AP/L  pressure drop per unit of length, Pam™

e packed-bed void per reactor volume (bed poros-
ity), dimensionless

er total external liquid hold-up per reactor volume
(&1, = €14 + &15), dimensionless

era dynamic liquid hold-up per reactor volume,

dimensionless

ELs static liquid hold-up per reactor volume,
dimensionless

1 viscosity, kgm ~'s ™!

p density, kgm™?

T shear stress, Pa

Subscripts

G referred to gas phase

GS referred to gas-solid phases

L referred to liquid phase

LG referred to liquid-gas phases
LS referred to liquid-solid phases
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