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The hydrodynamic characteristics of a new type of reactor, the immobilized soil biore-
actor, were studied. This apparatus is a practical new engineering concept (soil immobi-
lization) based on entrapment of soil particles, which contain pollutant-degrading mi-
croorganisms, in the pores of a geotextile to activate the indigenous microorganisms.
The soil immobilization is the third on the size scale of immobilization processes, com-
ing after (1) that of molecules in heterogeneous catalysis (in Angstrom) and (2) that of
microbial cells and their fragments in immobilized cells and enzymes biocatalysis (in
micron). The size of immobilized soil particles is in the range of a millimeter. A mathe-
matical model of liquid flow within the reactor is proposed, which qualitatively explains
the distribution of the immobilized soil in space. The dynamics of soil immobilization
within the bioreactor has been studied as a function of the particle size, initial slurry
concentration and air flow rate. A mathematical model of the process of soil immobi-
lization was proposed based on deep filter mechanics. The process can be described by a
second-order kinetic model. This study will be of great importance for the design of

immobilized soil bioreactors for degradation of recalcitrant soil pollutants.

Introduction

Many toxic and recalcitrant chemicals, such as DDT, poly-
chlorinated biphenils (PCBs), pentachlorophenol (PCP), used
in the human practice, have been released into the environ-
ment and polluted the soil and groundwater (Atlas, 1995).
One of the effective ways of treating contaminated soils is
soil washing. The biological removal of pollutants from the
process water is considered to be one of the limiting steps of
the process (EPA, 1992). The biological treatment of contam-
inants dissolved in groundwater is also an important ap-
proach for environmental protection. Therefore, there is a
great need for new, highly effective bioprocesses for degrada-
tion of recalcitrant pollutants dissolved in water.

It has been shown that soil particles, polluted with a cer-
tain recalcitrant organic, often contain a microbial consor-
tium capable of degrading it (Otte et al,, 1994; Alexander,
1994). These soil particles can not only be used as a source
for developing a microbial consortium for biodegradation but
can also serve as a support for the biofilm of this consortium.

In order to activate the microbial consortium present in
contaminated soil, the soil particles should be fixed in space
to minimize the friction between them and to prevent the
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particles from leaving the reactor. Furthermore, using chemi-
cal adhesives to attach the particles to a soil surface is not
recommended, since these adhesives can be harmful to the
microorganisms. Therefore, a mechanical method for attach-
ing the soil particles (with a size distribution usually between
10 and 1,000 pm) should be found.

Recently, a new modification of an airlift reactor has been
proposed (Karamanev et al., 1996a). The draft tube of this
reactor is porous (average pore size between 100 and 200 wm)
and is semipermeable. Because the pores are small, the lig-
uid can flow through the draft tube while gas bubbles cannot.
It has been found that the liquid flow structure in this reactor
is quite unusual compared to classic airlifts. In addition to
the vertical flow (upwards in the riser and downwards in the
downcomer), the liquid flows horizontally through the draft
tube. This flow structure is appropriate for the process of
attaching soil particles to a static support. The first applica-
tion of this bioreactor for pentachlorophenol mineralization
was very promising: a volumetric efficiency of up to 900 mg-
PCP/L-h was achieved (Karamanev et al., 1996b) which is 1
to 3 orders of magnitude higher than any data on biodegra-
dation of PCP reported in literature. However, the hydrody-
namics of the process of attaching soil particles to a static
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support within the bioreactor with a semipermeable draft tube
has not been characterized.

The goal of this work is to study the hydrodynamics of the
process of fixation of various sizes of soil particles into a
porous static support in the airlift reactor with a semiperme-
able draft tube. The results will be of importance in using
this apparatus as a bioreactor for the highly efficient treat-
ment of recalcitrant soil pollutants.

Immobilized Soil Reactor

The process of soil particle fixation was studied in the ap-
paratus shown in Figure 1. This apparatus is an airlift reactor
with a draft tube made of nonwoven geotextile. The nonwo-
ven geotextile is a highly porous material. Since this material
has a wide pore size distribution—between several microns
and approximately 300 pm (Silva and Bhatia, 1993; Rigo et
al, 1990)—it is expected that different-sized soil particles
could be entrapped in these pores, and therefore be fixed in
space. (Strictly speaking, nonwoven geotextile has no pores
with a determined length and diameter such as are in rigid
porous materials like the ones used in catalysis. Rather there
are curly fibers in a three-dimensional orientation. There-
fore, pore-size distribution cannot be determined quantita-
tively; the main pore parameter in geotextile is the apparent
opening size of filtration.) We cailed the entrapment process
soil immobilization, and the apparatus in which it was carried
out the immobilized soil bioreactor. The soil was immobilized
as follows: when the space within the draft tube (riser) is aer-
ated, the difference of the hydrostatic head between both
sides of the geotextile causes the liquid in the reactor to cir-
culate. The liquid moves upward in the aerated section,
downward in the unaerated section, and horizontally through
the geotextile from the unaerated to the aerated zone. The
typical liquid flow paths are shown in Figure 1. If the liquid
contains suspended soil particles, these can become trapped
in the pores of the geotextile when the slurry passes through
it. Several different possible mechanisms of entrapment are
discussed later.

Mechanisms of Soil Immobilization

The process of particle retaining by nonwoven geotextile is
similar to deep bed filtration, where the pore size of the filter
is larger than the particle size (Ives, 1970). In this case, the
particles are deposited on the surface of the filter material as
a result of the following forces: electrostatic, van der Waals
forces, mutual adsorption, and straining. Since the range of
most of these forces is very small—sometimes below a mi-
cron—the particles first have to be transported from the fluid
bulk (in the pore space) to the surface of the filter material.
The transport mechanisms include diffusion, mechanical in-
ertia, interception, and sedimentation. Since particle reten-
tion in deep filtration is a stochastic process (Hsu and Fan,
1984), a higher degree of particle removal can be obtained by
increasing the retention time of the contact, usually by in-
creasing the depth of the filter, which is where the term
deep-bed filtration comes from. Liquids are usually filtered by
using a bed of granular filter material, such as sand or car-
bon, while fibrous materials are usually applied to aerosol
filtration (Orr, 1987).
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Figure 1. Immobilized soil bioreactor.

Since soil immobilization is a process of retaining particles
in pores with a size larger or equal to the pore, it can be
described by deep-bed filtration models.

The process of deep-bed filtration of liquids using a filter
bed that consists of spherical particles has been fairly well
studied. It is mainly used for water treatment (Tien and Pay-
atakes, 1979). The gas filtration by nonwoven fiber materials
is also well understood because of its application in aerosol
filtration. One of the main uses of geotextiles in geotechnol-
ogy is to support layers of soil in order to avoid washing.
Consequently, the separation of soil particles from a
soil-water suspension has been the subject of numerous stud-
ies (Christopher and Fischer, 1992). Unfortunately, the
process of trapping soil particles in geotextile pores has not
been investigated thoroughly.

Mathematical Model of Liquid Fiow in the Reactor

Since the liquid flow structure in the reactor is of great
importance for the process of soil immobilization, a simple
model for predicting the liquid velocity profiles is presented
next. A bioreactor without soil particles (gas-liquid system) is
considered in this section.

The liquid circulation trajectories within the reactor are
shown in Figure 1. In order to consider the flow of liquid
through the draft tube wall, the model is based on the case
when the geotextile wall is attached to the bottom of the re-
actor, that is, the bottom clearance is zero. The following
assumptions were made:

1. The limiting friction loss is due to the passage of liquid
through the wall, that is, the friction in the aerated section
(riser), in the unaerated section (downcomer), in the top con-
necting section, and in all the other losses are insignificant.
This assumption was confirmed by Chisti (1989);

2. The flow through the wall is laminar (Darcy flow);

3. The gas holdup in the riser is constant along both the
vertical and horizontal coordinates. The gas holdup in the
downcomer was assumed to be zero.

Let us consider the flow gradient through the horizontal
slice of the downcomer with a height equal to dh (Figure 1).
The change in the liquid flow rate within the vertical
coordinate of the slice is equal to
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where dS is the surface of the geotextile wall contacting the
slice of downcomer section, dS = wDp-dh; Dj, is the draft
tube diameter; Dy is the reactor diameter; dQ is the liquid
flow through the geotextile with a surface area dS; Ap is the
hydrostatic pressure difference between the downcomer and
riser at the vertical coordinate A(h = 0 at the bottom of the
geotextile wall); ¢ is the permittivity of the geotextile defined
as (ASTM, 1992);
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where K is the coefficient of permeability and & is the geo-
textile thickness. Assuming that the gas holdup in the down-
comer is zero, the pressure drop can be expressed as

Ap=pg(Hp—h)eg 3

where H,, is the height of the draft tube and e is the gas
holdup in the draft tube. Taking into account that the verti-
cal velocity in the downcomer U, = dQ/[m(D} — D3)/4)] and
combining Egs. 1 and 3, one can obtain

— = A ———. 4

After integrating Eq. 4 (limits: 4 from 0 to A4, and U, from 0
to U,), the profile of the vertical component of liquid velocity
in the riser (U,) as a function of the reactor height will be
described by
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Equation 5 shows that the vertical velocity is maximal at
the top of the reactor and decreases to zero at the bottom of
the reactor. The superficial horizontal liquid velocity can be
obtained by combining and rearranging of Eqgs. 1 and 3:

dQ
E=Uh=¢ER(HD_h)' 6)
Therefore, the liquid velocity in the horizontal direction de-
creases linearly by A from U, = yezHy, to U, = 0. The pro-
files of the vertical (Eq. 5) and horizontal (Eq. 6) components
of the liquid velocity in the downcomer as a function of the
reactor height are shown in Figure 2. The gas holdup in Eqgs.
5 and 6 was calculated using the Hills (1976) correlation:
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Figure 2. Experimental vs. theoretical liquid-velocity
profiles by the reactor height.

Insert: Typical profiles of the horizontal (U,) and vertical
(U,) components of liquid velocity.

The liquid velocity in the riser (U, z) in Eq. 7 was chosen as
the velocity averaged over the height of the draft tube. The
permittivity of the geotextile was 1.7 s . In Figure 2 the the-
oretical results are compared with published experimental
data for liquid velocity in the vertical direction (Karamanev
et al., 1996a). It can be seen that the experimental liquid ve-
locity agrees with that calculated by Eq. 5 only at gas veloci-
ties below 0.02 m/s. At higher velocities, the model precisely
predicts the experimental data only at the lower part of the
bioreactor (h < 0.5 m). The liquid velocity is smaller than
predicted at the upper half of the reactor. These differences
can be explained by the strong increase of the vertical liquid
velocity at the top of the reactor. At high velocities, the first
assumption is not fully satisfied since there are also signifi-
cant liquid friction losses in both the riser and the separator
(because the direction of the flow changes by 180°). There-
fore, the model presented earlier can be used to predict lig-
uid velocities in the reactor in most of the practical cases
except when the gas velocity is high.

Experimental Study of Soil immobilization
Materials and methods

The bioreactor used (Figure 1) was a vertical plexiglass
cylinder with an internal diameter of 15 cm and a height of 2
m. The bottom of the reactor was conical. Air was introduced
through a perforated disk (1 cm in diameter) mounted at the
bottom of the conical section in order to avoid the settling of
the soil particles. The draft tube was made of nonwoven geo-
textile (Texel Co., stock #400 PE 100 A1) supported by a
cylindrical stainless-steel grid. The draft tube was 100 cm high,
and its internal diameter was 7.5 cm. The air flow rate was
measured by a calibrated rotameter.

The solid phase in the experiments was silica sand that was
sieved and separated into the following fractions: 0-75 um,
75-150 pm, 150-250 pm, and 250-400 wm. The experi-
ments for soil immobilization were performed with each of
the individual fractions.
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The concentration of the suspended particles was mea-
sured by separating the solids from the liquid, and then dry-
ing and weighing of the particles. The smaller fractions (be-
low 150 wm) were separated by centrifugation at 10,000 rpm
(8,000 g relative centrifugal force), while the larger frac-
tions were separated by settling.

The surface density of soil trapped in the geotextile was
measured by the following method. The geotextile of the draft
tube was cut vertically into four pieces, which were attached
tightly to each other. After the soil immobilization experi-
ment, each of the geotextile pieces was gently detached from
the stainless-steel grid supporting it. The immobilized solid
particles were removed by a strong water jet. The effective-
ness of detachment was over 95%, and was determined from
the material balance of solids. The quantity of solids was de-
termined by the volume of settled particles. It was found that
this volume was very well correlated to the dry-particle mass.

The experiments for studying soil immobilization were con-
ducted as follows. The reactor was filled with tap water and
aeration started. After several minutes, the amount of time
necessary to develop steady-state hydrodynamic conditions, a
certain volume of silica sand was introduced to the reactor.
The concentration of solids in the liquid~solid slurry in the
reactor was then followed as a function of time. At the end of
the experiment, the vertical profile of the surface density of
solids trapped in the geotextile was determined.

The permeability of geotextile containing immobilized soil
was studied in a vertical glass tube with an internal diameter
of 5 cm and a height of 40 cm. A piece of geotextile was
attached to the bottom of the tube and tap water was intro-
duced through a glass tube above the geotextile. The height
of water above the geotextile was kept constant (5 cm) by
varying the water flow rate. The geotextile permeability was
calculated from this flow rate. A certain number of particles
were periodically added to the water above the geotextile and
the new permeability was measured.

Experimental results

The effect of particle size on the process of soil immobi-
lization was studied next. The same initial concentration of
solids was used in each of these experiments. The experimen-
tal conditions of each experiment are shown in Table 1. The
change in solids concentration in the liquid phase is shown in
Figure 3a. It can be seen that the rate of immobilization is at
its fastest when the particle size is between 150 and 250 pm.
It decreases when increasing or decreasing the size of the
particle. The profiles of the surface-soil density by the height
of the reactor are shown in Figure 3b. The results for the
different particle sizes are close to and within experimental
error. Therefore, the vertical profile of the mass of immobi-
lized soil is independent of the particle size. No results for
particle size below 75 pum are available because of technical
difficulties encountered when trying to measure the surface
density (because of the low attachment force at this particle
size, it was impossible to remove the geotextile with immobi-
lized soil from water without losing some soil from it). The
surface density profile of immobilized soil by the height of
the reactor was not exactly linear, but its shape was still simi-
lar to that representing the horizontal vector of the liquid
velocity profile by the height of the reactor (Figure 2). There-
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Table 1. Calculated Values of the Coefficients A, and B

(Eq. 13)
4, Init. Soil Conc.  Air Vel. Ao

No. wm kg/m? m/s s B

1 0-75 11 0.015 0.00215 2.73

2 75-150 1 0.015 0.242 1.42

3 150-250 11 0.015 7.02 1.01

4 250-400 1 0.015 2.52 1.07
5 150-250 39 0.015 20.1 0.997

6  150-250 79 0.015 17.8 1.00

7 150-250 15.8 0.015 11.0 1.01

8  150-250 23.7 0.015 2.86 1.01
9 150-250 11 0.0075 276 0.997

10 150-250 11 0.030 18.7 1.00

fore, the horizontal velocity of liquid flowing through the
geotextile correlates to the quantity of immobilized soil. As a
first approximation, one can assume that the surface density
of immobilized soil at a certain height is proportional to the
liquid velocity through the geotextile at the same point.

The effect of particle size on the total mass of immobilized
soil is shown in Figure 4. A strong dependence between these
parameters is observed, and as already mentioned, maximal
soil immobilization is observed for a particle sizes between
150 and 250 pm. This result can be explained by relating
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Figure 3. Suspended soil concentration and surface soil
density as a function of the particle size.
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Figure 4. Effect of the particle size on the efficiency of
soil immobilization.

particle size to the geotextile pore-size distribution. If one
assumes that the pore-size distribution curve in the geotextile
has a maximum of around 150-250 um, then particles of
the same size will be trapped quicker than other particles.

The soil immobilization process was also studied by varying
the initial quantity of solids introduced to the system. The
particle size in all these experiments was between 150 and
250 pum (experiments 5-8 in Table 1). The change of the
suspended solids concentration with time is shown in Figure
Sa. Since all the lines are almost parallel, the process mecha-
nism should be the same at the different initial soil concen-
trations. More detailed consideration of the mechanism of
soil immobilization is made in the following section. The mass
of immobilized soil as a function of the height of the reactor
is presented in Figure 5b. For surface solids density below 2.0
kg/m?, the density of the solids decreases along the vertical
coordinate. When the density of the solids reached 2.0 kg/m?
(at the lower 40 cm when the initial solids concentration was
23.7 kg/m?), however, a plateau can be observed. This can be
explained by the saturation of the geotextile with solid parti-
cles. Visual observation of the draft tube confirmed this ex-
planation: the solid particles “flowed” down over the external
draft tube surface at the lower part of the draft tube at an
initial solids concentration of 23.7 kg/m®. Otherwise, no such
effect was observed. Therefore, the maximal quantity of soil
fraction between 150 and 250 pm that can be immobilized in
the geotextile used is 2.0 kg/m?.

The effect of the air flow rate on the process of soil immo-
bilization was also studied. Figure 6a shows that this effect is
relatively weak: doubling of the air flow rate leads to an ap-
proximately 50% increase in the immobilization rate. The
profiles of the solids surface density were similar (Figure 6b).

The filtration characteristics of the geotextile used were
also studied. First, a dry sieving of silica particles with differ-
ent size fraction was performed. It can be seen (Figure 7)
that almost all 325-um particles are retained in the geotextile
while only a small amount is retained at a particle size below
100 wm. The situation was very different during wet filtra-
tion. Filtration was much more effective, especially for
100-200-pm particles. Similar results were reported by
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Figure 5. Effect of the initial suspended soil concentra-
tion on the process of immobilization.

Falyse et al. (1985). We can conclude that viscous forces play
an important role in the liquid filtration of soil through geo-
textile. Our results also suggest that the maximal pore size of
the geotextile used is around 300 pm.

The permeability of geotextile as a function of the surface
soil density was studied next. The relationship between the
pressure drop, porosity, and fluid velocity of a laminar flow
through a porous medium can be described by the Blake-
Kozeny equation (Bird et al., 1960):

$\2(U-e€)
‘1?) s ®

A
2F 4.17[.LUL(
é €

where & is the thickness of the porous bed (in our case geo-
textile); e is its porosity (calculated from the solid holdup of
both geotextile and soil), u is the liquid viscosity; and (S/V)
is the surface to volume ratio of solids in the bed. It can be
shown that during the process of soil immobilization, the ra-
tio (S/¥’) of the system remains constant. Therefore, the lig-
uid velocity through the immobilized soil bed should be pro-
portional to the complex 31— €)? at constant Ap. That is
why the experimental data in this section are presented as a
plot between U, and €3A1- ¢)2.
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Figure 6. Effect of air flow rate on the process of soil
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The filtering device described earlier in this section was
used in this study. The results of the experiments are shown
in Figure 8. The existence of two different linear regions that
seem to correspond to two mechanisms of soil-geotextile in-
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Figure 7. Comparison of the efficiency of dry and wet
sieving of soil.
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Figure 8. Change of liquid permeability as a function of
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teraction was observed. The transition between both regions
was observed at e3A1— €)* =8, corresponding to a surface-
soil density of 1.5 kg/m?. Visually, a deposition of loose soil
particles over the geotextile started at this point. This soil
density is also close to the saturation soil density of 2.0 kg/m?
(Figure 5). Therefore, the change in liquid permeability in
the BC section in Figure 8 is due to the immobilization of
solid particles and blocking the pores of the geotextile, while
the change in the AB section is due to the formation of a
fixed bed of solid particles over the surface of saturated geo-
textile. This result is used in the next section for the develop-
ment of a mathematical model of the soil immobilization.

Mathematical Model of Soil Immobilization

The common characteristic of almost all the filters used in
practice, particularly the deep-bed filters, is that they operate
under close to plug-flow conditions. That is why the models
of the process of deep-bed filtration are given as a function
of the filter depth. One of the most popular kinetic models of
the deep-bed filters is that of Iwasaki (1937):

ac AC 9
dy ’

where A is the filter coefficient that varies with the particle
accumulation. This model is valid for a clean filter, that is, at
the initial moment of operation. Shekhtman (1961) proposed
the following equation to account for the effect of particle
deposition:

A= Ag(1- Bo), (10)

where o is the specific particle deposit.

Soil immobilization is in fact also a filtration process, but
this filter is completely mixed due to the intensive liquid cir-
culation (Karamaneyv et al., 1996a), and the process is in batch
regime. Particle deposition is a function of both the vertical
coordinate and time. In order to simplify the mathematical
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model of the process, we now consider the particle deposi-
tion as a function of the vertical coordinate.

As already mentioned, the profile of the particle deposit is
due to the profile of the horizontal liquid velocity by the re-
actor height. The higher velocity at the bottom of the reactor
causes a greater particle deposition. This, in turn, decreases
the liquid velocity. Therefore, a tendency toward flattening
the horizontal liquid velocity profile with the height of the
reactor is expected.

The vertical profile of horizontal liquid velocity in the ISBR
can be related to the surface-soil density by replacing Ap
with its equivalent (Eq. 3) in Eq. 8:

3

€

U, = A-(Hp — h) s ———, 11
= Ay =) an

where A is a coefficient of proportionality containing the
constants in Eqgs. 3 and 8. The relationships between the
complex (H, — h)e3 A1~ €)? and h based on the experimen-
tal data (Table 1) are shown in Figure 9. While there is some
scatter, it can be assumed that the complex (H, — h)e’*A1—
€)? (normalized by its mean value) is constant, and therefore
the horizontal liquid velocity should also be nearly constant
by the height of the reactor. The effect of the scatter of the
complex (H, — h)e3/1— €)? on the profile of soil concentra-
tion is not expected to be high, since this complex, respec-
tively, the horizontal liquid velocity, is roughly proportional
to the constant A,. These results suggest that a significant
profile of the liquid velocity exists only for a short period
after the introduction of the soil particles to the reactor, and
after that it levels off. Since the deposition of soil particles
with a certain size depends mainly on U, the solids deposi-
tion should also be constant (except in the initial period of
immobilization). Therefore, the parameters ¢ and B in Eq.
10 can be assumed to be functions of time, but not of the
vertical coordinate.

On the basis of the preceding findings and Egs. 9 and 10,
the following equation can be proposed for modeling the
process of soil immobilization:
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Figure 9. Complex €¥(1 — €)?2 as a function of the
reactor height.
The complex was normalized by its mean value.
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c ali €
— = h|1-8 —C_o) C. (12)

Here we assumed that the specific particle deposit is propor-
tional to the quantity of particles that disappeared from the
liquid phase at time ¢, that is, o ~(1— C/C,). After integra-
tion, the Eq. 12, gives

1-

C=Comm—p-

(13)

Our experimental data (Figures 3a, 5a, and 6a) were used to
determine the constants Ay and 8 in Eq. 13 by a nonlinear
regression. The solid lines in these figures represent the best-
fit results. The values of the constants obtained are shown in
Table 1. The values of B obtained were very close to unity
for particle sizes above 200 pwm. This is the range where the
filtration effectiveness was close to unity (Figure 7). We as-
sumed B = 1 for this particle size range. It has also been found
that the constant A, is inversely proportional to the initial
concentration of soil in suspension (Figure 10). This result
could be explained by the fact that U, ~ 1/AC, — C), and since
Ag ~ U, and Cy; > C at a later stage of the process, Ay ~ 1/C.
Taking these results into account, Eq. 12 becomes a second-
order kinetic model:

dc ) c\’ a9
a NG )

where A, = A,/C,. Equation 14 can be easily integrated:

Cs

cC=—12—.
Co+ At

15)

It has to be stressed that this model is valid only for larger
particles.
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Figure 10. Effect of the initial slurry concentration on
the filter coefficient.
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Conclusions

The hydrodynamics of the soil immobilization process in a
new type of bioreactor, the immobilized soil bioreactor, was
studied. The effect of the main parameters such as particle
size, gas flow rate, and the initial soil concentration on the
dynamics of soil immobilization was studied. It was shown
that increasing the gas flow rate and the initial soil concen-
tration leads to a rise in the rate of immobilization. The im-
mobilization was fastest at a mean particle size of 200 pm.

A mathematical model of the liquid flow structure in the
reactor was proposed. This model explained the shape of the
profile of surface-soil density by the height of the reactor. A
model of the dynamics of soil immobilization was aiso devel-
oped on the basis of deep-bed filtration kinetics. It has been
shown that the process of soil immobilization can be de-
scribed by a second-order kinetic model when particle size
was larger than 200 pwm. This information will be useful for
scaling up the reactor.

The applicability of the present results to different soil—
geotextile systems has to be proven in further experiments,
especially for the case of highly porous geotextiles that can
be used for in situ biotreatment of groundwater.

Notation

A =constant (Eq. 11)
C =concentration of solids in suspension, kg/m>
C, =initial solids concentration, kg/m?
d, =particle diameter, pm
g =gravity acceleration, m/s’
Ug; r =superficial velocity of gas in the riser, m/s
U, =horizontal component of liquid velocity, m/s
y =vertical coordinate in deep-bed filtration, m
B =constant (Eq. 10)
. =soil holdup in the immobilized soil structure
Ao =constant (Eq. 10)
A, =constant (Eq. 14), kgAm?-s)
p =fluid density, kg/m>
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