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The unsaturated flow of liquid through packed beds of large particles was studied
using six different liquids, all with contact angles greater than 90° on the bed packing
(wax spheres of 9, 15 and 19.4 mm diameter). The liquid flow was discrete in nature, as
drops for low flow rates and rivulets for high flow rates. For unsaturated liquid flows,
the actual percolation velocity, not superficial velocity, should be used to characterize
the flow. The percolation velocity did not vary with packed-bed depth, but was a strong
function of liquid flow rate, liquid and particle properties. Effects of liquid and particle
properties (but not flow rate) are well captured by a simple correlation between the
liquid - particle friction factor and Reynolds number based on actual percolation veloci-
ties. Liquid dispersion, characterized by the maximum dispersion angle, varies signifi-
cantly with liquid and particle properties. The tentative correlation suggested here needs
further validation for a wider range of conditions.

Introduction

When a liquid is introduced onto a packed bed of coarse
particles, gravity-induced percolation occurs. This is a type of
liquid flow commonly encountered in many chemical, geo-
physical, and metallurgical applications. Detailed under-
standing of this sort of liquid flow has been of concern, in
particular, for numeric simulation of the chemical reaction,
heat transfer, and mass transfer associated with the liquid
percolation through packed beds.

It has been revealed experimentally that liquid percolation
in packed beds might be either continuous or discrete (trick-
ling) flow, depending on the properties of the liquid and
packing particles, as well as certain process variables such as
liquid flow rate and the existence of gas phase (Koib et al.,
1990; Melli et al., 1990; Rode et al., 1994). Many saturated
liquid percolation examples can be classified as continuous
flow, for example, filtration process of the liquid metals or
alloys through a packed bed of refractory particles or ceramic
foam filters (Apelian and Mutharasan, 1980; Frisvold et al.,
1992). Extensive experimental and theoretical studies on con-
tinuous liquid flow have been carried out, leading to a num-
ber of models for simulation of such a flow in packed beds
(Macdonald et al., 1979; Szekely and Kajiwara, 1979; Ohno
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and Kondo, 1980; Austin et al., 1997). These models are de-
veloped based on potential flow theory, so that their applica-
tion to unsaturated liquid percolation is limited due to the
discrete nature of the flow. The discrete nature of unsatu-
rated liquid flow in packed beds has been identified experi-
mentally using various photographic technologies, such as
camera (Chew et al., 1997), X-ray (Gupta et al., 1996), micro-
scope (Payatake et al., 1981), and high-speed video (Liu et
al., 1997). For this reason, it is highly desirable to develop an
alternative model to take the discrete nature of the unsatu-
rated liquid percolation in packed beds into consideration.
To model the liquid distribution in trickle-bed reactors, a
simulation algorithm has been proposed (Zimmerman and Ng,
1986), in which the gravity-induced liquid percolation was
typically involved under an unsaturated flow condition. How-
ever, this algorithm needs a porous medium model that spec-
ifies the microscopic structure of the computer-generated
packing, which does not seem to be applicable for the engi-
neering-scale problems. Further study on the liquid disper-
sion in packed beds was carried out with a cold physical
model, leading to a probability model based on the statistical
motion of droplets (Ohno and Schneider, 1988). Similarly, the
probability model also needs the information about the struc-
ture of the network formed by the particles and the lattice
points in the intervals between the particles, making the
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model difficult to use. This model was later extended to esti-
mate the flow region by combining with a potential flow model
to simulate the liquid distribution (Wang et al., 1991). Such a
treatment seems reasonable as a numerical technique, but this
approach is conceptually problematic, because the discrete
nature of the flow, as recognized by the probability model, is
overlooked in the continuum-based simulation. There is an-
other mode] available, referred to as the tube network dy-
namic model, in which the packed bed was simplified as a
network of tubes with a constant inclination angle of 45° (Eto
et al., 1993). However, it is still generally difficult to apply
this model under the condition of discrete liquid flow through
a packed bed, as the effective numerical calculation may have
to be at the level of particle size.

As a matter of fact, the most important features for the
unsaturated percolation in a packed bed are the interaction
between the liquid and packing particles and the stochastic
liquid motion due to the complex packing structure. Previous
work (Wang et al., 1997a,b,c) paid particular attention to
these characteristics of the flow, leading to an alternative lig-
uid flow model, that is, force balance model with stochastic
dispersion. For the moment, there is still further work to do
for the general application of this mode! because the
liquid-particle interaction and the stochastic motion have not
yet been systematically investigated and formulated rigor-
ously. Very limited experimental data are available for the
unsaturated flow of nonwetting liquids through beds of large
particles. Such systems, which allow discrete flow behavior,
are important in a number of applications, particularly in the
metallurgical industries.

In this work, a number of experiments have been per-
formed to investigate the unsaturated percolation and the
stochastic motion of discrete liquid flow through packed beds.
These experiments will justify the applicability of a force-bal-
ance model under discrete liquid-flow conditions. The pri-
mary objective has been to quantify the interaction between
liquid and packing particles and the liquid dispersion as the
function of such liquid properties and packing characteristics
as porosity of the bed and particle size. This study will pro-
vide a better understanding and practical formulations for
modeling the unsaturated liquid flow through packed beds,
based on experimental data.

Experimental Studies

Wax spheres were used as model particles. The wax spheres
were made with Fish Ball Moulds from black wax purchased
from Ajax Chemicals, of sizes 9 mm, 15 mm, and 19.4 mm.
There was no significant deformation of such a packed bed

under its own weight because all experimental runs were per-
formed in cold conditions (temperature below 30°C).

Water and various solutions of glycerol, CaCl,, and ZnCl,
were employed in this study to investigate the effect of differ-
ent liquids on percolation performance. All the liquids used
have contact angles greater than 90° on wax. The properties
of the liquids are listed in Table 1.

The experimental apparatus consisted of a packed column,
two liquid tanks located on the top, and a liquid collector
separately attached on the bottom of the packed column, as
shown in Figure la. There are two types of liquid collector
designed for the different measurements: an inverse-circular
cone collector (Collector A) that was used to measure liquid
percolation velocity, and an annular collector with four parts
(Collector B) that was used to measure liquid radial distribu-
tion, as shown in Figure 1b. Note that the liquid was supplied
from the tanks into the packed bed as a point source. The
packed column, filled with the particles during experiments,
was made from a S-mm-thick Prespex sheet with an internal
diameter of 282 mm and a height of 600 mm. The bottom of
the packed column was supported by a metal mesh (4 X4 mm)
connected to the liquid collector. The height of the packed
beds was designed so it could be adjusted from 100 mm to
500 mm when necessary.

During the experiments, the water head of the liquid tanks
was kept constant. Two rotameters were employed to control
the liquid flow rate at the initial and stable stages, respec-
tively. A three-way valve was used to switch between the lig-
uid supplies connected to the chosen rotameter (see Figure
1). Each experimental run was begun by (1) calibrating the
rotameter; (2) starting from a dry bed, and (3) operating with
a rotameter at an initial liquid flow rate that is 10% higher
than the desired value until the steady-state condition for lig-
uid flow was reached. The steady state for the unsaturated
bed is the state at which the liquid flow rate introduced into
the packed bed is approximately equal to the output flow rate
of the liquid collected on the bottom of the packed bed un-
der a steady gas flow. This was achieved by allowing liquid to
flow through the packed bed for 15 min to stabilize the liquid
holdup in the void space of the packing bed. After a steady
flow condition was established, the liquid flow rate was set
back to the desired value by switching the connection to an-
other rotameter to perform the percolation, liquid distribu-
tion, and dispersion experiments.

Three types of measurements were made: percolation ve-
locity, liquid distribution, and liquid dispersion.

Both the maximum and mean percolation velocities were
measured. The maximum percolation velocity of liquid falling
in the bed is defined by dividing the total height of the bed
over the actual traveling time of the first representative lig-

Table 1. Properties of Liquids Used for Experiments

Conc. Densi Viscosity Surface Tension Contact Angle

Liquid (wt. %) (kg/m*) (kg/ms) (kg/s?) on Wax (deg)
Water — 1,000 0.0010 0.0732 105.6
0.5 glycerol 50 1,126 0.0060 (0.0697 101.1
0.8 glycerol 80 1,209 0.0620 0.0676 96.6
0.85 glycerol 85 1,222 0.1130 0.0670 92.1
(ZZa(C:i 5 solution 35 1,350 0.0059 0.0888 114.1
nCl, 75 1,920 0.0340 0.0809 97.9
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uid clement moving from the top to the bottom of the bed.
The mean percolation velocity is defined as the bed depth
over the mean percolation time of the liquid flow at steady
state. The mean percolation time is calculated by dividing the
liquid flow rate by the liquid dynamic holdup in the packed
bed. Liquid dynamic holdup was measured as the amount of
liquid drained from the bed after suddenly shutting off the
inlet flow valve, determined by weighing the collected liquid.

Liquid distribution at the base of the packed bed was mea-
sured in the following manner:

e The chosen liquid was sent through the packed column
at the desired liquid flow rate from the top of the packed
bed.

¢ Liquid was collected with the four annular collectors (see
Figure 1b) after the flow was stabilized.

e The elapsed time was recorded and then the liquid in
each collector was weighed, which allows determination of
flux mass velocity for various collectors, giving liquid distribu-
tion.

The measurement of liquid dispersion focuses on the in-
vestigation of the percolation region due to the stochastic
movement of the liquid in a packed bed. The region can be
represented by the boundary of the liquid flow on the hori-

zontal cross sections that was determined by measuring the
liquid dispersion areas at different cross sections of the
packed bed. A procedure similar to the liquid distribution
experiments was employed for this measurement. A cotton
sheet was placed on the metal mesh located on the bottom of
the packed bed to record the wetted zone, and hence the
dispersion area at each bed depth. The experimental mea-
surements usually give the irregular dispersion areas, so an
average dispersion radius was estimated by taking an average
of eight dispersion radii, measured at equal angles around
the central point of the bed.

Process Modeling

The visual experimental investigations previously per-
formed have revealed that unsaturated percolation of liquid
through packed beds is typically a discrete flow, especially if
the liquid phase does not wet particles (Gupta et al., 1996;
Liu et al., 1997). The liquid flows as droplets or rivulets over
the bed packing. Experiments further reveal the existence of
a major stream flow that is generally controlled by gravity.
The liquid flow, along with a major stream (in the direction
of gravity in this particular study), can be modeled by means
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Figure 1. Experimental equipment.
(a) Experimental rig; (b) liquid collectors (unit: mm).
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of the following force balance, that is
F,+ Ff=0 (1)

where F, and F;’ are the gravitational force of the liquid and
the frictional force between the liquid and packed bed, re-
spectively. These forces can be described as follows:

Fg =08 (2)

_ Cpsa,_

F/= 2 pilulu, 3

where p, is the density of the liquid, kg/m?>; u, is the perco-
lation velocity of the liquid, m/s; g is the gravitational accel-
eration, m/s?; a,_, represents the specific liquid—particle
contact area, I/m; and Cp is defined as the liquid—particle
friction factor.

The force balance concept has been employed to describe
the discrete flow through a packed bed (Gupta et al., 1996;
Wang et al,, 1997a). However such a concept based on the
assumption of a constant percolation velocity along bed depth
was not fully justified until the measurements of the current
work. More importantly, they did not formulate how to de-
termine the frictional force between the liquid and packed
bed.

As indicated in Eq. 3, to determine the liquid—particle fric-
tional force it is necessary to know the liquid—particle friction
factor, C,¢, and the specific liquid—particle contact area,
a,_,. For a continuous and saturated liquid flow in packed
beds, estimates of Cpg and a,_, have been well established
(Yagi, 1993). In the case of the discrete and unsaturated lig-
uid flow, however, it is extremely difficult to calculate the
specific liquid—particle contact area due to the undetermined
size of the liquid droplets or rivulets. In order to formulate
the liquid—particle frictional force for discrete and unsatu-
rated liquid flow in the packed bed, the average effective lig-
uid diameter in the current model is assumed to be propor-
tional to the effective capiilary size in the packed bed, given
by

€
dl = §] i: d)dp (4)

Assuming that there are many individual liquid droplets or
rivulets in the packed bed, the liquid—particle contact areas
should be proportional to the total surface areas of the lig-
uid. This implies the following correlation, that is,

1
as—l=§231 (5)

where € is the porosity of packed bed; ¢ is the particle shape
factor; d, is diameter of packing particles, mm; and ¢, and
£, are proportionality constant, respectively.

Substituting Egs. 2 to 5 into Eq. 1, and then letting Cp5 =
(£2/6)Cp; gives

Cps 1—€

P&+t ——

5 eqbdp P11“1|ul =0 (6)
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Figure 2. Stochastic dispersion of liquid flow in packed
beds.

where the Cp¢ can be defined as the modified liquid—par-
ticle friction factor, characterizing the interaction between the
liquid and packing particles for discrete liquid flow through
packed beds, Cp can only be determined with experimental
measurements at the current stage.

In addition, the percolation flow of liquid in packed beds is
not determined solely by the preceding force balance, but is
also subject to stochastic motion. The stochastic motion of
liquid, caused directly by liquid—particle interaction, leads to
dispersion of the liquid within a well-defined region in the
packed bed. This motion can be described using the stochas-
tic model proposed in the previous studies (Wang et al., 1997a,
b), in which a stochastic velocity is assumed to be normal to
the major stream determined by the force-balance model
However, the stochastic velocity involved in this model has
not been predicted yet, which makes its general application
difficult.

Figure 2 illustrates conceptually the liquid dispersion due
to stochastic motion. For percolation in packed beds, the di-
rection of the major stream for the liquid flow always follows
gravity. In this case, a horizontal velocity, u,, will act on the
liquid throughout the liquid percolation. This velocity com-
bines with the percolation velocity, u,, giving a compound
velocity, v;, which causes the dispersion of the liquid flow.
The difference is that the velocity, u,, is stochastic, probably
due to the random pore geometry formed by the packing par-
ticles. Thus, a maximum stochastic velocity, 4, which domi-
nates the maximum dispersion angle, B, exists. The stochas-
tic motion will occur and can only occur within the flow re-
gion defined by the angles + B.

Two important process parameters Cpg and 8, can be used
to model the discrete liquid percolation through a packed
bed for an engineering application. To determine Cjyg, rear-
ranging Eq. 6 gives

2edd,g

e ™
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where the items on the righthand side of Eq. 7 are deter-
mined from experimental data.

For saturated flow, the liquid—solid friction factor varies
with the liquid Reynolds number. We propose a similar rela-
tionship for unsaturated flow, as

%)
Cps=f(Re;), where Re = dinl i (8a)
1
The Ergun equation for saturated flow is of the form
C 4 B 8b
s =— +
b= o (80)

A similar relationship for unsaturated flow is expected. The
Ergun-type equation may not be the best-fit equation for un-
saturated flow, but it has a clear physical significance. The
first and second items on the right side of the Eq. 8b are the
viscous and inertial friction contributor, respectively, where
A and B are coefficients that can be determined experimen-
tally.

The current work also attempts to determine the stochastic
velocity based on the liquid dispersion experiments. Clearly,
it is difficult to measure the stochastic velocity directly. As
shown in Figure 2, however, the maximum stochastic velocity
can be represented by the maximum dispersion angle, that is,

[1e50l = |u,|tan B (9a)
or

Uy =u tan (9b)

Equation 9b gives a practical method for extracting the
stochastic velocity from the experimental measurements of
the percolation velocity and the maximum dispersion angle.
To measure the maximum dispersion angle, it is necessary to
measure the flowing boundary during the liquid percolation
in the packed bed. Based on the measured boundary of the
liquid flow, the maximum dispersion angle can be deter-
mined in the manner shown in Figure 3, given by

(10)

dh
= _ -1 —_—
B =90—tan ( e )

r=0

where curve k= f(r) represents the best-fitted curve using
the experimental data related to the measured boundary of
the liquid flow region and r is the radial distance from the
center (dispersion radius), m. A detailed description on the
determination of the maximum dispersion angle using such a
method can be found elsewhere (Wang et al., 1997¢).

Results and Discussion
Liquid percolation through packed beds

Experiments were performed in beds of wax spheres. The
effects of particle size (9, 15 and 19.4 mm), bed depth, and
liquid flow rate on liguid percolation velocity were investi-
gated for six liquids with a range of density, viscosity, and
surface properties.

AIChE Journal

0
B N [‘oﬂMeasur;ﬂ
-100 | — Bestfitted
£ L
€ 200 AN
i
£
‘s F Tangent line
B
g -300
]
[11]
-400
i h=f(r)
-500 - . .
0 50 100 150

Radial distance from center r, nm

Figure 3. Determination of maximum dispersion angle
for liquid percolation in packed beds.

Most previous model, simulation, or experimental studies
used the superficial velocity to represent the velocity term for
the saturated or unsaturated liquid flow. However, for an un-
saturated liquid flow, the superficial velocity is a poor repre-
sentation of the liquid flow behavior, so the actual velocity of
the liquid flow has to be used. The liquid percolation velocity
is considered to be the actual liquid velocity, described either
by the maximum or the mean, as show in Figures 4 to 6,
under various conditions.

Figure 4 shows the percolation velocity to be independent
on the bed depth, with the experimental errors of less than
10% for maximum and 3% for mean. This result suggests
that there is a constant percolation velocity for the unsatu-
rated percolation flow in the packed bed. As indicated in ear-
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Figure 4. Percolation velocity of liquid in an unsatu-
rated packed bed.
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Figure 5. Effect of particle size on percolation velocity
of water flowing through a bed of 500 mm
depth at a flow rate of 200 mL/min.

lier visual observations (Liu et al., 1997), the liquid flows as
rivulets and droplets that cascade over the particles and are
continuously breaking up and reforming to carry out momen-
tum transfer. From a macroscopic view, this momentum
transfer is a steady-state process. The gravity force of liquid
rivulets or droplets and friction force between liquid and par-
ticles quickly come into balance so that a steady percolation
velocity can be reached. This also provides evidence for the
force-balance approach (Gupta et al, 1997, Wang et al,
1997a, b), in which initial acceleration from the point source
of the liquid rivulets and droplets has been neglected at the
macroscopic level.

Figure 5 illustrates the effect of particle size on the liquid
percolation velocity. Results using a 50% glycerol-water so-
lution in a similar experiment reported in the open literature
(Sugiyama et al., 1987) are included for comparison. The re-
sult shows reasonable agreement in both the magnitude and
the trend of the mean percolation velocity, with measure-
ments reported in the literature. The liquid percolation ve-
locity decreases as the particle size decreases, because the
larger contact area leads to more frictional resistance be-
tween the liquid and particles.

The liquid flow rates also affect the percolation velocity, as
shown in Figure 6. For the packed bed with a relatively large
particle size (15 mm), the maximum and mean percolation
velocities increase with increasing liquid flow rates. The per-
colation velocity increases dramatically in the flow-rate range
of 0 to 150 mL/min, and then the rate of increase is slower at
larger flow rates. The experimental observation indicates that
the liquid flow pattern is also changed from “droplet” to
“rivulet” (Liu et al., 1997) as the liquid flow rates increase.
The percolation velocity of the droplets is slower than the
rivulets. If a droplet size is too small to move, the the liquid
will stay between the particles and waiting for the forthcom-
ing liquid to reform into a large, moveable droplet. This pro-
cess leads to a longer traveling time through the packed bed.
On the other hand, liquid as rivulets continuously moves
within the packed bed.

Similar experiments attempted with a 50% glycerol-water
solution in the packed bed with 3-mm and 5-mm particles
(Sugiyama et al., 1987) found the mean percolation velocity
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Figure 6. Change of percolation velocity under various
liquid flow rates.

to be almost independent of the liquid flow rates for a packed
bed of 3-mm particles. In a packed bed with small particles,
liquid flow is more likely to completely fill the voids between
the particles and form local saturated flow so that liquid flow
rates have only a very minor effect on the liquid percolation
velocity. However, for a packed bed of 5-mm particles, the
percolation velocity slightly increased with an increase in the
liquid flow rate above 150 mL/min.

Flow pattern and stochastic dispersion

These experiments were designed to investigate the effects
of changing the flow pattern of the liquid percolation through
packed beds by changing the bed depth and the particle size,
respectively. The typical flow pattern is shown in Figures 7
and 8, in terms of the liquid flux mass velocity, mg/cm?s.

Liquid collector
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Figure 7. Distribution of flux mass velocity at different
bed depths.

Water flowing through a bed of 15-mm particles at 200
mL/min flow rate.
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Figure 8. Influence of particle size on distribution of flux
mass velocity.

Water flowing through a bed of 500 mm depth at 200
mlL/min flow rate.

Figure 7 shows the experimental measurements of liquid
distribution over the cross section of uniform packing with a
15-mm wax sphere. The liquid distribution in the top part of
the packed layer is more concentrated in the center region.
For example, at a 100-mm bed depth, 89% of the total liquid
is placed in the center annular collector, and only 11% is fed
to the adjoined collector. Liquid distributions decrease in the
center collector and increase in the outer collectors when lig-
uid descends along the bed depths. Figure 8 shows similar
radial profiles for three different particle sizes in a uniform
packed bed with a bed depth of 500 mm. In this case, liquid
distribution within the inner collector tends to decrease as
the particle size decreases. The experimental observations
agree with Sugiyama’s (1987) experimental results. Resolu-
tion of the results is limited, as only three annular sections
were used. However, the results were reproducible to within
+5%.

As noted in previous studies (Gupta et al., 1996; Liu et al.,
1997), liquid stochastic dispersion is an important feature for
the unsaturated percolation of liquid through a packed bed.
The liquid stochastic dispersion is the lateral dispersion of
the liquid due to stochastic interaction between the droplets
or rivulets and particles. This implies that the liquid droplet
or rivulet flow through the packed bed is controlled not only
by the gravity itself, but also by the complex pore geometry
formed by the packing particles. During the percolation flow,
liquid—particle interaction occurs at a microscopic level, caus-
ing changes in the flow direction. Basically, the changes are
stochastic, leading to dispersion within a certain flow region.
The dispersion has been characterized, at a macroscopic level,
by measuring the boundary of the liquid flow region on the
various cross sections of a packed bed in the current study, as
shown in Figure 9.
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Figure 9. Flow boundary of liquid percolation in packed
beds under various conditions

a) Particle size = 15 mm; (b) water flow rate = 200 mL /min;
and (c) particle size = 15 mm and liquid flow rate = 200
ml./min.

Figure 9a shows the measured flowing boundaries for the
liquid dispersion in a 15-mm wax-sphere packed bed under
the flow rates of 100 mL/min, 200 mL/min, 400 mL/min,
and 600 mL/min water. It can be seen that the dispersion
radius of a given cross section increases with increasing liquid
flow rates. This is because an increasing liquid flow rate in-
creases liquid mass per unit volume bed, strengthening the
liquid momentum transfer. For the mass balance in the
packed bed, an increase in liquid mass forces the liquid to
spread to a farther boundary of the wet zone.

Figure 9b illustrates the effect of particle size on the
boundary of the liquid (water) flow along the bed depth with
a flow rate of 200 mL/min. In general, the larger the particle
size, the wider the radial spreading of the liquid, and the
further the liquid boundary line. This experimental result is
consistent with the liquid distributions for different particle
sizes, as shown in Figure 8.

The effect of liquid properties on the flowing boundary was
investigated using 50% glycerol, 85% glycerol, and ZnCl, and
CaCl, solutions, respectively. The liquid flow rates used were
200 mL/min. The 85% glycerol solution has the smallest wet
zone, while the wet zone of the CaCl, solution is the largest
(sec Figure 9¢). This experimental result also confirms that
the physical properties of liquids do significantly affect liquid
dispersion and boundary.

Liquid - particle interaction and dispersion performance

Table 2 summarizes the measurements of the mean perco-
lation velocity and maximum dispersion angle for unsatu-
rated liquid percolation in packed beds under the given ex-
perimental conditions. The modified liquid~particle friction
factor, Cp5 can be calculated using Eqs. 7 from these mea-
surements. Plotting the C},¢ against Re, generates Figure 10,
in which the experimental data are fitted by applying the
least-square method to the proposed correlation defined by
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Table 2. The Measured Mean Percolation Velocity and Maximum Dispersion Angle.

Particle size Flow Rate Percolation Dispersion angle,
Liquid (mm) Porosity (mL,/min) Velocity (m/s) (deg)

Water 15 0.40 100 0.065 26
Water 9 0.36 200 0.047 32
Water 15 0.40 200 0.068 24
Water 19.4 0.42 200 0.092 23
0.5 glycerol 9 0.36 200 0.030 —
0.8 glycerol 9 0.36 200 0.021 —
0.85 glycerol 9 0.36 200 0.016 —
CaCl, solution 9 0.36 200 0.052 -
Zn(l, solution 9 0.36 200 0.025 —
0.5 glycerol 15 0.40 200 0.064 28
0.8 glycerol 15 0.40 200 0.053 27
0.85 glycerol 15 0.40 200 0.037 27
Ca(l, solution 15 0.40 200 0.082 33
ZnCl, solution 15 0.40 200 0.053 3
0.5 glycerol 19.4 0.42 200 0.068 —
0.8 glycerol 19.4 0.42 200 0.054 —
0.85 glycerol 19.4 0.42 200 0.049 —
Ca(l, solution 19.4 0.42 200 0.109 -
Zn(l, solution 19.4 0.42 200 0.081 —
Water 15 0.40 400 0.090 25
Water 15 0.40 600 0.102 28

Eq. 8b, giving system, liquid flow usually can be controlled by superficial

velocity. Physical liquid properties and contact angle can have

541 a minor effect on the liquid~solid friction factor. However,

Chs= R +33 (11) an unsaturated flow is much more complex. Nevertheless, a

€

Thus the liquid—particle interaction can be quantified using
the modified friction factor, Cj,. For instance, liquid flow in
the lower part of the blast furnace is usually considered as
inertial flow. The modified friction factor for this particular
flow is essentially constant based on Eq. 11 at Cp=33+2.

Although Eq. 11 has the same general form as the Ergun
equation for saturated flow, the constants in the equation are
quite different. The equivalent inertial constant for the satu-
rated flow is 3.5 for the Ergun equation, compared to 33 in
this case. Thus, models developed for the saturated flow lead
to significant error when applied to unsaturated flow.

Figure 10 also implies that there is an obvious difference
between saturated and unsaturated flow. For a saturated flow

aop 1L L LT 1l

350 ‘

RN
T i

il i |
¢ Measured '
i T |—Fitted T
25 ] } IR H
8 0 + | \ i ‘ i i ! o L;
© 200 ‘ l'
|
|

450 T T T 1
l
|
T

S E—

300 HL |
! T i

T
i
;
T

i
150 AN e g
N | |

100 i fiAN
50 ] 'olll ]
o A cittmmea B
1 10 100 1000

R8|

t
|
il
T

T

10000

Figure 10. Estimation of liquid-particie friction factor.
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relatively simple macroscopic correlation, as shown in Eq. 11,
gives a good description of the effect of the liquid and parti-
cle properties. However, the effect of liquid flow rate, giving
the transition from droplet to rivulet flow, is not covered in
the correlation.

The maximum dispersion angle determines the flow region
for liquid percolation in an unsaturated bed. After referring
to the empirical equation of liquid dynamic holdup proposed
by Sugiyama et al. (1987), the liquid maximum dispersion an-
gle was also assumed to be influenced by gravitational, sur-
face, solid-liquid interfacial, inertial, and viscous force. These
forces can be correlated with dimensionless group numbers
such as Re,, Ga,, Cp, and N, where Re, is the liquid Reynolds
number and represents the ratio of inertial force to viscous
force; Gay, the liquid Galileo number, is the ratio between
the product of inertial force and gravitational force, and the
square of viscous force; and Cp and Nc are the capillary
number and dimensionless interfacial force of liquid, respec-
tively. These dimensionless group numbers can be deter-
mined by the liquid properties and bed structure. For exam-
ple, Re; can be calculated using Eq. 8a, and Ga,;, Cp, and Nc¢
are defined as follows

pig(¢d,)’
= —">"—
My
#d,)’
Cp: plg( p)
(02

Nec=1+cos(0)
where o is the surface tension of the liquid, kg/sz; and @ is

the contact angle between the liquid and the particle mate-
rial (wax).
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It is therefore possible that the maximum dispersion angle
can be empirically formulated as a function of the liquid
properties and bed structure. By interpreting the experimen-
tal measurements, as shown in Table 2, into the four dimen-
sionless group numbers just mentioned, an empirical equa-
tion was proposed for estimating the maximum dispersion an-
gle, that is

C ) e (12)

tan B = 2.95Re!*'Ga; **° ( e
c

The result shown in Eq. 12 implies that the decreased gravi-
tational force or increased liquid—particle interfacial forces
and inertial force will increase dispersion. Increasing the vis-
cous force also enhances liquid dispersion, but its effect is
very limited compared with other forces.

Equation 12 should be considered as a preliminary correla-
tion only, as the maximum dispersion angle and some of the
expected controlling groups have varied over small ranges
only. Nevertheless, the experimental variations measured here
show a doubling of flow diameter (four times the flow area)
as a result of the changing liquid properties. Such a variation
can affect substantially the calculated holdup, and mass and
heat transfer rates in a packed-bed reactor. Further work on
the measurement and simulation of the stochastic behavior
of unsaturated liquid flow is needed.

Conclusions

The unsaturated flow of liquid through an unsaturated
packed bed can be quantified using a simple force balance
with a stochastic dispersion component. The key parameters
in this model are the liquid—particle friction factor and the
maximum dispersion angle.

Unsaturated liquid flows are discrete in nature {either
droplet or rivulet flow), and the actual percolation velocity,
rather than the superficial velocity, should be used to charac-
terize the flow. The percolation velocity did not vary with
packed-bed depth, but was a strong function of liquid flow
rate, liquid, and particle properties. The effects of liquid and
particle properties (but not flow rate) are well captured by a
simple, Ergun-style correlation between the liquid-particle
friction factor and the Reynolds number, based on actual
percolation velocity.

Liquid dispersion is characterized by the maximum disper-
sion angle. Liquid dispersion varies significantly with the lig-
uid and particle properties. The tentative correlation sug-
gested here needs further validation for a wider range of con-
ditions.
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Notation

a,_, =specific liquid-particles contact area, m~
Cp = capillary number
Cps, Cpg =liquid—particle friction factor and modified liquid—par-
ticle friction factor

1
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d,, d; =diameters of particles and liquid droplets or rivulets, re-
spectively, m
F,, Fy = gravitational force and frictional force between liquid and
packed bed, N/m®
Ga, =liguid Galileo number
g, g =unit gravity victor, and gravitational acceleration, m/s*
h =depth of packed bed, m
Nc = dimensionless interfacial force
Re; =liquid reynolds number
r =dispersion radius, m
u;, u, =velocity vector and velocity of liquid percolation, m/s
u,, Uy =maximum velocity vector and velocity for stochastic dis-
persion, m/s
u =velocity vector for stochastic dispersion, m/s

Greek letters

B =maximum dispersion angle defined by Figures 2 and 3,
deg

€ =porosity of packed bed

¢ =shape factor of particles

w; =viscosity of liquid, kg/ms

6 = contact angle between liquid and particle material (wax),
deg

p; =density of liquid, kg/m’

o =surface tension of liquid, kg/s?
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