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a b s t r a c t

A computational model for evaluating the performance of nano-material packed-bed filters
was developed. The porous effects of the momentum and mass transport within the filter
bed were simulated. For the momentum transport, an extended Ergun-type model was
employed and the energy loss (pressure drop) along the packed-bed was simulated and
compared with measurement. For the mass transport, a bulk adsorption model was devel-
oped to study the adsorption process (breakthrough behavior). Various types of porous
materials and gas flows were tested in the filter system where the mathematical models
used in the porous substrate were implemented and validated by comparing with experi-
mental data and analytical solutions under similar conditions. Good agreements were
obtained between experiments and model predictions.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Packed-bed filters have been used for decades to remove hazardous gases and vapors from contaminated air flows. Be-
cause of their relatively simple but robust structure, these filters have been utilized in different manufacturing industries.
The fluid/solid interaction/adsorption is involved in this process. There have been numerous experimental investigations
on the adsorption process occurring between the gas flow (e.g. water vapor or ammonia) and the granules (e.g. activated
carbon, zeolite compounds) in the packed-bed column, e.g. [1–6]. The breakthrough behavior, which is the typical mecha-
nism in the adsorption process, has been well stated in those publications. Also, there exists a theoretical solution (Wheel-
er–Jonas equation) that determines the breakthrough time ([7,8]), which can be used to compare with the experimental data.

Mathematical modeling is an efficient way to conduct parametric studies due to its low cost and efficiency. However, a
complete study using the transport equation models for momentum and mass transport in gas filtration is very rare com-
pared with typical studies of the packed-bed reactors. To investigate the mass and heat transfer in the reactor, Nijemeisland
and Dixon ([9,10]) reviewed the use of computational fluid dynamics (CFD) as a design tool for fixed bed reactors. Their study
presented the relationship between the local flow field and the local wall heat flux in a packed bed of spheres, and CFD was
used to obtain the detailed velocity and temperature fields. For the filtration problem in the current study, Arturo et al. [11]
used an Eulerian 2-D transient model to describe the space-time evolution of clogging patterns developed in deep-bed fil-
tration of the liquids. A local formulation of the macroscopic logarithmic filtration law was proposed, as well as a geometrical
model for the effective specific surface area of momentum exchange. The comparison between the simulations and exper-
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iments showed that CFD is useful for the quantitative description of packed-bed clogging. Tung et al. [12] studied the mech-
anism of the deep bed filtration for submicron and nano-particles suspension by means of a force analysis on the suspended
particles flow passing through ordered-packed granular filter beds. The flow fields through the filter beds were calculated.
There has not been a complete study of both the momentum and mass transport through a packed-bed filter, especially those
filled with nano-materials.

Recently, nano-structured materials (usually made by clustering powders or pellets, e.g. zinc oxide (ZnO), magnesium
oxide (MgO)) with high surface areas were proved to be more efficient than the traditional adsorbing filter media [13]. These
materials have the potential to enhance the present day science and technological applications. Hence, the adsorption pro-
cess (breakthrough behavior) of these materials becomes an important subject. Existing knowledge of physical adsorption is
not sufficient to predict the performance of nano-materials due to their properties. One of the primary applications of this
study is to utilize nano-structured materials in filtration media to benefit indoor air environment (IAE). However, one of the
difficulties of testing nano-materials is the unknown transport properties of the new materials, which require either unique
experimental measurements or new theoretical models.

At the present time, a platform that combines a series of experimental equipment and numerical models has been devel-
oped. Several test facilities (packed-beds) and related numerical models have been designed to evaluate the performance of
novel nano-adsorbent materials for removing gas contamination. Although the governing equations for flow and species
transport are still in their standard format, this work is to add the data and knowledge base that is rare for the study of
gas filtration through nano-structured absorbent materials in the current literature. The current packed-bed model is capa-
ble of monitoring real time effects of concentration in the adsorption column. Various types of porous material (e.g. zirco-
nium, activated carbon, zinc oxide, etc.) were used as filter media to test the effectiveness of the system in data replication.
Pressure drop measurements have been carried out to validate the function of the packed-bed system. Breakthrough analysis
has been done to understand the adsorption kinetics in the filter bed. The results from simulations were in agreement with
the experimental data. Thus, the relationships between experiment and numerical simulations can be demonstrated.

This paper has three following parts: Section 2 presents the details of the numerical model based on the experiment set-
up; Section 3 shows the results comparison and analysis with discussions including the pressure drop estimation and the
breakthrough behavior investigation, with the conclusions given in Section 4.

2. Numerical model descriptions and simulation setups

In this section, first, the theoretical model is presented for simulating the filtered flow with species transport in the
packed-bed filter. The geometries of the physical models are based on the experimental setup of the modeled problems.
The transport equations for both flow and species are then discretized and solved numerically using commercial software
FLUENT 6.3 [14]. And the details of the computational fluid dynamics simulations (including the computational domain,
numerical schemes, boundary conditions, etc.) will be discussed later in this section.

2.1. Numerical model descriptions

In the current model, we assume the flow is incompressible and Newtonian. The packed-bed is filled with porous material
pellets with equal size. The possible reaction between the fluid and the porous material is neglected in the species transport
simulation since it is a relatively slow process. The heat generated from the adsorption procedure is not taken into account,
either. In the theoretical model for this study, new source terms are added to the momentum and mass transport equations
in the porous medium to account for the flow resistance and adsorbing effects of the porous medium (see Fig. 1). The com-
putational domain is divided into two zones: the fluid zone and the porous zone. The theoretical models with the modeled
porous materials are first validated by comparing the experimental results, and then applied to predicting the performance

Fig. 1. The concept of the packed-bed simulation with porous substrates.
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of the filter. Different tests with various filter medium and gas flows have been carried out for the momentum and mass
transport.

A commercial computational fluid dynamics solver, FLUENT 6.3 [14], is used to solve the momentum and mass transport
problems. However, for those transport problems concerned in the current study, the solver has to be linked with user-de-
fined subroutines developed following the mathematical models to solve the governing equations simultaneously. The gov-
erning equations for the flow are the incompressible Navier–Stokes equations shown as Eqs. (1) and (2), including the
continuity equation and the momentum equations:

@q
@t
þr � ðq~vÞ ¼ 0; ð1Þ

@

@t
q~vð Þ þ r � q~v~vð Þ ¼ �rP þr � s

� �
þ q~g þ~S; ð2Þ

where q is the density of the fluid (constant for homogeneous incompressible flow), ~v the velocity vector, t the time, P the
pressure, s the shear stress,~g the gravitational acceleration, and~S the additional source term (to be defined later). Also, the
standard k–e turbulence model is selected to include the turbulent flow effect for the part of flow outside of the porous
medium.

For the packed-bed investigation, there exists an analytical approximation called the Ergun equation [15] to calculate the
pressure drop per length and its relationship with the properties of the pellets. The Ergun equation is valid if the packing is
statistically uniform and if the equivalent diameter of the pellets is much smaller than the diameter of the bed column (dp -
� D). In this case, the Reynolds number (Re ¼ qUD=l) based on the incoming velocity and the diameter of the column is in
the range of 1000, since low flow rates (which are typical in air filtration systems used in the indoor environment) are ap-
plied at the inlet. The general expression for the Ergun equation [16] is:

DP
L
¼ 150l

d2
p

1� eð Þ2

e3 U0 þ
1:75q

dp

1� eð Þ
e3 U2

0; ð3Þ

where DP is the pressure drop between the two ends of the packed bed, L the length of the bed, l the viscosity of the flow, U0

the average flow velocity (defined as the volumetric flow rate of the carrier gas divided by the cross-sectional area of the
packed-bed Q=Ac), dp the equivalent diameter of the pellets (calculated from total mass of the pellets divided by their total
volume, mpellet=Vpellet), and e the void fraction of the packed bed (ratio between the volume of the void space and the total
volume of the bed, defined as e ¼ 1� Vpellet=Vbed). For spherical pellets, dp is the diameter of the sphere, and for other shapes,
dp can be calculated as the diameter of a sphere with equal volume. The first term on the right-hand-side of Eq. (3) is the
Blake–Kozeny equation [15] representing pressure drop due to the viscous effect, while the second term is the Forchheimer
component representing the inertial effect related to the second-order of velocity. Eq. (3) is usually applicable in a wide
range of Reynolds numbers covering the flow from laminar to turbulent. To use the Ergun equation as a benchmark solution,
it should be noted that the length of the packed-bed needs to be long enough to avoid the entrance effect of the flow.

The porous effect of an arbitrary packed-bed is simulated by empirically determining flow resistance in the substrate. In
the transport equations, the flow resistance is modeled by an added momentum sink term on the right-hand-side of the
momentum equations, Eq. (2). In this study, we assume that this sink term is based on the extended Darcy’s law [17] and
in the format of the Ergun equation [16] similar to Eq. (3):

Si ¼ � CR1ui þ CR2 Uj juið Þ; ð4Þ

where Si is the component of the sink term, ui the flow velocity component, and Uj j the magnitude of the velocity. In addition,
CR1 and CR2 are viscous and inertial loss coefficients, which are functions of flow and pellets properties and can be calculated
as:

CR1 ¼
l
a

ð5Þ

and

CR2 ¼
qC2

2
; ð6Þ

where a is the permeability and C2 is the inertial resistance factor defined respectively as:

a ¼
d2

p

150
e3

ð1� eÞ2
ð7Þ

and

C2 ¼
3:5
dp

ð1� eÞ
e3 ; ð8Þ

9054 X. Yang et al. / Applied Mathematical Modelling 37 (2013) 9052–9062

au
tho

r's
 pe

rso
na

l c
op

y



Author's personal copy

where dp and e can be obtained from the properties of the pellets.
As for the modified species transport equation, the unsteady term, convection term, diffusion term and an additional

source term are included. The source term (actually a sink in this case) represents the adsorbing ability of the porous
substrate:

@C
@t
þ @ðujCÞ

@xj
¼ @

@xj
Ds
@C
@xj

� �
þ Sc; ð9Þ

where C represents the concentration of the contaminant treated as a passive scalar, uj the velocity components obtained
from the steady-state solution of the coupled momentum transport equations, Ds the effective diffusivity, and Sc the adsorb-
ing sink term to be determined. And the linearized sink term is modeled as in [18]:

Sc ¼ �
1
e

S0kf ðC � CinÞ; ð10Þ

where e is the void fraction, S0 the surface area/volume ratio of the pellet (which is 6/dp if the pellet is considered a sphere), kf

the mass transfer coefficient that depends on the contaminant material and porous material properties (determined from
experimentally measured breakthrough data), and Cin the initial concentration at the inlet (also the final concentration after
fully saturated). Combining Eqs. (9) and (10) then non-dimensionalizing it by dividing Cin, the species transport equation
becomes:

@ðC=CinÞ
@t

þ @ðujC=CinÞ
@xj

¼ @

@xj
Ds
@ðC=CinÞ
@xj

� �
� 1

e
S0kf ðC=Cin � 1Þ: ð11Þ

Equation (11) is solved simultaneously with Eqs. (1) and (2), and the discretized computational scheme is second-order in
time and space. The second-order upwind scheme is used for the convection terms, and the second-order central differenc-
ing for the diffusion terms. The coupling scheme between the velocity field and the pressure field was the SIMPLE algorithm.
The passive scalar transport equation, Eq. (11), is implemented by using the programming macros enabled in the flow solver
using user-defined subroutines for the unsteady term, convention term, and the additional sink term. A convergence crite-
rion on the sum of absolute residuals of the local continuity equation was set to be 10�6.

Table 1
Diagram of the setups used in the experiments and the simulations.

Gas Pellet Transport Objective Geometry Setup

Pressure drop test (validation) Air Zirconium; activated carbon Flow (momentum) Pressure drop

Adsorption test (application) Air w/H2S Zinc oxide (NanoActive ZnO) Species (mass) Breakthrough behavior
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2.2. Simulation setups

To facilitate better comparisons between experiment and simulation, two different setups were arranged with specific
purposes: the first one was to compare momentum transport, and the second one to compare adsorption. The objective
of using the packed-bed setup was to confirm and validate the flow model, i.e., the momentum transport model, imple-
mented in the current simulation. The geometry was meshed with unstructured tetrahedral cells. In the adsorption test,
the basic packed-bed structure remained the same, and the focus was on the transport properties of nano-material. Thus
the momentum transport tests were not repeated in this experiment. The same momentum transport model was directly
applied in the adsorption simulation with the similar unstructured tetrahedral grid. The difference was only in the adsorp-
tion model, where the porous substrate was arranged in the middle of the empty bed, leaving sufficient space for flow to be
fully developed. The two setups were summarized in Table 1. The computational domains of both setups were generated and
meshed with unstructured tetrahedral elements using the grid generation package in the commercial flow solver for this
study (GAMBIT [14]). The base grid resolution was selected approximately 1/100 of the diameter of the tube-like packed-
beds after several checks for the grid-independence results, resulting in about 270,000 of total number of grid cells.

In the numerical model, the computational domain is divided into a bulk fluid zone and a porous zone. The no-slip con-
dition is applied on all the solid walls. At the inlet, the velocity is specified based on the volumetric flow rate of the carrier gas
and the diameter of the inlet tube. At the outlet vent, the pressure is specified using the experimental value. For the dimen-
sionless species transport simulation, Eq. (11), at the inlet, the incoming boundary condition is defined according to the
experimental data using both an averaged constant value and a modified transient profile from the historic data monitored
from the experiment. More details will be explained later.

3. Results and discussion

The numerical model is applied to a group of cases with different types of packed-bed filled with various materials to
study both flow and species transport (see Table 1). In what follows, the content is divided into two parts: pressure drop
measurements and adsorption tests.

To validate the momentum transport model, pressure drop measurements were conducted, with the pure air flow and
two kinds of porous material pellets: spherical shaped zirconium and the cylindrical activated-carbon pellets. The sur-
face-averaged pressure drop between the inlet and outlet of the filter was calculated using Eq. (3), the Ergun equation,
and compared with the measured values. For the validation cases using zirconium pellets, the results were also compared
with the theoretical solution from the Ergun equation which is still valid because of the long bed used in the test. The other
tests with activated-carbon pellets were performed to test the model in a range of packed-beds with different sizes, espe-
cially those shorter beds since the porous substrate was only a thin layer in the adsorption test cases later.

In order to test the behavior of breakthrough and evaluate the mass transport model for adsorption, the porous substrate
was filled with ZnO (NanoActive) pellets to remove the H2S from the incoming gas flow. The breakthrough curve was the real
time concentration change captured at the measuring point downstream in the filter. The concentration history data re-
corded at the upstream point from the experiment was used as the incoming concentration required in the simulation. Both
a constant value based on the average value and the instantaneous transient values are used from the measured incoming
concentration. The breakthrough processes that the downstream concentration becomes steady are represented by so called
breakthrough curves, and the saturation time can thus be determined from these curves, based on both experimental and
simulation data.

3.1. Validation – results of the pressure drop comparisons

The dry air at room temperature of 23 �C was pumped into a cylindrical packed-bed of length L and diameter D filled with
porous material pellets including zirconium spheres and activated carbon pellets. For both types of the pellets, similar flow
conditions were provided, as shown in Table 2, with their measured physical properties to be used in the simulation. The
packed-bed tubes used for zirconium and the activated carbon were not the same. The packed-bed used for the zirconium
test was a fixed long tube. However, for the tests using activated carbon pellets, the total amount of mass for filtration was
varied; thus, the length of the bed was different while the diameter of the bed remained the same. The pellet properties used
for porous effect estimation (dp and e) can be determined. The diameter of the pellet was measured (sampled and averaged)
in the experiment. Then the porosity could be calculated based on the diameter of the pellet, the number of the pellets, and
the total volume of the packed-bed. The results are listed in Table 2. A volumetric flow rate meter was used to measure the

Table 2
Pellet properties and flow parameters in the pressure drop measurements.

Size of the bed (D (m) � L (m)) dp (m) qp (kg/m3) e Flow condition

Zirconium 0.02 � 0.87 0.005 6520 0.41 Air, 24 �C, 0.023–0.34 m3/min (5–12 ft3/h)
Activated-carbon 0.037 � L (mass dependant) 0.0047 984 0.4 Air, 24 �C, 0.057–0.34 m3/min (2–12 ft3/h)
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incoming air flow rate, which was controlled in the range of 0.057–0.34 m3/min (2–12 ft3/min). Polymer sieves were placed
at both ends to prevent loss of bed granules. During the filtration process, the pressure drop (DP) between the two ends of
the bed was monitored and recorded in real time. The numerical model included the inlet and outlet pipes and the packed-
bed tube (porous substrate). The length for each pipe was 1.27 m (50 in) and the diameter was 4 mm. The geometry was
shown in Table 1. The measured results with two pellet materials, zirconium and activated carbon, were compared with
numerical simulation.

First, the bed was saturated with air and filled with manufactured spherical zirconium pellets. The length of the packed-
bed is around 0.87 m. Since the ratio between the length and the diameter of the bed (L/D) is very large (the entrance effect of
the flow is ignored), the Ergun equation can be used as the benchmark solution. In this test, the total pressure drop (area-
averaged pressure difference between the two ends of the bed) was measured and compared with simulation. In Fig. 2, the
numerical simulation results match the analytical solution from the Ergun equation very well. Also, they are in good

Fig. 2. Pressure drop results for spherical zirconium pellets: comparisons among the numerical simulation, experiment and analytical solution.

Fig. 3. Pressure drop results for activated carbon pellets: comparisons between the numerical simulation and the experiment.
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agreement with the experimental data though there are some deviations in the low flow-rate cases. The reason is that for
such a long bed, smaller pressure drops due to low flow rates are considerably more difficult to be detected in the
experiments.

The tube-shaped filter material was then replaced with activated carbon pellets (commonly used as the filtration material
in air purifiers) and tested under similar conditions as the zirconium tests, but with different lengths of shorter beds for dif-
ferent amounts of mass of the pellets (4.2 mg, 9.5 mg, and 31 mg), as the length of the bed is dependant on the total mass of
the pellets. These measurement cases were designated to validate the simulation model when the Ergun equation results are
no longer valid, because in a short packed bed, the entrance effect cannot be neglected. Fig. 3 shows good results in the pres-
sure drop compared to the experimental data. Especially, for the 21 mg mass test (more pellets, longer tube), the results from
simulation and experiment are almost identical. However, there are some differences in the test case with 4.2 mg mass, the
reason for which is because the bed is shorter with fewer pellets, a possible cause for less accurate pressure drop measure-
ment. These comparisons show that the numerical model established here is capable of predicting the filtration results in a
wide range.

It is apparent, from the comparison between the simulation and the experiment, that the nano-structured materials (the
activated carbon pellets) do not show any particular difference from the traditional materials (zirconium beads) in terms of
their momentum transport behavior. The material properties of the porous medium that influence momentum transport at
the current level are the macroscopic properties that have little to do with the nano-scaled properties.

3.2. Application – results of the adsorption tests

In the adsorption tests, the main purpose was to evaluate the adsorbing ability of the nano-material. Hence, only a thin
layer (a short bed) of nano-material pellets was tested. Performance of air filtration sorbents is usually evaluated using a
breakthrough method [19]. A schematic of a typical breakthrough setup is shown in Fig. 4(a). In this setup, an air stream
was conditioned by a dryer and a humidifier to achieve the desired relative humidity level. Then, the air was mixed with
a controlled stream of pollutant to reach the needed concentration. A fixed bed of tested material in a granulate form
was placed in a test tube that allows for uniform flow distribution that minimizes wall channeling effects. Fig. 4(b) presents
the test tube used by NanoScale, Inc. The test tube was 30 mm in diameter, which for granulated adsorbents used (mesh 16–
35 mm, 0.5–1.2 mm) is sufficient to minimize wall effects. Prior to the breakthrough test the test tube was filled with the
adsorbent that formed a 10 mm thick bed. This thickness was found to be sufficient to prevent bed channeling and prema-
ture pollutant breakthrough for superficial air velocity of 6 cm/s. Air flow through the bed was in the downward direction in
order to eliminate bed fluidization.

Adsorption performance is evaluated by monitoring toxic pollutant concentrations before and after passing through a
fixed bed of tested material. NanoScale’s breakthrough setup uses a GC–MS spectrometer (HP 5890 Series II gas chromato-
graph and HP 972 mass spectrometer) equipped with an automatic valve system and PC data acquisition workstation. During

Humidity
Controller

Water

Air Dryer
Compressed 
       Air 

   Toxic 
Compound

Mixer

   Flow
Controller

  Air
Exhaust

Detection
  System
(GC-MS)

Tested Material
    (fixed bed)

(a) (b)
Fig. 4. (a) Schematic of the air filtration breakthrough apparatus; (b) test tube used in the adsorption experiment.
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the analysis, air upstream and downstream of the adsorbent bed was sampled and periodically (5–10 min intervals) ana-
lyzed by the GC–MS spectrometer. A typical breakthrough test was conducted over a period of several hours until the toxic
pollutant appeared downstream of the filter. Performance of tested materials was evaluated based on the overall shape of
breakthrough curves (downstream pollutant concentration plotted as a function of time) and breakthrough times. In this
study, a set of breakthrough curves were obtained for granulated NanoActive ZnO sorbent exposed to hydrogen sulfide
(H2S). More details of the breakthrough experiments can be found in [19].

The numerical model is an exact replica of the experimental conditions for the purpose of comparison. The geometry,
based on the experimental setup and the simplified computational model with the same conditions, is shown in Fig. 5. Also,
some of the flow and material properties can be found in Fig. 5(a). The porous material made of monomer particles inside the
packed-bed is assumed to be isotropic and homogenous. The local concentration of the flow with contaminant is assumed to
have a negligible effect on the thermodynamic properties of the air, and hence, no effect on the predicted flow field. This
assumption enabled the steady-state flow field solution to be fixed during the transient simulation of the species transport
equation. In the simulation, the concentration changes of H2S in the two locations (upstream and downstream of the porous
bed) were recorded and compared with the experimental data.

The value of diffusivity for H2S in the air was estimated using the models of Chapman–Enskog [15] and Wilke–Lee [18,20].
Both models yielded a value very close to 0.19 cm2/s. The diffusion processes inside the pores of NanoActive ZnO sorbent
were evaluated in terms of effective diffusivity and calculated using a random pore model, frequently used to describe solid
sorbents or catalysts. The parameters used by the random pore model, mainly the densities obtained by direct measurement
and the pore characteristics measured by the nitrogen adsorption method [21,22], are presented in Table 3. In the numerical
simulation, the mass transfer coefficient, kf, is 0.0000284 m/s (fitted value from experimental breakthrough data and used in
Eq. (11)). Other measured properties are also used in the simulation, such as incoming concentration, which will be ex-
plained in the following paragraphs.

The model of the species transport equation, Eq. (11), was solved based on the pre-calculated, steady-state flow field be-
fore running the transient species transport simulation, an assumption discussed previously. It was also computed tran-
siently to demonstrate gradual saturation of the filter, which is responsible for the breakthrough, a process also known as
percolation. As mentioned earlier, in the current simulation, the reaction and the heat of adsorption have not been taken into
account, and a linearized adsorption model, Eq. (10), was used in the mass transport equation, Eq. (11).

Fig. 5. Computational model used in the adsorption simulation: (a) physical model with dimensions and parameters; (b) computational domain.
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First, the flow field was simulated. Fig. 6(a) illustrates the velocity field in the computational domain. The streamlines
predict the direction of the flow and the color represents the magnitude of the velocity. It is apparent that the flow is slowed
in the bed and becomes more laminar, especially in the thin porous zone, which is typical.

The local concentration of H2S is assumed to have a negligible effect on the thermodynamic properties of the air, and
hence, no effect on the calculated flow field. This assumption enables the steady-state flow field solution to be fixed during
the transient (unsteady) simulation for the species transport. So, only species transport is actually solved based on the ob-
tained flow field, which saves the computational time by avoiding the transient simulation for the velocity field. An inter-
mediate contour plot of the concentration in the filtration process is in Fig. 6(b) where the color represents the
magnitude of the concentration. Before entering the porous zone, the concentration stays constant in the inlet tube and
the entrance zone of the bed. In the thin porous substrate, due to the adsorption, the concentration of H2S is gradually re-
duced. This process continued until the porous sorbent was totally saturated.

The breakthrough curve can be used to monitor this process by measuring the concentration change at two locations:
upstream and downstream in the bed. The upstream location records the incoming concentration while the downstream

Fig. 6. (a) Streamline plot colored by velocity magnitude (m/s); (b) Instantaneous contour plot of concentration (dimensionless) in the filter of the
adsorption tests.

Table 3
Pellet properties in the adsorption test.

ZnO (NanoActive) properties Value

Average particle diameter (dp) 0.5–1.2 mm
Density (qp) 5.25 g/cm3

Void fraction (e) 0.58
Specific surface area to volume ratio (S0) 7059
Average pore diameter for micro-pores 10.5 nm
Simulated mass transport coefficient (kf) 0.0000284 m/s
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one tracks the adsorption behavior. Figs. 7 and 8 show the concentration measurements at the above locations by simulation
and experiment. It is noticed that the incoming concentration in the experiment is very difficult to be kept as a constant.
However, in Fig. 7, the incoming concentration in the simulation is kept as a constant, which is the averaged value from
the data history of the experiment. By having the linearized sink term in the species transport equation, Eq. (11), the con-
centration change from the numerical simulation at the downstream location (breakthrough curve) is very close to the
experimental data. Initially, the concentration is almost zero since the gas flow has not reached that location yet. After more
than an hour (the breakthrough time), the adsorption process begins and the concentration is accumulating until the porous
substrate is fully saturated. The downstream concentration reaches the incoming value after 6 hours, which is a very slow
process. Since the incoming concentration used in the simulation is lower than that in the experiment after 6 hours, the final
concentration deems to be lower than the data captured in the experiment.

To improve the results, the incoming concentration time history was modified by dividing it into three periods based on
the experimental data: (1) 0–3 hours, use a constant value by averaging; (2) 3–6 hours, use a linear correlation as a transi-

Fig. 7. Concentration change along the central line of the adsorption test setup by using constant incoming concentration.

Fig. 8. Concentration change along the central line of the adsorption test setup by using transient incoming concentration.
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tion; (3) 6–12 hours, use another constant value by averaging. By implementing this transient incoming concentration pro-
file, the resulting concentration reached the final stage in the experiment (Fig. 8).

Base on the above results of the breakthrough tests, we have shown that the numerical model is calibrated and validated
by comparing with the experimental data. Hence, the CFD technique used in this study is proved to be sufficiently accurate.
The porous models and the related numerical simulation treatments can possibly be further applied to modeling of filtration/
adsorption processes with other materials and types of packed-bed filters. This study is another example, along with a re-
lated previous investigation [23], that for the macroscopic behaviors of nano-structured materials, viable predictions can still
be provided by using the continuum approach.

4. Conclusions

In this study, the flow/species going through a substrate of a packed-bed filter filled with nano-material pellets are sim-
ulated, which provides a platform to test and evaluate the design of such devices. Numerical models, which exactly followed
the experimental setups, were developed to make use of CFD simulation. To simulate the porous/absorbing effect, additional
source terms were added to the momentum and mass transport equations. Various types of packed-bed and materials have
been tested in this study. The numerical models were validated by comparing with both the analytical solution and the
experimental data. The linearized sink terms added in the porous substrate were applicable in a range of materials and types
of packed-beds. Good agreements were achieved for both the results of the pressure drop and the breakthrough behavior in
the filtration process. Especially, the simulation results from the tests with nano-material pellets as the adsorbent were
proved to be efficient and accurate. The current model can be extended to simulate other nano-material porous filters if
the corresponding material properties needed for simulation are specified.
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