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Abstract: An open-source computational fluid dynamics ( CFD)
code named OpenFOAM is used to validate the flow field
characteristics (flow patterns and pressure drop) around a single
cylinder. Results show that OpenFOAM is suitable for simulating
the low Reynolds number flow and Shaw’ s analytical expression
is one of the solutions to Stokes’ paradox. Experiments are
performed on fibrous media and OpenFOAM simulation is carried
out using the Tronville-Rivers two-dimensional random fiber
model in terms of the characteristics of pressure drop. It is shown
that the Kuwabara model predicts the pressure drop of fibrous
filter media more accurately than the Happel model, and the
experimental pressure drop is between simulated pressure drops
with both non-slip and full-slip boundaries on fiber surfaces.
Key words: fibrous media; diameter distribution; pressure drop;
computational fluid dynamics simulation

F ibrous filters, which have been widely installed in air
conditioning systems, are used for depth filtration. The
performance of fibrous filters is greatly influenced by the
feature of filter media. The two main characteristics of filter
media are pressure drop and particle capture efficiency,
which are dependent on the characteristics of filter media,
the properties of the air flow, and the nature of the aerosol
particles. Much attention has been paid to the research on the
effects of aerosol characteristics and operating conditions,
but little theoretical research has been made for media prop-
erties. Contrary to the previous theoretical models''™ , a new
random fiber model was proposed based on the measurement
of fiber diameters using scanning electron microscope
(SEM) images”™ . This model with realistic descriptions of
real structures of filters is useful for the optimum design of
new media or selection from available existing media.

Since this model is made of randomly distributed 2-D cyl-
inders, the flow field around a single cylinder is fundamental
for the whole model. Therefore, the capability of an open-
source CFD code named OpenFOAM'” for simulating the
flow field around a single fiber and the one in the whole
model is investigated. A comparison of the pressure drop be-
tween the cell model and the experiments is performed.

1 Model Description

Unlike woven fabrics which are made of uniform fibers,
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fibrous filter media are composed of polydisperse fibers. As
shown in Fig. 1, the SEM images of a portion of filter medi-
um samples with the size of 120 um x80 pum are taken. To
obtain reasonable statistical validity in describing such a ran-
dom-diameter filter medium, hundreds of fibers are meas-
ured. Experimental results reveal that the fiber diameter dis-
tribution with fibrous filter media fits the log-normal distri-
bution well'”. As pointed out by Vaughan and Brown',
solid fraction can be measured from the cross-section of the
media when the cross-section is perpendicular to the fiber
axis. A typical cross-section made by Steffens and Coury"”
is shown in Fig.2. A program using C ++ is written to gen-
erate a random fiber model as shown in Fig. 3'". By com-
parison of Figs. 1 to 3, it is reasonable to conclude that this
random fiber model is a good representation of real media.
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Fig.3 Random fiber model

2 CFD Simulation of Single Cylinder

The random fiber model generated above is a 2-D model
composed of log-normal distributed cylinders randomly posi-
tioned within the computational domain ( O-B-E-F). In order
to obtain the flow field characteristics in this model, it is nec-
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essary to investigate the flow field around a single cylinder.

In air filtration applications, the fiber Reynolds number is
extremely small (0. 001 to O. 1)"" and, therefore, the low-
Reynolds number flow is investigated here.

2.1 Single cylinder model

A benchmark test is performed on a single cylinder with
the radius R =1 pm, the characteristic length L = 100 pm,
the air density 1. 2 kg/m’ and the kinetic viscosity » =15. 17
x 10~ m*/s. The inlet velocity of the uniform flow is U =
0.061 7 m/s, so the Reynolds number is Re =0. 008 13. The
velocity fields are sampled according to Fig. 4. The existing
utility named blockMesh in OpenFOAM is used to generate
meshes. The generated structured mesh is presented in Fig.
5. OpenFOAM does not have constraints on the cell form,
and it accepts unstructured meshes and all the kinds of poly-
hedral cells. Therefore, other mesh generators can be used as
a preprocessor for an OpenFOAM simulation.
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Fig.4 Single cylinder model and velocity sampling
points. (a) Geometry of the flow around a cylinder; (b) Ve-
locity sampling points around a cylinder

Fig.5 Mesh generated by blockMesh

2.2 Governing equation

Mass continuity and momentum equations for an incom-
pressible flow are listed below:

V-U=0 (1)

div(pUU) = -V p + div(ugrad(U)) (2)

2.3 Boundary conditions

At the inlet, the constant uniform velocity is specified with
U=(0.0617,0,0) m/s. At the outlet, the constant pressure
boundary condition is used (p =0 Pa). On the isolated cylin-
der surface, the non-slip wall boundary is used. On the top
and bottom walls, the symmetric boundary is used.

2.4 Initial conditions

The simulation generally starts from an initial solution and
uses an iterative method, the SIMPLE algorithm, to reach a
final flow field solution. Since it is a steady-state problem,
the initial condition will not influence the simulation. The
initial internal velocity and pressure fields are U = (0. 061 7,
0,0) m/s and p =0 Pa.

2.5 Results of single cylinder and discussion

It is well-known that there is a Stokes’ paradox for the
creeping flow around a cylinder, which means that there is
no analytical solution when a non-slip boundary is imple-
mented on the surface of the cylinder'""". In order to validate
the simulation results of OpenFOAM, a comparison between
a potential flow field and different analytical solutions'"*™"
is performed. A good agreement of dimensionless sampling
velocities U = U /U_ between simulation and Shaw’ s so-
lution is shown in Fig. 6.

Tab. 1 compares the values of drag coefficient C, with the
following definition:

F
Co=p (3)
SPU X (2R)

According to Tab. 1, results from Tomotika and Aoi'"”’,
Davies', and Shaw'"” are quite similar for the Reynolds
number between 0. 001 and 0. 1. White’ s expression'"' fits
well with Tritton’ s experimental data™, but it is not valid
when Re;, < 1 where the drag coefficient is the smallest
among these analytical solutions. The solution from Sucker
and Brauer''” is the biggest for the range of Re, <1, and at-
tention should be paid that their expression is aimed to fit
the experimental data from Ref. [20]. Actually, Kaplun'"®
and Schlichting!"®' derived the same expression.

Tab.1 Drag coefficients for low Reynolds number

Re 0. 001 0. 005 0.01 0. 05 0.1
Ref. [13] 2820.74 688.51  380.37 100.54 58.31
Ref. [15-16] 2789.83 677.28  372.79 97.07 55.64
Ref. [14] 2 820.75 688.52  380.37  100.57 58.38
Ref. [17] 3243.76 788.22  430.52 107.76 60.16
Ref. [18] 1001.00 343.00 216.44 74.68 47.42
Ref. [19] 2 820.16 688.34  380.27  100.53 58.35

Since Davies’ expression is validated by Finn’ s experi-
ments at the Reynolds numbers from 0. 06 to 0. 5, it is clear
that the expressions of Shaw, Tomotika and Aoi, and Davies
can be used to validate CFD simulations, which is shown in
Fig.7.
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Fig. 6 Comparison of velocity field between OpenFOAM

and Shaw’ s solution with U value at the sampling line. (a)y
=0 pm; (b)y =1 pm; (¢)y =2 pm; (d)y =3 pm; (e) y =4 pm;

(Dy=5 pum; (g)y=6 pm
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3 CFD Simulation and Experiment

The random fiber model is shown in Fig. 3. The gover-
ning equations are the same as those of the single cylinder
case.

3.1 Boundary conditions

The boundary conditions in the calculation domain are
shown in Tab. 2, where the inlet velocity is set according to
the experiment, and the outlet is set to be the pressure outlet.

Tab.2 Boundary conditions of random fiber models

Boundary Conditions
AG v=u, L -0
ax
U
D —=0, p=0
Ci ox p

A-0-B-C and G-F-E-D U, =U, =0, g—’y’ =0

Fiber surfaces
OF and BE

Non-slip/slip boundary

Internal face

3.2 [Initial conditions

The initial internal velocity field is set as the experimental
inlet velocity, and the pressure field p is set at 0 Pa.

3.3 Results of random fiber model and discussion

According to Fig. 8(a), the velocity distribution inside the
filter media is quite complex, and the local velocity is small
when several fibers are close to each other forming an “is-
land”. The influence of the adjacent fiber on the flow field is
great, and at different parts of the media, the effects are dif-
ferent. Therefore, theoretical models must consider the
effects. From Fig. 8§ (b), the pressure decreases gradually
from the inlet to the outlet.

p/Pa )

-2.75 2000

(b)

4000  56.33

Fig.8 Simulated velocity field and pressure drop for random
fiber model. (a) Velocity contour; (b) Pressure contour

4 Cell Models

Classical cell models proposed by Kuwabara'' and Hap-
pel'” consider inter-fiber effects. In Kuwabara’ s model, the
inner cylinder is assumed to be stationary and the fluid goes
through the unit cell. On the inner cylinder, there is no ve-
locity, while on the outer envelope, there is no vorticity. In
Happel’ s model, the inner cylinder moves at a constant ve-
locity along the axis. As in Kuwabara’ s model, Happel im-
plements the non-slip wall boundary condition on the inner
cylinder, but no shear stress condition is used on the outer
envelope. Kuwabara and Happel solved Stokes equations to
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approximate the viscous flow through randomly distributed
arrays of circular cylinders, respectively. Kuwabara and Hap-
pel obtained the following dimensionless pressure drop ex-
pressions, respectively:

ApAR; 8a
= 2 (4)
unQh -Ina+2a-a/2-3/2
ApAR?
D f_ 80[ (5)

wQh ~ —Ina-(1-a’)/(1+a”)

5 Experiments

Experiments are performed by using an on-site air filter
comparison tester ( OSAFICT) in the Aerosol Technology
and Filter Testing Laboratory, Politecnico di Torino, Italy.
The air is drawn in by a centrifugal blower from the inlet.
The tested filter is installed downstream of the prefilter. The
pressure drop is measured with a manometer. The flow rate
is measured with an orifice-plate flowmeter. After passing
through the flowmeter, air turns around and arrives at the fi-
nal filter installation position. The air is then exhausted with
the blower. The schematic diagram of the test rig is shown in
Fig.9.

1—Inlet; 2—Aerosol sampling; 3—Pressure sampling;

4—TFlange of prefilter; 5—Flange of tested filter; 6—Flowmeter;
7—Flange; 8—Hose; 9—Blower

Fig.9 Schematic diagram of the test rig

As shown in Fig. 10, the pressure drop characteristics of
the medium fit well with Darcy’ s law, which means that the
pressure drop is linearly proportional to the inlet velocity.
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Fig. 10  Comparison between experimental pressure drop
and fitted expression

6 Results and Discussion

Fig. 11 illustrates the pressure drop from OpenFOAM
simulations, experiments and analytics. The Kuwabara model
predicts the pressure drop more accurately than the Happel
model, which is consistent with Yeh’s findings'*'"". The pres-

sure drop from Davies’ expression is the smallest. The ex-
perimental pressure drop is between the simulated pressure
drops with non-slip and full-slip boundaries on the cylin-
ders, so partial slip boundaries should be studied in the fu-
ture work.
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Fig.11 Comparison of pressure drop among simulations,

experiments and analytics

7 Conclusion

Shaw’ s analytical expression is found to be the solution
to Stokes’ paradox. OpenFOAM can simulate low Reynolds
number flows (Re =0. 001 to 0. 1) in terms of velocity and
drag coefficient. The inter-fiber effect is investigated with a
random fiber model. The pressure drop from the Kuwabara
model is found to be close to the experiment. The experi-
mental pressure drop is between simulated pressure drops
with both non-slip and full-slip boundaries.
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