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The characterization of the flow inside a packed bed requires a full description of
the pore geometrical characteristics, and of the flow phenomena at local level. A two-
dimensional (2-D) network model for describing the flow phenomena in unconsoli-
dated-packed beds has been developed. The network model consists of two different
types of elements: chambers modeled as spheres, and channels modeled as cylinders.
The size distributions of the network elements are obtained considering a geometrical
model that uses the porosity, and the average-particle diameter as input data. A flow
simulator was developed, based on this network model. Results show that since the in-
ertial effects due to connections between channels and chambers are taken into
account, this simulator is capable of describing single-phase flow in all the possible
flow regimes, from laminar to turbulent. Results also show a good agreement between
predicted values of the network model and experimental data available in literature.
© 2006 American Institute of Chemical Engineers AIChE J, 53: 91-107, 2007
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Introduction

Transport and flow phenomena in porous media occur in
many diverse areas of science and engineering. Many processes
in the chemical industry, such as adsorption, ion exchange,
chemical and catalytic reactors, are based on or include a
packed bed, usually involving the flow of fluids through a po-
rous medium. Better design and operation of these units require
a deeper understanding of the mechanisms controlling the trans-
port phenomena inside porous media. Among the different
aspects that must be accounted for, the influence of the void
space structure is one of the most important.'-

Prediction of process variables, such as the total pressure
drop and the total flow rate, are often based on semiempirical
correlations with constants that must be fitted to experimental
data. In particular, the Ergun equation has become the standard
correlation, but other examples include the Kozeny equation,
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valid for laminar flow, and the Forcheimer equation, valid
for nonlinear flow,>™® in which the pressure does not vary
linearly with the flow rate through the packed bed.
Generally, the extension of these correlations to different
situations is not possible because they are based on experi-
mental data obtained for a specific system. Also, the study of
complex transport phenomena, such as multiphase-flow
cannot be done, since no information about the local struc-
ture is considered. The inclusion of the local structure
increases the adequacy of the model at the cost of greater
mathematical complexity.l’z’g

Due to the random and very complex structure of many
packed beds, a simple approximate model of the pore struc-
ture, that preserves the main packing features in a mathemati-
cally usable form, must be developed. Different approaches
have been proposed to model the structure of the porous
space of a packed bed or a porous medium, with different
levels of complexity, and using different types of experimen-
tal information."> One type of model describes the flow
around the porous-medium particles by defining elementary
cells to represent the packed-bed local structure. Initially
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these models assumed that each cell is formed by a single
particle, where the presence and influence of the nearby par-
ticles is accounted for through corrective terms and/or spe-
cial boundary conditions. "’ Later, the flow was modeled
assuming simple structures for the packed bed and its par-
ticles. Particularly for regular packings composed of spheres
and cylinders, it is possible to obtain analytical expressions
describing the flow field inside the packed bed.'''? For irreg-
ular packed beds and other porous media it is possible to use
volume-averaging techniques to describe the flow field."?
Usually these approaches are applicable with linear flow
(characterized by low values of the Reynolds number), high-
porosity values, and when a simplified model of the porous
medium is considered. Recent evolution in computer power
and characterization techniques have allowed the use of
the real structure of a porous medium to model-transport
phenomena. 1415

A different strategy is considered when network models
are used. The main objective is to represent the local struc-
ture of a porous medium using a set of elements with a geo-
metric shape (such as spheres and cylinders or constricted
tubes), simple enough to easily describe their hydrodynamic
behavior. The type of elements used may depend on the
particle geometry, the porous-medium characteristics, the
way the packed bed was constructed, and other relevant theo-
retical and experimental information. Also relevant to the
selection of the elements type are the objectives of the
model, and the possibility for solving the model’s equations
either analytically or resorting to a computer. These models
try to balance the trade-offs between an accurate description
of the void space inside the porous medium, and the neces-
sary effort to solve the balance equations. Good reviews of
network models and their characteristics can be found in the
literature. '’

Earlier models assumed that a porous medium could
be represented as a tube bundle, with no interconnection
between them. The Carman-Kozeny and Ergun equations are
based on this model and experimental data of pore-size dis-
tributions obtained by porosimetry are usually analyzed with
this type of model. Although the relative success of these
models to predict the porous medium macroscopic behavior,
they are not well suited to describe transport phenomena,
where the mixing effects and the local behavior are crucial.
Extensions to these models have been proposed in lite-
rature.'"®?* Some models assume tubes with constrictions to
account for the local variations in the area available to the
flow. Others consider that the wall profile varies in a regular
way to simplify the resolution of the motion equations. These
models are capable of describing the transition between flow
regimes, and relate it to the increased effects of expansions
and contractions when the fluid velocity rises. However, they
do not consider the interconnections between the network
elements, which is a severe limitation.

A more realistic description of the local structure involves
the definition of a network where the elements are intercon-
nected.” % In 1956 Fatt®® was the first to introduce network
models with interconnected elements to model two-phase
flow inside a consolidated porous medium. Initially, and in
simpler models, it was assumed that the node volume, corre-
sponding to the interconnections between different network
elements, is null. Since in many porous media the nodes
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correspond to the larger voids, this hypothesis was later relaxed
using different approaches. One possibility passes through
the definition of two types of elements, for example cylinders
and spheres.zs_27 A different approach considers that chan-
nels have different zones to represent the expansions and
contractions of the real packed bed. Channels may have an
assumed shape,”’3 132 or they can be based on the local geo-
metrical characteristics of the packed bed.>® A different strat-
egy involves the definition of elements with constrictions.
Payatakes et al. '7 introduced the concept of unit cells, based
on constricted-tubes. This concept was later used to study
single and two-phase flow.>1323435 I this way the nonlinear
effects due to the variation of the flow section can be ac-
counted for, but with an increase on the model complexity.
Networks of capillary tubes and of spheres-and-capillaries
have been used in simulations of mercury porosimetry,*®=3%
and of single and two-phase flow in porous media.”*’

Besides the type and geometrical characteristics of the
network elements, when a model of this type is used, the
knowledge of their size distributions is of fundamental im-
portance. In many studies particular-size distributions are
used, mostly without considering the characteristics of the
porous medium. In a real packed bed the pore-size distribu-
tions depend mainly on the geometrical characteristics of the
particles. In the literature one of the preferred ways to deter-
mine the local structure of a packed bed involves the creation
of the packing by computer simulation. Different hypothesis
can be considered during the generation process, in particu-
lar, the way the particles are deposited and stability require-
ments.>>>>*!%2 Detailed knowledge of the packed bed local
structure, allows the use of Voronoi Tesselation to determine
the equivalent network by assuming a structure for its ele-
ments. >4 Also, the local structure of the packed bed can be
used directly to describe the flow.'"* However, the computa-
tional requirements still limit the application of this strategy
to packed beds with a small number of particles. Nolan and
Kavanagh® assumed that the chamber diameters follow to
the distribution of spheres that can be fitted inside the net-
work without changing its structure, and that the channels
diameters correspond to the distribution of sphere diameters
that can percolate through the network. Using these assump-
tions Nolan and Kavanagh45 were able to characterize the
influence of the particle-size distribution on the pore-size
distribution and local structure of the packed bed. Another
strategy to determine the pore-size distribution involves
porosimetry or image analysis of bidimensional sections after
filling the void space with a resin. However, these techniques
are not easily applied in packed beds, and in the case of
mercury porosimetry the use of high-pressures can destroy
the real structure of the original packed bed. Other techni-
ques, such as NMR can be also used,%f48 however, in many
real situations this is not practical due to the high-costs and
difficulties involved with the operation of the necessary
equipment.

Most of the models referred to earlier are valid or were
applied in linear flow. In processes involving packed beds the
conditions are such that the flow is often turbulent. A good
description of the hydrodynamics in such units is essential for
a correct prediction of the pressure drop, and for the design of
the auxiliary equipment. This knowledge is also fundamental
for the understanding of other phenomena, such as mass trans-
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port through a packed bed, mass transfer between phases, and
also processes involving chemical reaction.

The main objective of this article is to provide a detailed
model of the porous space that, together with a suitable
description of the flow, can simulate single-phase in laminar,
turbulent and transition regimes and provide a means for
evaluating the constants needed in semiempirical correla-
tions. A network model including two different types of
elements was selected, since it provides for a simple, but
accurate description of the local structure of a packed bed.
A geometrical model was developed to determine the charac-
teristic values of the network elements. Although not as rig-
orous as the Voronoi Tesselation method,*” the geometrical
model developed in this work has some advantages over it,
such as the determination of correlation functions only of the
porosity of the average size characteristic dimensions of the
network elements. In the flow modeling the nonlinear effects
are considered explicitly, in order to describe all flow
regimes in a packed bed, allowing for the description of the
nonlinear regime of the flow in the macroscopic sense. The
predictions of the hydrodynamic and geometrical models are
compared with correlations and experimental data available
data, to assess its validity and determine any parameters that
may be necessary to estimate.

Network Model

Although a real porous medium is by definition 3-D, and,
consequently, a 3-D network seems to be the natural choice
to describe its structure, in this work a 2-D network was
used instead. Most correlations available in the literature,
supported by experimental data, assume that the flow is essen-
tially 1-D.27 Although, there are some local variations usu-
ally associated with the packed bed lateral boundaries, when
the ratio between the porous bed and the particle-average
characteristic dimensions is large, it can be safely assumed
that the velocity profile is essential 1-D.*7>! This work aims
to describe not the local-flow field, but the macroscopic
behavior of a packed bed, in particular the total pressure
drop as a function of the flow, the main flow regimes, and
the transitions between them.

Even considering that the velocity profile is essentially
1-D, in a real packed bed the irregularities of the local struc-
ture naturally induce the mixing of the fluid and the exis-
tence of a distribution of fluid velocities. A 2-D network is
the simplest model that can account for this effects and
obtain a meaningful response, yet reducing the computational
effort and simulation time. This last effect is of importance
when using the model in and industrial context or in optimi-
zation studies. Thus, the 2-D network used in this work is
the result of a trade-off between the required level of detail,
and the effort needed to implement it and solve the resulting
system of equations from where the behavior of the packed
bed is predicted.

On the other hand, with this network model and for certain
geometry characteristics, the flow field in the network can be
obtained analytically, and relationships for the main parame-
ters that characterize the macroscopic behavior of the net-
work can be used, avoiding the need to simulate the whole
flow field. Under certain conditions, discussed later, this strat-
egy is adequate to describe real systems, even quantitatively.
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Figure 1. Network unit cell.

Finally, this flow model is the basis for the simulation of
other types of transport phenomena inside packed beds, in
particular reaction and mass transport. An accurate network
model, yet 2-D can keep the computational costs and simula-
tion time at reasonable levels. Even considering the ever
reducing computing costs, a simpler model is preferable and
easier to modify and to extend for modeling other processes.

The void space inside a packed bed can be described as
larger voids interconnected by smaller tube-like voids repre-
senting the flow constrictions inside the packed bed.'$%33 In
this work a 2-D network with two different types of elements
is used to explicitly consider these two characteristics. These
elements are the chambers, representing the larger voids of
the packing, and the channels, representing the smaller voids
interconnecting the chambers.

The network is generated by the following set of rules.

1. Each chamber is modeled as a sphere with diameter D;,
and each channel is modeled as a cylinder with diameter d,,
and length ;.

2. The network is generated from the repetition of a unit
cell (see Figure 1) in both x and y coordinates, where x is
taken as the main flow direction. The unit cell consists of
one chamber, and two or three channels: two oblique chan-
nels connecting two contiguous chambers in x and an
optional normal channel connecting two contiguous chambers
in y. The angle 0 between the oblique channels and the x
axis is fixed. As a result, the network structure is regular
with equal distance between the chamber’s centers in each
main spatial direction.

3. Additional channels are added to the network flow exit.
If the network were generated based only on the repetition of
the fundamental cell presented in Figure 1, the chambers at
the network exit would have a different coordination number
in average from the remaining chambers. The addition of
two channels at the network exit ensures that the spatial dis-
tribution of the chambers coordination number is not biased.

4. The lateral boundary conditions can be set so that the
network simulates either a finite (walled) bed with no lateral
channels, or a small part of a larger bed by introducing peri-
odic boundary channels. Figure 2 shows the different types
of 4 x 4 (rows x columns) networks that can be generated.

5. The assignment of sizes to each network element is
done in a sequential process with:

e To each chamber diameter is assigned a random value
following a given size distribution fp(D;).

e The channel diameters also follow a given size distribu-
tion f,(d;), with the restriction that the diameter of any chan-
nel must be smaller than the diameters of the two chambers
at its extremities. New values of d; are generated whenever
necessary to verify this condition. This implies that the
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Figure 2. Types of networks that can be generated: (a)
no normal and no periodic channels, (b) with
normal and no periodic channels, (c) no nor-
mal and with periodic channels, and (d) with
normal and with periodic channels.

assignment of diameters to each channel is not fully random,
and that some correlation between chambers and channels
diameters at the local level may occur. When the average
values of the distribution functions f(D;) and f,(d;) are close,
large differences between the initially imposed, and the real
channel-diameter distributions could arise due to the applica-
tion of this restriction.

e The distribution of channel lengths is obtained by fixing
I, the average length of an oblique channel, and, therefore,
the channel-length distribution depends on the chamber-and
channel-size distributions. For the channels located at the en-
trance and exit of the network, extra chambers are generated
at both extremities solely for the purpose of determining
the channel length, but these are not considered in the calcu-
lation of the void volume of the network or in the flow mod-
eling. For networks with optional normal channels (see
Figure 2b and 2d), two different-length distributions, one for
the oblique and one for the normal channels, are obtained.
Their average values, / and /,, respectively, are related by
I, =2+ D)sin 0 — D.

6. The estimation of some properties, such as the network
permeability, requires a value for the thickness of the net-
work 0. Due to the 2-D nature of the network, the value of
this parameter depends on the assumptions made. In the pro-
posed model this value is calculated to ensure that the poros-
ity &, is equal for both packed bed and the network.

7. The connection between a chamber and a channel
results in a spherical cap whose volume is common to both
elements. When the channels and chambers diameters are
similar, this common volume is significant compared with
the total void volume of the network, and, thus, in the calcu-
lation of the total void space it is only computed once.

Although not required, it is assumed that the functions
fp(D;) and f,(d;) have the same functional form and are non-
negative. The case of monovalued distributions was also con-
sidered as a special case for which it is possible to obtain an
analytical solution for the flow within the network. The
Gaussian distribution is often used as a model to random
continuous variables that describe physical phenomena, but it
presents the problem of giving a nonzero probability of pre-
dicted values of D; or d; to be lower than zero, which is
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physically impossible. Since in many porous media it is
observed that the equivalent size distributions are not sym-
metric, the upper limit log-normal (ULLN) distribution,””-*®
described in the Appendix, was used for both functions.

The networks shown in Figure 2 are regular in the sense
that their coordination number C (number of channels associ-
ated with a chamber) is almost constant, varying between 4
or 6 for networks with or without normal channels, respec-
tively. To obtain networks with a spatial distribution of the
coordination number, chamber and/or channels can be ran-
domly removed, starting from a regular network, until a given
average value of C is reached.

In summary, network generation requires the following set
of data: number of chambers in the x and y directions; chan-
nel and chamber diameters distributions; the channels aver-
age length; inclusion or not of normal channels; inclusion or
not of periodic boundaries; removal or not of channels or
chambers (in which case the average value of C must be
given); value of 0; and porosity.

Geometrical Model

The simple geometrical model described here allows a
quick and easy estimation of the network elements sizes,
from data readily available for packed beds, in particular
the porosity and the particle sizes. The main goal of this
approach is the determination of correlations for the average
characteristic sizes of the network elements. A good estimate
for these values ensures that the macroscopic characteristics
of the flow field, for example, the total pressure drop, are pre-
dicted accurately. The main idea is that from the local struc-
ture of regular packings of equal spheres, it is possible to
estimate the chambers average diameter, and channels aver-
age diameter, and length by defining the equivalent chambers
and channels in the regular packings, and ensuring that the
porosity between packing and network is maintained. Then,
assuming that a real packed bed is an average of the different
regular packed beds, correlations can be easily obtained for
the average values of the network elements characteristics
dimensions.

Using equally sized spheres, six different types of stable
regular packings can be constructed,’* as shown in Figure 3:

(
(

(L] if

Figure 3. Regular packings of spheres: (a) cubic sim-
ple, CUB, (b) orthogonal, ORT, (c) hexagonal,
HEX, (d) tetrahedral, TET, (e) rhomboedric
body centerd, RBP, (f) rhomboedric hexago-
nal, RBH.
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Table 1. Porosity and Other Network Parameters for Each Regular Packing

PaCking & V('e[[/D[% (('lhqam ft;'l]an L('e[[/Dp
CUB 0.476 1 1 3 1
ORT/HEX 0.395 V3/4 1.5 1 (4+/3)/6
TET 0.302 V3/4 1 1.5 V3/2
RBP/RBH 0.260 V2/6 0.5 2 (12 + 63 + 3v2 + 21/6) /36

Cubic, CUB; Orthogonal, ORT; Hexagonal, HEX; Tetrago-
nal, TET; Rhomboedric Body Centerd, RBP; and Rhomboe-
dric Hexagonal, RBH. The range of porosity values, shown
in Table 1, is wide enough to accommodate the porosity
values observed in most practical cases. Two pairs of pack-
ings, TET/HEX and RBP/RBH, have the same porosity, but
apparently, different structures.

For each one of these packings, it is possible to define a
fundamental cell that repeats itself in the bed. Packings with
the same porosity values can be shown to have the same fun-
damental cell. From the geometrical analysis of the funda-
mental cell it is possible, with some simplifying assumptions,
to obtain the average values of the chamber diameter, and of
the channel length diameter.

The average chamber diameter D, is assumed to be equal
to the diameter of the largest sphere that can be fitted inside
a cell without changing its shape. With the exception of the
CUB packing, this is the diameter of the largest sphere that
can pass through a tetragonal face, which is composed with
four spheres of equal diameters arranged in such a way that
their centers form a square. The opening space between the
spheres corresponds to the average chamber diameter, and it
can be easily shown that D = (\/i — 1)D,, where D, is the
diameter of the particles composing the regular packing. For
the CUB packing, D is the diameter of the largest sphere that
can be fitted inside its fundamental cell, corresponding to a
cube with the particles centers placed on its vertices, result-
ing in D = (v/3 —1)D,. As a consequence of the previous
hypothesis, only two values of D are obtained for the entire
range of porosity values, one for ¢ < 0.395 (ORT/HEX,
TET and RBP/RBH packings), and another for ¢ = 0.476
(CUB packing). In order to obtain D for others values of ¢, it
was assumed that D(e) = Ap(e) D, where Ap(e) has two
branches, one for ¢ < 0.395 and the other for ¢ > 0.395,
with a continuous first derivative for ¢ = 0.395. Considering
these restrictions, the following correlation was obtained

Jn(e) = (V2 — 1) 4 48.44(¢ — 0.395)*H (e — 0.395)
£ <0476 (1)

where is the H(¢) Heaviside-step function.

The average channel diameter d, for each packing, is
determined to ensure that the porosity values of the funda-
mental cell and the packing are equal. The number of equiv-
alent channels is equal to the number of tetragonal faces for
the CUB packing or to the number of triangular faces for the
remaining regular packings. A triangular face is formed with
three spheres of equal diameter arranged in such a way that
their centers are the vertices of an equilateral triangle. These
two conditions require the definition of the equivalent num-
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ber of chambers NS.,,, and channels N/, associated with
the fundamental cell for each packing. These values, as well
as the dimensionless cell volume V“,,/D,f, are shown in
Table 1.

The average channel length /, is obtained by fixing the
same pressure gradient in both the network and the geometri-
cal model, that is, assuming an equal distance between the
centers of two chambers located in adjacent rows L, and the
centers of two spheres in adjacent layers L..,. The dimen-
sionless distance between the centers of spheres L..;/D,,, is
also shown in Table 1.

To close the calculation of d, an estimation of 6 is also
necessary. Defining the tortuosity T, as the ratio between the
porous bed length and the actual passage length, and consid-
ering the regular structure of the network, it can be shown
that the following relation between 0 and T holds

0 = arccosT ?2)

T is usually considered as a macroscopic parameter, and
for actual packed beds, local variations in the value of 6 are
expected, but, in this article, an average value is assumed.
The parameter T is a function of the porous medium charac-
teristics, and for packed beds it is usually correlated as a
function of porosity.53’54 A correlation based on experimental
data obtained for packed beds formed by spheres with a nar-
row-size distribution®® was considered in this work, in the
form

1/T=1-0491n¢ 3)

For each packing, the values of d and / can be determined
by solving a nonlinear system of two equations. Correlation
functions of the type d(¢) = A.e)D, and I(¢) = (e)D,, valid
for the whole range of porosity values were obtained

“

~02
Ja(e) = 0.4142 — 0.2522 exp {f m}

0.0703

Ji(e) = 1.072 — 1.892(& — 0.26) + 53.18(¢ — 0.26)*
—237.1(c — 0.26)° (5)

All three correlation functions are shown in Figure 4.
Comparing the curves for Ap(e) and Z,(¢), it is observed that,
for porosities around 0.4, the geometrical model predicts a
nearly equal value for the average chamber and channel
diameters. In these conditions the application of the restric-
tion between the chambers and channels diameters at the
local level can lead to some segregation between both distri-
butions.
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Figure 4. Values of ip(c), iq(c) and i[c) predicted by the
geometrical model and respective correlation
curves.

This model can be extended to packings with narrow* par-
ticle-size distributions fp (D)), in which case the elements-
size distributions can be obtained using the following expres-
sions

Io(Di) = /p(&)fp,(Dp.:) (6)
Ja(dy) = 2a(e)fp, (Dp,i) @)

Results obtained on simulated random-packed beds made
from spheres with a given size distribution show that only
when the size distribution of the particles size is narrow, it is
valid to define an average value for the channels and cham-
ber diameters. Using a narrow particle-size distribution, Chan
and Ng*'» obtained 1, = 0.38 and Ap = 0.45. For simu-
lated-packed beds with ¢ ~ 0.40, these values show a good
agreement with the ones predicted by the geometrical model.
The channel-length distribution was determined by Chu and
Ng* for simulated-packed beds, taking into consideration the
influence of a limiting wall. Results show that for ¢ ~ 0.40,
A & 1.25, which is also in good agreement with the predic-
tions of the geometrical model.

Other studies,”’®” in which mercury penetration in packed
beds formed by spheres with a narrow-size distribution and a
regular structure was studied, showed that the size distribu-
tion of the constrictions between the sphere equivalent to the
channels is very narrow. Therefore, for a packed bed with a
random structure, but formed by particles with a monosized
distribution, the pore-size distributions can be considered
monovalued within a small error. For the range of porosity
values considered in this work, values of /, ranging from
0.27 and 0.37 were obtained.

Two datasets for packed beds from Payatakes, Tien and
Turien,'® referred as PTT1 and PTT2, were used to obtain

*For wide distributions, the smaller particles can settle in the voids by the larger
particles, drastically reducing the total porosity of the packing, and the structure of
the void space. Under these conditions, this model is not expected to give reliable
results.

96 DOI 10.1002/aic

Published on behalf of the AIChE

values of the average chamber and channel diameters and the
channel length as shown in Table 2. The first dataset con-
sisted of nearly spherical glass beads with uniform size; the
second is composed of sand grains with a narrow distribution
of sizes. Since the particle-diameter distribution is not avail-
able, only the reported average-particle size and bed porosity
were considered in the calculations. Based on a model of
constricted capillaries, these authors calculated the diameters
of constrictions (channels) and expansions (chambers) using
data for the penetration of water in packed beds. A good
agreement is observed for the calculated value of in the data-
sets PTT1 and PTT?2, with an error of about 7% between the
two values. The values of D and / show larger deviations
that can be attributed to the different structures assumed to
the packed beds in both models. The geometrical model was
also used for six other sets of data from Kim>® that were
used to compare experimental data with results predicted by
the network model later in this article.

Although the comparison between predicted and experi-
mental values is quite good for packed beds made from
spherical particles with a narrow particle-size distribution,
a drawback of this model concerns the determination of
the average value for the coordination-number distribution
C. The geometrical model assumes that the calculated val-
ues are independent of C, and although it is possible to
define C for each fundamental cell, the difference of struc-
ture between the equivalent network and the regular pack-
ings, and the one considered in this work precludes the use
of this approach.

Flow Simulation

The flow through the network is modeled using the anal-
ogy with an equivalent electric circuit.®'** It is assumed
that: the flow is isothermal, incompressible and steady-state;
the chambers behave as perfect mixers; and the gravitational
effects are negligible. Figure 5a shows a representation of
the electric analogue for the network represented in Figure 2d.
The flow analogy in each channel, represented in Figure 5b,
is given by

pi — pi1 = Ap; = Ryg; ®)

where p; is the pressure at node given by the center of
chamber i, Ap; is the pressure drop across the branch asso-
ciated with the channel j, ¢g; is the flow rate through
channel j, and R; is the hydraulic resistance associated to
channel j.

Using Kirchoff’s laws and standard resistive network ana-

is' a system of algebraic equations is obtained, which
can be solved to obtain the pressure at each node, by impos-
ing either the total pressure drop Apz, or the flow rate g7,
across the network. The nature of this system depends on the
flow characteristics, and terms considered in the description
of the flow inside each network element. In the more general
case, R; depends on the channel flow rate, and the resulting
system of equations is nonlinear, and it is solved using a
fixed-point iteration method.®® The initial estimate is obtained
considering that the flow is laminar in all channels, and that
R; is independent of g;. Under these conditions the system of
equations is linear and can be easily solved.
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Table 2. Experimental Data and Calculated Values for the Network Elements Average Sizes

Experimental Data

Geometrical Model

Set & D, (mm) d (mm) D (mm) [ (mm) d (mm) D (mm) [ (mm) 0 (rad)
PPT1 0.40 0.470 0.177 0.379 0.469 0.179 0.196 0.563 0.808
PPT2 0.47 0.714 0.260 0.614 0.715 0.287 0.490 0.588 0.753
KIM1 0.357 2.10 - - - 0.737 0.870 2.46 0.844
KIM2 0.360 3.07 - - - 1.08 1.27 3.61 0.841
KIM3 0.359 4.10 - - - 1.45 1.70 4.82 0.842
KIM4 0.348 3.69 - - - 1.26 1.53 4.26 0.851
KIM5 0.344 3.28 - - - 1.11 1.36 3.76 0.854
KIM6 0.342 2.76 - - - 0.926 1.14 3.16 0.856

In the case of a network with monosized elements, a uni-
form network, with periodic boundary conditions, the pres-
sure drop in each branch Ap; is constant, and an analytical
relationship between the Apy and g7 can be obtained

N,+1 N, + 1
Apr =" Apj=(Ne+1)Ap; = ;TquT ©))
= y

In the description of the flow inside the network the exis-
tence of two types of elements must be considered explicitly.
Chambers and channels have different geometrical character-
istics, resulting in different hydrodynamic behavior. In both
cases, a network element is equivalent to a resistance to the
flow, which depends on its characteristic dimensions. Accord-
ing to the hypothesis considered on the definition of the net-
work elements, based on the correspondence between them
and on the local structure of a packed bed, different mech-
anisms and resistance terms are assigned to the two types of
network elements.

Modeling the channels behavior

The channels represent the constrictions between the pack-
ing particles and when the flow is slow, they represent the
main term of resistance to the flow, which is due to the fric-
tion of the fluid on the packed bed particles, corresponding
to the channel walls on the network model. This friction
resistance Rf , can be expressed in the following general
form®' ‘

rF _ 8efiail
J nZdjS

(10)

P Ap,

—AM—resistance g mixing node g,
{a) (h)

Figure 5. Electric analogue used in single-phase flow
simulation: (a) electric circuit equivalent to
the network in Figure 1d, and (b) analogy for
flow in a branch of the network.
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Where ¢; is the flow rate through channel j, f; is the friction
factor, that depends on the channel-Reynolds number

_ 4pq;

R
9 g,

J- (11)
and p and p are the fluid density and viscosity, respectively.

For laminar flow Re; < RE;-”’", Poiseuille’s relationship
f; = 64/Re;, can be replaced in Eq. 10 to obtain

F ]28#11
K= (12)
For turbulent flow Re; > Re}™, Blasius equation f; = 0.3164
Re; *%, is used.

In the transition zone Re}’”” < Re; < Re}/’”", there are no
analytical expressions for f; as a function of Re;. Experimen-
tal data available in literature®® show that this zone ranges
from 1,500 to 7,000 in terms of values, with some scattering
on the values of f;. However, to determine the flow and pres-
sure field inside the network it is convenient to have an
analytical expression that provides f; (Re;) for the transition
zone, and this will be obtained by interpolation between the
laminar and turbulent regimes as shown in Figure 6. A linear
interpolation scheme assuming that Re}” = 2300 and
Re}™ = 5000, values typically considered as the limits of
the transition zone, results in f; = 0.0195 + 3.63 x 107°
Re;, and is used in the case of uniform networks where the
flow can be determined analytically. However, the previous
expression is not always adequate because it introduces dis-
continuities in the first derivative of f; (Re;). For nonlinear
flow conditions, the problem solution involves a nonlinear
system of equations, and if most of the channels are in the
transition regime, it may be difficult to obtain convergence.

Therefore, an interpolation scheme based on Tchebyshev
polynomials is also implemented, ensuring continuity between
the laminar/transition and transition/turbulent flow regions for
both functions, and the first and second derivative values. Tche-
byshev polynomials were chosen so that the interpolated values
were similar to those obtained by linear interpolation, and,
thus, it was imposed that for Re; = 3,650 both interpolation
functions give the same value. Values of Re}’ = 6175 and
Re}’” = 1586 were obtained from the interpolation poly-
nomials, close to the transition zone limiting values of the
obtained from experimental data available in the literature,
and in agreement with the values of 5,000 and 2,300 consid-
ered before for the linear interpolation scheme, and normally
considered in the literature as the limiting values for the tran-
sition zone.%?
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Modeling the chambers behavior

The connections between chambers and channels represent
the contractions and expansions experienced by the fluid
when passing from one type of network element to the other.
The resistance to the flow results from the change in fluid
velocity.

In a real porous medium the changes in the flow area
may be smooth or sudden. In the network model, as a
first approximation and to simplify the chambers hydro-
dynamics, it is assumed that the variations of the flow area
are sudden. With this condition it is possible to solve the
mass and momentum conservation inside a chamber and
associated channels, and to determine the resistance to the
flow due to the expansions and contractions, and their de-
pendence on the geometrical and flow characteristics at the
element level. In this work, a different and simpler
approach is considered.

The resistance term associated with the expansions and
contractions R_,-E, is considered to be the sum of two terms.
The term for laminar flow R_/EL, is independent of the flow
rate, and was derived by Koplik28

512u
R = 245 (13)
The earlier expression is in fact twice the one derived by
Koplik,28 since in this case each channel is connected with
two chambers. A similar expression has been used for linear
flow in a network model, where both channels and chambers
are assumed to be prisms of rectangular cross-section.”’ The
second term RfT represents the nonlinear flow contribution,
and is approximated by

RET — 8pq;
j n2d?

(Kj’f” + K7 (14)

where KJ’:" and K7 are analogous to the coefficients for
sudden expansions and contractions, respectively, generally
used in the calculation of pressure losses in pipe systems.
Correlations for these coefficients are available in the litera-
ture for the case of one channel with a single entrance or
exit of fluid from the chamber. In this work, the values of
K" and K} are replaced by their sum, represented by K;.
In a real packed bed, K; may depend on the geometrical and
flow-field characteristics of the elements at local level, and it
could be determined through direct modeling of the flow in a
chamber with inflow and outflow channels, using for example
CFD modeling. However, for sake of simplicity, in this work
it is assumed that K; = K is independent of the local geomet-
rical and flow-field characteristics, thus, constant through-
out the network. Assuming that the chambers diameters
are much larger than the channels diameters, and that mix-
ing of streams inside the chambers is not significant, then
K ~ 15% In a real packed bed, a higher value of K is
expected to account for the mixing of the fluid in the cham-
bers, the existence of more than one entrance and exit in
most chambers of the network, and the different ratios
between the diameters between the channels and chambers
associated with each other. The value of this parameter can
be estimated from experimental data for nonlinear flow, as it
will be shown later.
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Figure 6. Plot of friction factor f;, as a function of the
Reynolds number Re;, comparing the linear
and Tchebyshev interpolation functions for
the transition zone.

A similar approach was also considered in the works
Blick,' Thauvin and coworkers”®?” and Niven®® to describe
flow in porous media for linear and nonlinear flow. These
studies show that the transition between the two flow regimes
can be attributed to an increase on the importance of the
expansions and contractions in the flow through a porous me-
dium. However, with the exception of the work of Blick,19
no attempt was made in these studies to correlate the param-
eters related with the expansions and the contractions with
the macroscopic characteristics of the porous medium, for
example, porosity and particle-size distribution, as performed
in this work.

Analysis of the proposed model

To model the flow inside the network, the network is
assumed as being composed of branches, each of them
formed by a channel and two half chambers at its extrem-
ities, and mixing nodes, with no volume and negligible re-
sistance to the flow. The overall resistance to the flow for the
branch associated with channel j is given by

R = R} + RY" + R} (15)

that is, the flow resistance of the mixing nodes is negligible,
and the resistance due to the connections between chambers
and channels is associated with the network branches.

Which resistance term is dominant depends on the flow
conditions inside the network elements. In linear-flow regime,
the flow rate is very small, and it is possible to assume that
R, ~ R}U + R}EL, and, thus, independent of the flow rate
(Egs. 12 and 13). Under these conditions the pressure drop is
proportional to the flow rate, and the value of permeability
can be easily obtained. In fully developed nonlinear flow, the
term RJ-ET is dominant, and the pressure drop is proportional
to, leading to a macroscopic nonlinear-flow regime for the
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Figure 7. Plot of overall channel resistance R;, as a
function of the Reynolds number Re;, for dif-
ferent values of K, including the situation
without connection effects between chan-
nels and chambers.

flow through the network and, consequently, in the equiva-
lent packed bed.

Figure 7 shows as a function of Re;, for different values of
K, where the case without considering the connections
effects (RET REL = 0) is also shown in order to compare
and determine under which conditions friction is dominant.
For Re; < 1, both curves have similar behavior with the dif-
ference in values resulting from the inclusion of the term
RJEL when the effects of the connections are considered in
linear flow. Increasing the value of Re;, the two curves start
to behave differently, due to the increase in importance of
the term RJ-ET. For values of Re; > 1,000, this term is domi-
nant, and the transition between the two zones is smooth.
When only the friction effects are considered, the transition
is abrupt, a consequence of how f; varies with Re;, and the
value of resistance is much lower. From a qualitative stand-
point, the behavior predicted by the full model®*® seems to
be more adequate, but only with the actual simulation of the
flow field inside a network, it is possible to draw conclu-
sions, as it will be shown later in this article.

An analysis of the expressions obtained shows that the
channel diameter is the controlling parameter of the resistance
value, and that the dependence on the value of d; is similar
for all terms, although smaller for R . Also, the terms RF
and REL can be considered as frlctlon terms, as they depend
on the viscosity of the fluid, and RfT can be seen as an iner-
tial term, as it depends on the fluid density. Assuming that
the transition between linear and nonlinear flow in the chan-
nels (not the network branches) occurs for a value of Re; ~
2300,%% the results presented in Figure 7 show that the term
R/ is dominant even when the flow in the network channels
is laminar. Therefore, it is possible to have conditions of
nonlinear flow inside the network before the transition to tur-
bulent flow, in agreement with the conclusions of previous
authors.”
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Results of the Hydrodynamic Model

Simulations were carried out using the network model
described earlier in order to study the effect of various model
parameters on the network hydrodynamic behavior. First, the
impact of the network dimensions is discussed. Then, the
influence of the connections between chambers and channels
are analyzed, as well as the influence of the geometrical
characteristics of network and its elements. Finally, the geo-
metrical model is used to estimate the network elements size
distributions, allowing the comparison between predicted
values with experimental data available in the literature.

The raw results of a network and flow simulation provide
information on the pressure and flow field in the network,
but for the sensibility analysis and the comparison of experi-
mental data and simulated values, three parameters are used.
The first parameter is the network permeability, obtained in
laminar regime as

L qT
L SAP;

(16)

where L, and L, are the length of the network in the main
and the normal directions to the flow, respectively.

The other two parameters are the constants A and B
obtained by writing the Ergun equation® as F* = A/Re* + B
where F* and Re* are the modified-friction factor, and the
modified-Reynolds number, respectively, and can be deter-
mined from

L}6* APy D&

- 17
Ly pgr* (1 —e) a7

* p qr Dp
18
TuLo(i-0) (%)

The values of these two constants can be predicted from
the results of the network model and compared with values
obtained from the literature; for example Ergun3 obtained
A = 150, and B = 1.5, and later, Macdonald and coworkers”
with a larger experimental database suggested A = 180, and
B = 1.75.

Influence of the network size

The network elements-size distributions are based on prob-
ability-density functions, and, therefore, it is necessary to
determine the network size that ensures that the sample, and
the results are statistically significant. Figure 8 shows the
network permeability k, as a function of N,, for three values
of N, using networks with normal channels and periodic
boundaries, with d = 0.002 m, D = 0.004 m, / = 0.007 m
and 0 = m/4. For each pair of N, and Ny values, 12 simula-
tions were performed, varying the numerical value of the
seed of the random number generator. The values of are
determined imposing a low value for APz, and K; = 0, so
that the flow is laminar without nonlinear effects in all net-
work branches. Two-size distributions with different standard
deviations ¢p and g, were considered, and results show that,
in both cases, if N, > 100 and N, > 100, the permeability
values tend to a limit value and can be considered to be sta-
tistical significant, that is, the spread in the permeability val-
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Figure 8. Network permeability k, as a function of Ny,
for three values of N,, for networks with
normal channels and periodic boundaries, for
two distributions: (a) op = 64 = 0.05, and (b)
Op = O0g = 0.40.

ues is less than 1% from its mean value. A larger spread is
obtained for higher-values of the standard deviation, resulting
from a wider distribution of the network element sizes that
influences the flow and pressure fields in the network.

The same behavior is observed, independently of the value
of C, the inclusion or not of normal channels, type of bound-
ary and flow regime, and for other values of the network
parameters. Therefore, based on the previous results, most of
the simulations shown in this article were obtained for N, X
N, = 100 x 100 networks with periodic boundary conditions
and channels normal to the flow. For the network elements it
was generally used d = 0.002 m, D = 0.004 m, / = 0.007 m,
0 =n/4, op = 64, = 0.40 and ¢ = 0.4. When using the full
model to calculate resistance to the flow of the network
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elements the value was assumed. When different values were
used, they are explicitly stated in the text.

Influence of chamber/channel connections effects

The inclusion of the connection effects between chambers
and channels, in addition to the usual terms corresponding to
friction of the fluid on the channels walls, is one of the main
features of the network model proposed in this work. To
assess the significance of these effects on the behavior pre-
dicted by the network model, Figure 9 plots F* vs. Re; for
three situations: connections effects for both linear and non-
linear regimes; connections effects for linear regime only,
that is, R,ET = 0 and K = 0; and no connection effects, that
is, Rf" = Rf* = 0.

For low-values of Re*, corresponding to linear flow, simi-
lar behavior is predicted in all three cases, with a small dif-
ference occurring due to the inclusion or not of R,-EL, the
resistance term associated with the connections in laminar
regime.

When RfT is included, major differences are observed in
the three plots, namely for values of Re* corresponding to
the transition and turbulent regimes, showing that for fully
developed nonlinear flow R,—ET becomes the dominant term,
and F* tends to a constant value. Figure 9 also shows Ergun
equation with the set of constants proposed by Macdonald
and coworkers,* and it is clear that only when the effects of
the connections between chambers and channels are consid-
ered, the predicted behavior is in agreement with Ergun
equation.

Influence of network geometry parameters

Three characteristics can be changed in the geometry of
the proposed network model: the nature of the network boun-
daries; the angle 0; and the distribution of chamber coordina-
tion numbers.

1000
100 full model
Ergun equation
10 t
1+
0.1 t
J
0.01 A L ey
1 10 100 1000 " 10000
Re

Figure 9. Plot of modified friction factor F* vs. the
modified Reynolds number Re*, with and
without the effect of the connections be-
tween chambers and channels.
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For networks with dimensions considered to be statistically
significant, the difference in the total number of elements
between a network with or without periodic boundaries is
very small. Thus, the effect of the network boundaries may
be significant only when the total number of elements is
small.

Neither of the resistance terms R/, R" or RF" is a func-
tion of 0 and, therefore, this parameter has no influence on
the modeling of the flow. On the other hand, parameters that
depend on the geometrical characteristics of the network,
such as the permeability, may show a dependence on 0.
Nonetheless, increasing 6 keeping [ fixed will increase the
length of the network in the x-axis direction, and decrease
the length of the network in the y-axis direction. The two
effects compensate each other, resulting in values of o that
have a small dependence on 0, leading to a negligible influ-
ence on the value of the permeability, and other parameters
that are functions of .

The distribution of chamber-coordination numbers C;, can
be modified in two ways: the inclusion or not of normal
channels, leading to average-coordination numbers of C = 4
or C = 6, respectively; and the removal of chambers and/or
channels. The influence of the spatial distribution of values
of C; is observable on two scales. At the network element
level, changes in the number of channels associated with a
given chamber influence the local flow field. This is particu-
larly important when the channel removal process includes
the oblique channels, since they are the network branches
representing the main resistance to the flow in the network.
At the macroscopic level, the total void volume of the net-
work depends on the total number of elements, which leads
to changes in 0, affecting the values of macroscopic parame-
ters, such as the permeability and the constants A and B.

Figure 10 shows the distribution of fluid velocities in each
type of channel v;, for networks with or without normal
channels, expressed in the form of a histogram with 30
classes, where N, is the number of channels with a velocity
value within a certain range. Results were obtained without
removal of channels and/or chambers and under linear flow
conditions. The values of v; for the normal channels are

4000

[ network with:

Nv

L —a—normal channels
3000 T an

r —e—oblique channels

L —e—oblique channels only
2000 T

1000 T
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1
v, X 10" (m/s)

Figure 10. Distributions of the channel fluid velocity v;,
for networks with and without normal chan-
nels under linear-flow conditions.
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Figure 11. Ratio between kg, the network permeability
at C = 6 and k., the network permeability at
C, as a function of the mean-coordination
number C.

smaller and show a Gaussian-like behavior centerd at zero-
velocity. The velocity distributions for the oblique channels
are identical, regardless of the existence or not of normal
channels, showing that the network branches with oblique
channels control the network hydrodynamic behavior.

The influence of the coordination number on the network
permeability is shown in Figure 11, where the ratio k./ks is
plotted as a function of C. Here is the network permeability
C = 6 for k¢, and is the network permeability for values of
between 4 and 6 obtained through the removal of chambers
and/or channels, starting from the C = 6 network. From
Eq. 16 it follows that the permeability is proportional to and
inversely proportional to g7/Apy the network volume, that is

ke _ (qr/Apr)c 06 _ (ar/Apr)c Vs (19)

ke (qr/Apr)s6c  (qr/Apr)s Ve

To obtain a spatially uniform distribution of coordination
numbers, elements are removed randomly with the same
probability of removal. Three different cases were studied:
removal of chambers and associated channels; removal of
oblique and normal channels; and removal of normal chan-
nels only.

In the first two cases the permeability decreases with C,
due to the decrease in flow paths and subsequent increase in
flow resistance, corresponding to lower-values gr/Apr.
Removal of chambers implies that all channels—two
oblique and one normal—connected to it are also removed.
In the case where channels are removed, either oblique or
normal channels are randomly removed with the restriction
that each chamber has at least one inlet and one outlet chan-
nel. The total number of channels removed to obtain a given
value of C is similar in both cases, but removal of chambers
implies a lower-value of Vi, a higher value of Vi/V¢, and,
thus, higher values of kc/ks than the case of removal of
channels only.

In the case of removal of normal channels only, the per-
meability increases with C, due to the change in network
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volume, since the normal channels contribute negligibly to
the flow. For a uniform network and assuming that the flow
through the normal channels is negligible, it can be shown
that the change in permeability is dependent on the network
void volume only

ke Ve 2D+ 6d*l+ 3d%l, C
="~ a=—=—2 (20)
ke Ve 2D3 4 6d2l+ 3d%l,0 2

This curve is plotted as a solid line in Figure 11 with very
good agreement with the simulated values.

Influence of the elements geometry parameters

Factors related to the elements geometric characteristics
that may influence the behavior of the network are the aver-
age channel and chamber diameters, the average length of
the channels and their respective size distributions, measured
in terms of the standard deviation. The channels average
length /, has only a small effect on the hydrodynamic behav-
ior. Since it only appears on the term R,F , it has an impact
only for linear flow, when the frictional resistance on the
channels is the dominant. This resistance increases propor-
tionally to /, but the void volume also increases, reducing J,
resulting in a small effect of / on the permeability.

The influence of the channels and chambers diameters on
the permeability is illustrated in Figure 12 for two sets of
values of op and g, The solid lines correspond to a uniform
network for which case it can be shown that

_3me (14 D)*cos? 0
= 1671 (7l + 4d) 2D + 621 + 3%,

2n

A good agreement is obtained between these curves and
the case with narrow diameter distributions, that is for ¢ and
4= 0.5. For wider distributions ¢, and g, = 0.40, the values of
k increasingly deviate from the uniform network lines as d
increases. This behavior is due to the restrictions imposed
between the values of d and D at the local level, since when
the values of d and D are close, it is easier to occur the case
d < D. In this case, the distribution of the channel diameters
shifts toward smaller values, resulting in lower values of %, as
observed for values of d/D close to one.

Figure 12a plots k vs. d/D for constant values of either D
or d. In the first case d, constant, the permeability steadily
increases with d/D as expected; the deviations of the simu-
lated from the uniform network values, for high d/D is again
due to small variations in d leading to larger variations in
d/D. In the case with d constant, k reaches an asymptotic
value for high values of d/D, which is expected since the larg-
est resistance to the flow is associated to the channels. Also,
compared to the curve for D constant, the deviations are
smaller because they result only of changes in the void volume
of the network. For lower values of d/D, the permeability
decreases because higher-values of D imply higher-void vol-
umes, and, consequently, higher values of the network thick-
ness J. In both cases the permeability for higher values of d/D
is lower than the uniform network permeability, since the num-
ber of channels with diameter smaller than d increases due to
the restrictions imposed between the values of d and D at the
local level. For large values of op and/or g, the value of

102 DOI 10.1002/aic

Published on behalf of the AIChE

10 E
d=0.002m
—_— 1%
o~
E
\O.T/
o
< 1 D =0.004m
e
0.01 ¢
i o o 0,=0,=005
= e g,=0,=040
0.001 +————+ —_———
0 0.2 0.4 0.6 0.8 1
d/D
(@)
10 ¢
1_ ]
—_——
ol
£
(=}
= 0.1
X
-2 D =0.004 m
0.01
0.001 ey

0.0001 0.001 0.01

d
(b)

Figure 12. (a) Network permeability k, as a function of
d/D, keeping d or D constant, and (b) net-
work permeability k, as a function of d,
keeping d/D or D constant.

k decreases for values of d/D close to one as a result of the
application of the restrictions between the values of d and D at
the local level.

Figure 12b plots k vs. d for constant values of either D or
d/D. The predicted curves are quite different. For constant
d/D the permeability increases with d, and it scales with &
throughout the entire range of values. However, for constant
D it is possible to observe two different zones. For high
values of d, the restrictions between the values of d and D at
the local level lead to a lower increase in k. As observed in
Figure 12a, the deviation between the uniform network and
simulated values is larger for ¢, = op = 0.40. For low
values of the permeability scales with &, showing that in
the proposed network model the dependence of k on d is a
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Figure 13. Plot of the modified friction factor F* vs. the
modified Reynolds number, for two values.

function of the characteristic dimensions of the network
elements.

Figure 13 shows the plot of F* vs. Re* for two values of
d/D obtained with different pairs of d and D. For linear
flow, the expected behavior is observed: for each pair d/D,
and a given Re*, F* scales with d™% the differences between
the two sets of curves can be explained as before. For non-
linear flow, the curves for each value of d/D start to
approach each other, beginning at the transition zone, and
reaching similar asymptotic value of F* for high Re*. This
result is unexpected, because the resistance of the network
branches in all flow regimes has the same functional depend-
ence on the channel diameter, proportional to d~*. However,
comparing the expressions for the three resistance terms,
some differences do exist. For a uniform network, it is possi-
ble to obtain an analytical expression for the ratio between
the predicted values of F* for fixed ¢r and d/D, but different
pairs of values of d and D. Assuming C = 6, and considering
only the dominant resistance terms for linear and nonlinear
flow, the following expressions are obtained

Fi (@)4(n1+4d1) (1+D2) (41)% +6d11+3dlln>2
F;  \di) \nl+4d>) \l+ D) \4D3 + 6d,1 + 3d,1,
for linear flow (22)
Fi  (d\*(1+Dy\(4D} +6dil + 3dil,\°
F;  \di) \I+D;)\4D:* + 6d>l + 3dal,

for non-linear flow (23)

where the indexes 1 and 2 correspond to two distinct pairs of
values of d and D. Both expressions are similar and function
of the average values for the sizes of the network elements.
Although in Figure 13 the results are presented using as F*;
a function of Re*, it can be shown that the same qualitative
behavior is observed when the results are presented using F*
as a function of g. Similar expressions can be obtained for
the ratio between values of F* keeping constant, but these
turn out to be functions of g7, and do not allow a direct com-
parison of the results.
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These expressions predict quite accurately the ratio Fj/F3
observed in Figure 13, showing that the differences in the
observed behavior are the result of changes on the dominant
terms of the flow resistance of the network branches due to a
transition in the flow regimen.

Other effects may be relevant to the change of behavior
between linear and nonlinear flow. Figure 14 shows the dis-
tributions of v; in the oblique channels for linear and nonlin-
ear flow, where, in order to directly compare both distribu-
tions, the velocity values have been normalized by the high-
est velocity value observed in each case vy, Results show
that the velocity distribution is narrower for nonlinear-flow
conditions, revealing that the changes on the main resistance
terms also have an effect on the characteristics of the flow at
the local level. This type of behavior has been predicted66
for flow through a porous medium formed by rough fractures
in the transition between linear and nonlinear flow, and the
results obtained for the velocity distributions agree qualita-
tively with the experimental results of Sederman et al.®’
These authors determined experimentally the velocity distribu-
tions in packed beds made from glass spheres of about 5 mm
in diameter using magnetic resonance imaging (MRI), and
have shown the existence of a tail with negative (direction of
flow opposite to the main direction of the flow) values for
the velocity, as it is also predicted by the network model.

Comparison with published data

The validation of the network model with experimental
data requires that both the hydrodynamic and the geometrical
models be used simultaneously. According to the limitations
of the geometrical model, only data obtained in packed beds
formed by spheres with a narrow distribution of diameters
can be considered. Since in most cases the reported data
does not include information on the pore-size distributions,
the following analysis was done using uniform networks.
The geometric model assumes only two values of the coordi-
nation number, C = 4 and 6. Although, in real-porous media
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Figure 14. Distributions of the normalized channels-
fluid velocity v;/Vimax, for linear and nonlinear
flow.
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Figure 15. Ergun equation constants A and B, vs. the
porosity ¢ for different values of C and K.

a distribution of values of C is likely, the previous restriction
of narrow distribution of diameters implies low-spatial varia-
tions in the value of C.>°

Given the data for a particular packed bed, namely the
porosity and the particle diameter, and assuming a value for
C, it is possible to predict the values of the permeability and
the constant. To obtain the value of a value of must also be
given.

Figure 15 plots the Ergun-equation constants, A and B, as
functions of the porosity ¢, compared with the corresponding
values obtained by Ergun. The parameter represents the in-
fluence of the viscous forces on the flow through a packed
bed, and it is expected to decrease slightly as ¢ increases.
Figure 15a shows that A decreases sharply in the range
0.25 < ¢ < 0.3, takes a nearly constant value for 0.3 < ¢
< 0.4, and it increases slightly for ¢ > 0.4. For C = 0.4,
and in the intermediate range of porosities the simulated
values are close to the published value of A = 180.* Simi-
lar behavior is observed for B (Figure 15b), but now with
a large spread of the values K depending on and a larger
dependence on the value of A = C. Similarly to the
results obtained for A, the best agreement with the value
of suggested by MacDonald and coworkers* is observed
for C ~ 4, and values of K around 4. Thus, the results
show that the values of should be higher than 1.5, con-
firming the above predictions.

The PTT1 and PTT2'® datasets and six other sets of data
from Kim,”® referred as KIM1, KIM2, KIM3, KIM4, KIM5
and KIM6, were used to compare experimental data with
results predicted by the network model. In the datasets KIM1,
KIM2 and KIM3 particles with a single size were used,
while in datasets KIM4, KIM5 and KIM6 mixtures of uni-
form particle sizes were considered. The geometrical model
relationships were used to obtain the network elements aver-
age sizes using the reported experimental values and as
shown in Table 2. Table 3 compares the reported experi-
mental data, ke, with the corresponding simulated values
for C =4 and C = 6, kc—4 and kc—g.

Results show that for the PTT1 and PTT2 datasets ke, >
kc—s, while for all 6 KIM datasets kexp X kc—s. Assum-
ing that k is a function of C only, and that only normal chan-
nels are removed to change C, Eq. 20 may be used to obtain
the values of C, so that ke, = k¢, which are also shown in
Table 3. For the PTT datasets, C = 3 or lower, but for the
other 6 datasets C = 4, which is the value generally
assumed to be found in packed beds. For example, Sederman
and coworkers,47 based on the characterization of the local
structure in a packed bed, made from uniform sized-glass
spheres with a diameter of 5 mm, found C that has distribu-
tion of values with an average value between 4 and 5. Other
experimental results using different techniques, such as image
analysis,68 characterization of the local structure of simulated-
packed beds,®” and MRL*"77° aj agree that the average
coordination number of packed beds made from uniform-size
particles is between 4 and 5.

Table 3. Experimental and Calculated Data for Permeability k, Ergun Constants A and B, and the K Coefficients

Calculated Data

Experimental Data

9 2
o 10 ke x 10° (m?) c A B K

Set (m?) A B C=4 C=6 (ke = kexp) C=4 C=6 C=4 C=6 C=4 C=6
PPT1 0.233 - - 0.173 0.103 2.29 - - - - - -
PPT2 0.628 - - 0.527 0.325 3.00 - - - - - -
KIM1 2.53 184.2 1.93 2.55 1.50 4.04 190.6 322.9 0.832 3.39 3.48 1.21
KIM2 5.67 177.8 1.90 5.58 3.30 3.92 192.4 325.8 0.835 2.39 3.42 1.19
KIM3 9.88 174.0 1.81 9.87 5.83 3.99 191.8 324.8 0.834 2.39 3.26 1.13
KIM4 7.06 180.6 1.92 7.25 4.28 4.13 186.2 315.4 0.828 2.38 3.48 1.21
KIMS 5.27 183.5 1.94 5.51 3.52 4.24 184.6 312.9 0.827 237 3.52 1.22
KIM6 3.71 179.5 1.88 3.82 2.26 4.14 184.0 311.7 0.827 2.37 341 1.19
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Figure 16. Comparison between experimental data

from Kim® and simulated values for suit-
ably chosen values of C and K.

The datasets from Kim>® also include experimental data
for nonlaminar flow. Therefore, it is possible to make a direct
comparison between the values predicted by the network
model, and the experimental values of the constants A and B.
In Table 3 Ay, and B.,,, are presented and compared to the
corresponding calculated A, for C = 4 and C = 6, assuming
K = 1.5. As expected, the values of show the same qualita-
tive behavior observed when comparing the predicted and
experimental values of permeability.

For B, the experimental values also fall between the values
predicted for C = 4 and C = 6. However, for C = 4, the
agreement with the experimental data is not as good as the
agreement observed for the values of A. Also, for C = 6
the values of B are much larger than the experimental values.
So, based on these results it can be concluded that assuming
a value of K = 1.5 is not representative of the flow condi-
tions inside these packed beds.

Using the 6 KIM datasets, the values of K that verify
Beyp, were determined and are shown in Table 3, where a
strong influence of C can be observed. The results for pre-
dict C = 6 values of C lower than 1.5, in agreement with
correlations available in the literature for simple contrac-
tions and expansions.62 On the other hand, the calculations
for both k£ and A strongly suggest a value of C = 4, and
the existence of more than one inlet and outlet associated
with most chambers of the network, and the mixing
between the streams in the chambers should result in values
of K larger than 1.5.

The Kim>® datasets also show the full curves of the pres-
sure drop vs. the volumetric flow rate. Figure 16 shows the
experimental data points (dark symbols) for the KIM2 data-
set, together with simulated curves for suitably chosen val-
ues of C and K. The dataset was extended to higher values
of Re* (open symbols) using the reported values of A and
B, to ease the comparison between experimental and pre-
dicted values. For C = 6 and K = 1.2, the match between
the experimental points and the simulated (dashed) is good
for high-Reynolds numbers, but it is very poor for laminar
regime. For C = 4 the match for low Re* is good for any
of the values of K = 2, 3 and 4. For high-values of Re*, a
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good match is obtained for K ~ 3, in agreement with the
value of K = 3.48 obtained from the experimental value of
B (see Table 3). Also, it is K ~ 3 for that the best con-
cordance between experimental and predicted results is
observed for all flow regimens, in particular in the transi-
tion zone.

Conclusions

A 2-D network model consisting of two types of intercon-
nected elements for the description of transport phenomena
in packed beds has been developed. A geometrical model
that relates real packing data, such as the porosity and aver-
age-particle diameter, with the network elements-size distri-
butions has been described. Good comparison between
predicted and experimental values of the characteristics
dimensions of the network elements is verified for packed
beds consisting of particles with narrow-size distributions.

Using this network model, a flow simulator based on an
electric analogue has been implemented, which is capable of
describing single-phase flow in all regimes, from laminar to
turbulent. The flow model takes into account not only fric-
tion effects within the channels but also inertial effects due
to the interconnections between the different types of
elements. The inclusion of these terms is essential for the
model to be able to describe linear and nonlinear flows, as
well the transition zone.

The model and simulator were used to characterize the
influence of the network characteristics on the flow field.
Results showed that the main factor controlling the flow at
the local level are the characteristic dimensions of the chan-
nels, in particular the diameter, and the spatial regularity of
the network. It was found that the spatial distribution of the
oblique channels is the main factor influencing the flow field,
and that, in the estimation of the parameters that describe
the flow at the macroscopic level (for example, the perme-
ability), the variations of the void volume of the network
must be accounted for.

Simulated and calculated data were successfully compared
with experimental data available in the literature. The influ-
ence of the mean coordination number on the permeability,
and on the value of K was studied. Results show that the
best agreement with the experimental data are obtained when
C=4and K > 1.5.
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Appendix

The upper limit log normal (ULLN) distribution function
results from a transformation of the Gaussian or normal dis-
tribution function

1 1(E—pu ?
(&)= exp ——<'T) —o00 << 4oo (Al

where p is the distribution mean value and is the standard
deviation, resulting in

fn) = %exp[—aznﬂ

where ¢ is parameter, n and ¢ are related by

n=In (L)
émax - é

and a and ¢, are two additional parameters. The ULLN
distribution function, expressed in terms of £, can be
obtained by means of a statistics theorem for a function of
random variables that relates the one-to-one correspondence
between ¢ and 7, in the form f(i) = f(&)|dE/dn|, resulting in

L S P 2(“75)}
f(é) \/Eé(émax - 5) eXp|: o'ln 6max - é

70 < é < émax (A4)

—00 <1 <oo (A2)

—o0o<n< oo (A3)

Imposing that average value of the ULLN distribution is
equal to g, it can be shown that when a ~ & — 1, its
shape is approximately Gaussian, but limited to the range —0
< é < émax-
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