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The effective medium model of perfusive particles has been used to modify the
dispersion coefficient of a packed bed to account for intraparticle velocity and internal
structure of the perfusive particles. In this model, the diffusivity factor has been derived
by solving the steady-state diffusion equation in the three regions (that is, external,
envelope, and internal regions) of the effective medium model and proved experimentally.
The diffusivity factor is incorporated with hydrodynamic parameters obtained earlier to
modify the dispersion coefficient of bed packed with perfusive particles. It was found that
the diffusivity factor is independent of perfusive particle shape. Also, it was found that the
uniformity of perfusive particles is not a necessary condition, once average accessible
porosity is considered instead of actual porosity. Finally, it was shown that a significant
error would be introduced to predict the performance of bed packed with perfusive
particles if the effect of perfusive phenomena on the dispersion coefficient of a packed bed
were not considered. © 2005 American Institute of Chemical Engineers AIChE J, 51: 1330–1338,
2005
Keywords: perfusive particle, intraparticle velocity, dispersion, effective diffusivity fac-
tor, effective medium model

Introduction

Chemical processes that use porous particles with intercon-
nected pores (that is, perfusive particles) have emerged as a
novel approach to solve the backpressure problems and low
separation efficiency in packed beds such as HPLC.1-4 This
approach has shown a significant effect in reducing hot spots in
exothermic reactors5,6 and increasing the effectiveness factor
for heterogeneous reactions.7-10 The previous effects were ex-
plained by the presence of interconnected pores, which allowed
heat and mass to transfer rapidly in, through, and out of
perfusive particles by forced convection simultaneously with
diffusion.

The enhancements accompanied by using perfusive particles
as packing material have been recognized by previous studies
of moment analysis,2,4,11 numerical solution,3,12,13 and discrete

network modeling.14 In these previous studies, the focus was
only on the contribution of intraparticle flow on enhancing heat
or mass transfer. Therefore, more attention has been focused on
estimating intraparticle velocity to be used in heat and mass
conservation equations.

Flow through permeable particles was initially discussed by
Wheeler,15 where a criterion for importance of intraparticle
velocity was set. Unfortunately, a method of estimating intra-
particle velocity was not provided. Intraparticle velocity was
initially estimated as a fraction of column superficial veloci-
ty,1,4,16 after which more advanced models such as the cell
model,17,18 the swarm model,18 and the effective medium mod-
el19 were proposed.

Researchers had focused on the contribution of intraparticle
velocity on heat and mass transfer rates and they had not
thoroughly studied the contribution of intraparticle convection
on other system parameters such as mass transfer coefficient on
the particle surface and column axial dispersion coefficient.
These parameters were either estimated as having very large
values arising from intraparticle convection or estimated based
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on conventional correlations. The enhancement of column ax-
ial dispersion coefficient attributed to the use of perfusive
particles is investigated in this paper.

Dispersion of fluid flow in porous media is the occurrence
and development of a transition zone between two domains of
the fluid phase with different compositions. Dispersion is an
effect of a combined action of both mechanical phenomena
(such as velocity distribution) and physicochemical phenomena
(such as diffusion), although the proper effect of each one
cannot be distinguished.20 In general, dispersion in porous
media can be categorized according to its dependency on
velocity into five different regimes: diffusion regime, superpo-
sition or transition regime, major mechanical or power-law
regime, pure mechanical or convection regime, and turbulent
regime.20,21 Accordingly, the dispersion coefficient DL is usu-
ally expressed in general as the sum of both mechanical and
physicochemical phenomena,20,22,23 as shown in Eq. 1, where
�e is the diffusivity factor defined as the ratio between the
effective diffusivity within the perfusive medium and the ab-
solute diffusivity in the unobstructed fluid; � is the reduced
velocity; U is the column superficial velocity; b1 is the perfu-
sive particle radius; Den is the molecular diffusivity of the
solute; and �2 and m are constants with values dependent on the
dispersion regime

DL

Den
� �e � �2�

m � �
2Ub1

Den
(1)

The dispersion coefficient value depends on the geometrical
structure of the porous medium (that is, porosity and perme-
ability), characteristic of the fluid (that is, viscosity and den-
sity), and the characteristic of the displacement (that is, veloc-
ity distribution and distance traveled by transition zone).20

Because using perfusive particles in packed beds would alter
both the geometrical structure of the porous bed and the ve-
locity magnitude and distribution, then a modification to the
dispersion coefficient stemming from the use of perfusive
particles is expected.

Geng and Loh21 were the first to study the effect of perfusion
on axial dispersion. They correlated the Knox equation and the
power-law relationship to their experimental data. Geng and
Loh21 not only found that axial dispersion is the main reason
for band broadening in perfusive chromatography, but also
found that the extent of the velocity dependency of the axial
dispersion is stronger in beds packed with perfusive particles
than that in conventional diffusive packed beds, where this
extent varies with pore size distribution and solute molecular
size. These observations were expected, given that (1) inter-
connected pores in the perfusive particles added to the heter-
ogeneity of the bed, by allowing the flow to pass through, and
(2) pore size distribution controlled the particle permeability
and, consequently, bed permeability.18,19

In this work, the focus will be on demonstrating the effect of
intraparticle velocity and perfusive particle geometry on the
column axial dispersion coefficient. To do that, a single proper
model that represents both hydrodynamic and diffusive pro-
cesses should be used. In the literature, few models have been
proposed to predict the velocity profile inside and in the sur-
roundings of the perfusive particle.1,17,18 Unfortunately, a
model that represents hydrodynamic processes very well is not

necessary to be able to represent diffusive processes as well. It
was found that different models resulted in different heat and
mass transfer rates, whereas they predicted the same perme-
ability.24 Therefore, a proper model that adequately covers
hydrodynamic and diffusive processes should be obtained.

The effective medium model (Figure 1) for impermeable
particles, proposed by Neale and Nader25 to represent diffusive
processes and later also by Neale and Nader26 to represent
hydrodynamic processes, is a good candidate for adoption and
modification. The effective medium model is a proper geomet-
rical model for a bed packed with perfusive particles because it
adequately represents hydrodynamic and diffusive flow pro-
cesses in conventional packed beds.24-28 Also, this model has
been used because it was proposed by Hashin,29 in estimating
the effective properties of composite materials such as thermal
conductivity, electrical conductivity, stress, strain, and thermal
stresses,30-33 in which the properties are equivalent to diffusive
processes in porous media. In this field of science, the effective
medium model is otherwise known as the general self-consis-
tent scheme approximation. Recently, the effective medium
model was modified by Albusairi and Hsu19 to predict intra-
particle velocity. The model was used to predict the enhance-
ment on bed permeability when using perfusive particles with
calculated intraparticle velocity (the results are shown in Figure
2); moreover, the model was validated experimentally.

In this article, an effective medium model will be adopted
for permeable particles and used to estimate the axial disper-
sion coefficient by (1) estimating reduced velocity in a bed
packed with perfusive particles, and (2) estimating the diffu-
sivity factor �e, theoretically and sequentially, to verify it
experimentally. Finally, the importance of modifying the axial
dispersion coefficient of a bed packed with perfusive particles
will be explored.

Theory
Model description and velocity expressions

The effective medium model (Figure 1), is composed of a
perfusive particle of radius, permeability, and an effective
diffusivity of b1, ki, and Dpe, respectively. The perfusive par-
ticle is centered in a hypothetical envelope of radius and a
diffusivity of b2 and Den, respectively. Both the envelope and
the perfusive particle (that is, unit cell) are embedded in a

Figure 1. Effective medium model (EFMM).
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porous medium of permeability and an effective diffusivity of
ke and De, respectively. The value of the envelope radius must
satisfy the requirement that the total porosity of the unit cell
equals the porosity of the external porous medium �e. Accord-
ingly, the envelope radius b2 will be calculated by Eq. 2. The
perfusive particle is assumed to be composed of uniform im-
permeable spherical subparticles. Far from the envelope either
a uniform superficial velocity of a magnitude U or a uniform
mass flux of a magnitude Q is approaching the envelope. The
former assumption has been used in estimating intraparticle
velocity, whereas the latter assumption will be used in deriving
the effective diffusivity factor �e.

� �
b2

b1
� �1 � �e�

�1/3 (2)

Albusairi and Hsu19 assumed that the flow field in the
envelope is governed by the Navier–Stokes equation, whereas
the flow field in the external swarm of perfusive particles and
the reference perfusive particle is governed by Brinkman’s
equation. Thus, the governed equations are

�
�

ke
ue � ��2ue � �Pe r 	 b2 (3)

��2uen � �Pen b1 
 r 
 b2 (4)

�
�

ki
ui � ��2ui � �Pi r 
 b1 (5)

� � uj � 0 j � e, en, i (6)

In the above equations, u is the velocity vector; P is the
pressure; � is the viscosity; and the subscripts e, en, and i refer
to external, envelope, and internal regions, respectively. Then
they assumed the continuity of the pressure, the velocity vector,
and the shear tensor throughout the proposed model as the
model boundary. Using the stream function (�) method26,34 to
solve the proposed mathematical model, the following stream
functions in the three model regions were obtained

�e �
Ub1

2

2�e
2 � A1

�eR
� B2��eR�2 � C1�1 �

1

�eR
�exp��eR�

� D1�1 �
1

�eR
�exp���eR���sin 
�2 (7)

�en �
Ub1

2

2 �A2

R
� B2R � C2R

2 � D2R
4��sin 
�2 (8)

�i �
Ub1

2

2�i
2 � A3

�iR
� B3��iR�2 � C3�cosh��iR�

�iR
� sinh��iR��

� D3�sinh��iR�

�iR
� cosh��iR����sin 
�2 (9)

In the above equations, �e � b1/ke
0.5; �i � b1/ki

0.5; R � r/b1;
and A, B, C, and D are constants of integration. For detailed
derivation and for the analytical expressions of the constants A,
B, C, and D refer to Albusairi and Hsu.19

Derivation of the effective diffusivity factor �e

Because of the assumption that the subparticles are imper-
meable, the imposed uniform mass flux is passing only through
the interconnected pores of the perfusive particles. Moreover,
because we are interested in the effective diffusivity, the fluid
in the effective medium model will be assumed as stagnant.
Accordingly, the following material balance of the proposed
model can be adopted, where Cj refers to the solute concentra-
tion in the region represented by the subscript j

qj � �Dj�Cj j � e, en, p (10)

For steady state

� � qj � 0 j � e, en, p (11)

Applying Eq. 11 in Eq. 10 will give the Laplace equation for
the concentration in each of the regions (Eq. 12). The Laplace
equation (Eq. 12), has a general solution shown in Eq. 13,
where, values of F are constants of integration, R is the dimen-

Figure 2. Perfusive bed permeability (ke) as function of
perfusive particle permeability (k i) and exter-
nal bed porosity �e.
Adopted from Albusairi and Hsu.19
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sionless radial position, and Pn and Qn are the nth-order Leg-
endree polynomials of first and second kinds, respectively

�2Cj � 0 j � e, en, p (12)

Cj � �
n�0

�

�	F3nR
n � F4nR

��1
n��	F1nPn�cos 
�

� F2nQn�cos 
�� j � e, en, p (13)

Because of z-axis symmetry, no mass flow is assumed to
cross the z-axis along 
 � 0 and 
 � � (Eq. 14). This boundary
condition will set F2n in Eq. 13 to 0 for all regions

q

j �r, 0, �� � q


j �r, �, �� � 0 j � e, en, p (14)

The imposed uniform mass flux of magnitude Q at r3 � set
the boundary conditions for the concentration in the external
region (Eqs. 15 and 16). Applying Eq. 15 to the developed
relation of concentration in the external region would limit n to
0 and 1 because they are the only n values that give finite
concentration at r 3 �

qr
e��, 
, �� � Q cos 
 (15)

q

e��, 
, �� � Q sin 
 (16)

Assuming continuous concentration profile, continuous mass
flux at the interfaces, and finite concentration value at the
center of the perfusive particle would give the following
boundary conditions

qr
e�b2


, 
, �� � qr
en�b2

�, 
, �� (17)

qr
en�b1


, 
, �� � qr
p�b1

�, 
, �� (18)

Ce�b2

, 
, �� � Cen�b2

�, 
, �� (19)

Cen�b1

, 
, �� � Cp�b1

�, 
, �� (20)

Cp�0, 
, �� � Cpo (21)

C*j �
Cj � Cpo

Ce�r � �� � Cpo
j � e, en, p (22)

The concentration value at the center of the perfusive parti-
cle is an unknown finite value; to overcome this problem, a
dimensionless concentration C*j, defined in Eq. 22, is used.
Applying the above boundary conditions and dimensionless
concentration, benefiting from the fact that there is no radial
flux at 
 � �/2, would give the required equations to obtain the
remaining constants of integration (that is, remaining F values).

According to the law of mass conservation, the mass flux
magnitude in the unit cell must be equal to its value in the main
stream (Eq. 23). Applying this equation to the obtained con-
centration profiles, and solving it for the diffusivity factor �e,
would give Eq. 24. The resulting equation for the diffusivity

factor �e (Eq. 24) is a modification to the result proposed by
Neale and Nader25 for impermeable particles (Eq. 25).

�b2
2Q � 2� �

0

b1

q

p�r,

�

2�rdr � 2� �
b1

b2

q

e�r,

�

2�rdr (23)

�e �
De

Den
�

3�p � 2��p � 1��e

3 � ��p � 1��e
where �p �

Dpe

Den
(24)

�e �
2�e

3 � �e
if �p � 0 �impermeable particles� (25)

Using the assumption that the perfusive particle is a uniform
spherical packed bed composed of impermeable subparticles
and applying the result of Neale and Nader25 for �e (Eq. 25) on
�P would allow �P to be expressed as in Eq. 26. Accordingly,
�e can be expressed as shown in Eq. 27, where �p is the
porosity of the perfusive particle with respect to the perfusive
channels only (that is, �p equals the volume of the intercon-
nected channels divided by the total perfusive particle volume)

�p �
2�p

3 � �p
(26)

�e �
2	�e � �1 � �e��p�

3 � 	�e � �1 � �e��p�
(27)

Dispersion coefficient correlation

The dispersion coefficient in a bed packed with perfusive
particles will be estimated using Eq. 1 by adopting the effective
medium model of perfusive particles. The effective diffusivity
factor �e will be estimated by Eq. 24 or Eq. 27, whereas the
superficial velocity in the bed U of the uniform Darcy’s flow
will be estimated as shown in Eq. 28. The external pressure Pe

in Eq. 28 will be estimated from the velocity expressions as
predicted by the effective medium model. Moreover, bed per-
meability ke will be estimated through Figure 2

U � �
ke

�
�Pe (28)

Perfusive particle permeability is either measured experi-
mentally,35 then modified later by Albusairi and Hsu36 based on
the shape factor, or estimated theoretically by using the Car-
men–Kozeney equation (Eq. 29), as discussed in detail by
Whitney et al.,37 where bsp is the diameter of the subparticle or
the agglomerate of subparticles, depending on the perfusive
particle structure used

ki

b1
2 �

�p
3

150�1 � �p�
2 �bsp

b1
� 2

(29)
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Experimental
Experimental setup and procedure

The electrical conductivity of a bed packed with perfusive
particles will be measured experimentally and used to obtain,
indirectly, the diffusivity factor �e. The electrical conductivity
is used because measuring the electrical conductivity is easier
than measuring the diffusivity. Also, electrical conductivity
results are less likely to be influenced by other factors such as
natural convection. Furthermore, the results obtained from
measuring the electrical conductivity can be applied to the
molecular diffusivity.25,38 Therefore, the basic experimental
setup of Neale and Nader25 has been adopted, as shown in
Figure 3, to perform the conductance experiments for a bed
packed with perfusive particles. The constructed electrical cir-
cuit (Figure 3A) consists of a conductance cell (C), a digital
multimeter (Fluke 189) from Fluke Corporation (Everett, WA)
(D), a signal generator (HP3301A) from Agilent Technologies
(Palo Alto, CA) (S), and a 100-
 resistance (R). The basic
conductance cell is composed of a Plexiglas® tube bounded by
two brass plates at each end (Figure 3B). The digital multim-
eter is used to measure the current passing through the con-
ductance cell and the voltage drop across it. The signal gener-
ator is used to generate a 1000-Hz sine wave. Figure 4 shows
the picture of the apparatus.

First, the conductance cell is filled with copper sulfate solu-
tion (4 g/L) as electrolyte and the conductance is measured.
After that, the conductance cell is filled with the required type
of perfusive particles and the electrolyte by gently shaking the
cell to remove any trapped air in the particles and to ensure
proper random packing. Then, the electrical conductance is
measured, ensuring that the steady state has been reached. The
electrical conductance of the cell, in which perfusive particles
are present, is directly proportional to the external diffusivity
(De) and the conductance of the cell filled with the electrolyte
only is directly proportional to the molecular diffusivity
(Den).25 Therefore, the division of any of the previous readings
for different perfusive particles by the one obtained for pure
electrolyte will give �e.

Description of perfusive particles

Five types of perfusive particles, whose physical properties
are listed in Table 1, were used in the series of experiments.
Particle 1 (Figure 5A) is a spherical plastic particle with a
single straight perfusive channel. Particle 2 (Figure 5B) is an
acrylic cylindrical tube. Particle 3 (Figure 5C) is a hollow
molded spherical plastic particle with uniformly distributed
holes on its surface. Particle 4 (Figure 5D) is a hollow molded
cylindrical plastic particle with uniformly distributed holes on
its surface. Particle 5 (Figure 5E) is a plastic scrub cut into a
box shape. Particles 3 and 4 are Jaeger Tri-Packs® and Jaeger
rings, respectively (a gift from Jaeger Products, Inc., Houston,
TX). Because a large quantity of perfusive particles of 10- to
100-micron diameter, having a defined internal structure and
geometry, are not available commercially, slightly large diam-
eter perfusive particles were selected for this study to evaluate
the axial dispersion coefficients within a bed packed with
perfusive particles.

Assuming the entire perfusive particle void is accessible
to flux flow, then �p can be estimated as shown in Eq. 26.

With only a single perfusive channel in Particles 1 and 2, the
void that is accessible to flux flow depends on the orienta-
tion of the particle in the packed bed; that is, if the perfusive
channel is parallel to the flux then the entire void is acces-
sible, whereas if it is perpendicular to the flux then no void
is accessible to the flux. Because the perfusive particles will
be packed randomly in the packed bed, then the average
accessible void for flux flow �p,ac will be equal to �p cos 45
° for Particles 1 and 2. Therefore, the accessible porosity
�p,ac will replace �p in all of the previous relations. For the
remaining particles, the distribution of the channels, either
on the surface or within the particle, is almost uniform and
does not depend on the orientation; therefore �p,ac will be
identical to �p.

Results and Discussion

The observed behavior of the streamlines generated from the
derived stream function equations of the effective medium
model for a bed packed with perfusive particles (Eqs. 7–9),
with changing perfusive particle permeability, is shown in
Figure 6. This behavior indicates that more flow will pass
through a bed packed with perfusive particles than that through
a bed packed with conventional particles if they are subjected
to the same pressure drop.

Theoretically, the derived equation for the diffusivity factor
�e (Eq. 24) satisfies its limiting cases, as observed from Figure
7. Experimentally, the shape and porosity of the perfusive

Figure 3. Experimental setup.
(A) Electrical circuit: C, conductance cell; D, digital multim-
eter; R, resistance; S, signal generator. (B) Conductance cell
design.
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particles were varied to examine the validity of the derived
equation to predict the actual diffusivity factor �e. Changing
the shape of the perfusive particles allowed us to examine the
sensitivity of the derived equation, especially that the derived
equation depends on the volume fraction of the perfusive
particles (1 � �e). The theoretical predictions were in agree-
ment with the experimental results, as shown in Table 2 and
Figure 7. Therefore, the derived equation (Eq. 24) can be used
for any perfusive particle regardless of the shape.

For the case of Particles 1 and 2, these particles were
nonuniform, where only a single straight perfusive channel was
available. Meanwhile, the derived equation for the diffusivity
factor �e (Eq. 27) was under the assumption of using a uniform
perfusive particle. However, because the theoretical predictions
were in agreement with the experimental results for Particles 1
and 2 when the porosity of the particles �p had been substituted by
the accessible porosity of the perfusive particle �p,ac, then the
derived equation (Eq. 27) can be used for any perfusive particle if
the actual porosity is replaced by the accessible porosity.

Because the predictions of the diffusivity factor �e and the
superficial velocity U by the effective medium model for
perfusive particles were proven experimentally, as shown
above, then they can be used to modify the dispersion coeffi-
cient DL, in Eq. 1, to accommodate the effect of using perfusive
particles.

The following example will demonstrate the significant dis-
crepancy to be introduced to the mass transfer in bed packed
with perfusive particles if the perfusive effect is not considered.

Assuming the correlation of the column axial dispersion coef-
ficient was used without modifying the diffusive term and
adopting the traditional correlations such as the Carmen–
Kozeney equation to predict column permeability ke and su-
perficial velocity U, the predicted column axial dispersion
coefficient for this case would accordingly be equal to the
column axial dispersion coefficient for a bed packed with
impermeable particles. Therefore, the ratio between the column
axial dispersion coefficient of the bed packed with perfusive
particles (DL) to the assumed one in this example (DL,imp) will
be as shown in Eq. 30, where �e,imp is the diffusivity factor for
a column packed with impermeable particles (Eq. 31) and Uimp

is its superficial velocity, without considering the perfusive
effect in its packed bed. The ratio Uimp/U in Eq. 30 was
calculated from the effective medium model,19 shown in Figure

Figure 4. Apparatus used to perform conductance ex-
periment.

Figure 5. Perfusive particles used in the experiments.
(A) Particle 1, (B) Particle 2, (C) Particle 3, (D) Particle 4, and
(E) Particle 5.

Table 1. Particles Properties*

Particle
Number Dimensions dh �p �p,ac �p

1 dp � 0.61 cm 0.16 cm 0.1026** 0.0725 0.0496
2 Lp � 0.52 cm 0.27 cm 0.3054** 0.2160 0.1551

Rp � 0.48 cm
3 dp � 2.54 cm — 0.90† 0.90 0.8571
4 dp � 1.60 cm — 0.86† 0.86 0.8037
5 Lp � 1.30 cm — 0.77** 0.77 0.69

Wp � 1.20 cm
Hp � 0.85 cm

* dh, diameter of the straight pore; dp, perfusive particle diameter; Hp, height of perfusive particle; Lp, length of perfusive particle; Rp, radius of perfusive particle;
Wp, width of perfusive particle; �p, total porosity of the perfusive particle; �p,ac, porosity of accessible channels in the perfusive particle; and �p, perfusive particle
diffusivity factor. (�p from Eq. 26, �p,ac for �p.)

**Measured by standard methods.
† Provided by manufacturer.
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8, where the internal permeability of the particles ki is assumed
to be zero for Uimp, and the pressure drop is assumed identical
for estimating U and Uimp. Figure 8 shows that the bed is
packed more tightly (that is, �e decreases) as the perfusive
effect on the superficial velocity becomes substantial. Thus, the
discrepancy that would be introduced to the system if the
perfusion effect were not considered in estimating the dispersion
coefficient would be greater for beds packed tightly with perfusive
particles, as observed from analyzing Eq. 30 and Figure 8

DL

DL,imp
�

�e � �2�
m

�e,imp � �2�Uimp

U �m

�m

(30)

�e,imp �
2�e

3 � �e
(31)

To obtain the ratio DL/DL,imp (as shown in Figure 9), the
external porosity �e was set to 0.34, and the second coefficient
�2 was set to 2.0, based on the experimental value reported by
Carta et al.2; m was selected to equal 1.0, which was the
primarily assumed value for porous media; and the perfusive
particle radius b1 and the subparticle radius bsp were adopted
from Whitney et al.37 and set to 20 and 0.75 �m, respectively.
As observed from Figure 9, the ratio DL/DL,imp is higher for low
� values, where the dispersion coefficient was significantly
enhanced by intraparticle convection compared to the one
without it. Also, the ratio DL/DL,imp becomes constant for � �
5, where the external convection term is the dominant one.
Moreover, increasing the porosity of the interconnected pores

in the perfusive particle �p will yield a higher DL/DL,imp ratio,
which is attributed to the contribution of the large perfusive
effect accounted for in DL and not in DL,imp. This example
illustrates the discrepancy that would be introduced to the
system if the perfusion effect were not considered in estimating
the dispersion coefficient, particularly if perfusive particles
with high porosity are used.

Finally, the diffusivity factor �e can be extended to accom-
modate the case in which not all the pores in the perfusive
particle are interconnected, as discussed by Whitney et al.,37

and to accommodate the case in which the subparticles are
permeable as assumed by Carta and Rodrigues39 and Liapis et
al.40 For the first case, two porosities inside the perfusive
particle will be considered: �p for the interconnected pores and
�pd for the diffusive only pores. Then, mass transfer inside the
perfusive particle can be assumed by two parallel mechanisms.
The first mechanism is caused by the perfusion through the
interconnected pores only, and the second mechanism is caused
by the diffusion through the pores exhibit only diffusion.
Accordingly, Eq. 24 for the diffusivity factor can be modified
by substituting �P by �P,eff, which is defined by Eq. 32, where

Figure 7. External diffusivity factor �e, as function of �e

and �P.
Experimental results (f); corresponding theoretical results
(�).

Table 2. Experimental Results

Experiment
Number Media �e *

�e **
(Experimentally)

�e
†

(Theoretically) %Error

1 Particle 1 0.531 0.458 0.464 1.31
2 Particle 2 0.445 0.459 0.464 1.09
3 Particle 3 0.410 0.9137 0.914 0.03
4 Particle 4 0.613 0.9254 0.921 �0.475
5 Particle 5 0.544 0.8550 0.850 �0.585

* Measurement.
**Conductance of the cell without particles � 2.67 � 10�3 
�1.
† Provided by Eq. 24, �p from Table 1.

Figure 6. Stream lines generated by effective medium
model for (A) perfusive particle with relatively
low permeability, and (B) perfusive particle
with relatively high permeability.
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�pt � �p 
 �pd and �pd is the effective diffusivity in the pores
exhibiting only diffusion divided by Den

�p,eff �
�p

�pt
�p �

�pd

�pt
�pd (32)

For the second case, the perfusive particle can be considered
as a bed packed with the subparticles. Therefore, the derived
equation for the diffusivity factor in this work can be applied to
estimate �P, as shown in Eqs. 24 and 33, where �sp is the
diffusivity factor of the subparticles

�p �
3�sp � 2��sp � 1��p

3 � ��sp � 1��p
(33)

Finally, the proposed expressions for column axial disper-
sion coefficient predictions will allow simulation of heat and/or
mass transfer problems more accurately. These problems may
exist in heterogeneous catalytic reactions, particle removal in
pollution control, microcarriers in animal tissue culturing, and
bioparticles or cell separation.

Conclusion

The effect of using perfusive particles in packed beds on the
column axial dispersion coefficient has been studied. The ef-

fective medium model for a bed packed with perfusive particles
had been used to predict both the diffusive term and the
convective term in the correlation of the column axial disper-
sion coefficient. First, the diffusive term of the dispersion
coefficient (diffusivity factor, �e) has been successfully de-
rived and proved experimentally in this work for a bed packed
with perfusive particles. From the experimental results it was
found that �e is independent of the perfusive particle shape and
dependent on the perfusive particle volume fraction in the bed.
Also, it was found that the uniformity of the perfusive particle
is not necessary required and only the average accessible
porosity is considered instead of actual porosity of the particle.
Then, the effect of using information based on a bed packed
with impermeable particles in estimating the dispersion coef-
ficient in a bed packed with perfusive particles was evaluated.
It was found that a significant discrepancy could be introduced
to the system if the parameters are not properly estimated,
especially for perfusive particles with high porosity. Finally,
the diffusivity factor was extended to the case of bimodal
perfusive particles where interconnected pores coexist with
diffusive ones and to the case of permeable subparticles.
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Notation

b1 � perfusive particle radius
b2 � envelope radius

bsp � radius of subparticle
C � concentration
D � effective diffusivity

DL � dispersion coefficient

Figure 8. Ratio between superficial velocity of bed
packed with impermeable particles (Uimp) and
superficial velocity of bed packed with perfu-
sive particles (U) as a function of bed external
porosity (�e) and perfusive particle permeabil-
ity (ki), where the ratio is calculated by effec-
tive medium model assuming identical pres-
sure drop.

Figure 9. Ratio between dispersion coefficient of bed
packed with perfusive particle (DL) and disper-
sion coefficient of bed packed with imperme-
able particles (DL,[infi]imp) as a function of par-
ticle porosity (�p) and reduced velocity (�),
where the ratio is estimated by the effective
medium model.
�e � 0.34, b1 � 20 �m, bsp � 0.75 �m.
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ke � packed bed permeability
ki � perfusive particle permeability
P � pressure

Pn � nth-order Legendree polynomial of first kind (in Eq. 13)
Q � magnitude of mass flux at r 3 �
q � mass flux

Qn � nth-order Legendree polynomial of second kind (in Eq. 13)
u � velocity vector
U � superficial velocity

Greek letters

� � diffusivity factor
� � void fraction (porosity)
� � envelope dimensionless radius � b2/b1

� � viscosity
� � reduced velocity
� � velocity stream function

Subscripts and superscripts

e � external
eff � effective
en � envelope

i � internal or perfusive particle
imp � impermeable

O � origin (R � 0)
pd � diffusive pores
p � perfusive particle and interconnected pores for �p
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