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a b s t r a c t

Despite the widespread use of fibrous filtration media made up of trilobal fibers (referred to as trilobal
media here), no mathematical formulations have yet been developed to predict their collection efficiency
or pressure drop. In this study, we model the cross-section of a trilobal fiber with three overlapping
ellipses separated from one another by a 120◦ transformation. We generate 2-D models representing
the internal structure of trilobal filters having fibers with different dimensions and aspect ratios, and
eywords:
erosol filtration
rilobal fibers
FD simulation

used them to predict pressure drop and collection efficiency of trilobal filter media. This information
is then utilized to define an equivalent medium with circular fibers for each trilobal filter. Our results
indicate that the circumscribed circle of a trilobal fiber can serve as an equivalent circular diameter,
and therefore be used in the existing empirical/semi-empirical correlations that have previously been
developed for predicting performance of filters with circular fibers. We have also proposed easy-to-use

sed w
expressions that can be u
drop of trilobal media.

. Introduction

Fibers with trilobal cross-sections are currently used for air and
ater filtration in variety of applications [1–3]. An example of such
edia is a family of Spun-bonded Polyester fibers produced by

BA Fiberweb and sold under the brand name REEMAY. Since the
nfancy of filtration theory, about fifty years ago, fibers have been
ssumed to have circular cross-sections. There are many analyti-
al, numerical, and empirical correlations available for predicting
he collection efficiency and pressure drop of fibrous media made of
bers with circular cross-sections (referred to as circular media here

or brevity). Our extensive literature search resulted only in a very
ew studies reporting filtration performance of media with trilobal
bers (referred to as trilobal media here for brevity). This includes
he experimental studies of Lamb and Costanza [2], and Sanchez
t al. [3], as well as the numerical simulations of Raynor and Kim
4]. To the knowledge of the authors, however, no analytical expres-
ions have yet been proposed for predicting the performance of
lters with trilobal fibers. Our objective in this paper is to establish

imple analytical expressions that allow investigators to predict
ollection efficiency and pressured drop for their trilobal fibrous
lters. We will also discuss and compare the performance of filters
ade of trilobal fibers with their equivalent media made of circu-

∗ Corresponding author. Tel.: +1 804 828 9936; fax: +1 804 827 7030.
E-mail address: htafreshi@vcu.edu (H.V. Tafreshi).
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ith our equivalent circumscribed diameters for calculating the pressure

© 2010 Elsevier B.V. All rights reserved.

lar fibers. In particular, we conduct a series of computational fluid
dynamics (CFD) simulations to determine an equivalent circular
fiber diameter, thereby taking advantage of the existing expres-
sions developed in the past for filters with circular fibers.

In the next section, we present a brief summary of the popu-
lar expressions available for predicting performance of filters with
circular fibers. This is followed by our geometrical representation
of trilobal cross-sections in Section 3. Fluid flow governing equa-
tions, particle trajectory formulations, and further details about the
simulations are presented in Section 4. In Section 5, we present our
results and discussion. This is followed by Section 6 where we com-
pare findings of our 2-D simulations, obtained by enhancing the
Fluent CFD code, with the 3-D simulation results obtained using
FilterDict software (www.geodict.com) for verifications. Summary
of the work and our conclusions are presented in Section 7.

2. Aerosol filtration via filters with circular fibers

There are various expressions that have been developed for
predicting pressure drop and collection efficiency of media with
circular fibers (see [5] for a review). In almost all these models,
pressure drop across a medium is presented as a function of fiber

diameter df and Solid Volume Fraction (SVF) ˛:

�p

t
= f (˛)

4�U

d2
f

(1)
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Nomenclature

a ellipse major axis length
b ellipse minor axis length
e eccentricity
s trilobal surface area
Cc cunningham slip correction factor
D diffusivity
df fibers diameter
dp particle diameter
E total filter efficiency
ED single fiber efficiency due to diffusion
ER single fiber efficiency due to interception
EI single fiber efficiency due to inertial impaction
f(˛) dimensionless pressure drop
h height of the domain
Np particle density per unit length
Ku Kuwabara number
Kt ratio of SVF of equivalent circular medium and

trilobal medium
n particles concentration
P penetration
p pressure
Pe peclet number
R particle to fiber diameter ratio
Stk stokes number
T temperature
t filter thickness
U face velocity
u velocity in the x-direction
V face velocity
v velocity in the y-direction
vip particle respective velocity in the both x and y direc-

tion

Greek letters
˛ Solid Volume Fraction (SVF)
� Air viscosity

w
t
f

f

d
i

E

w
a
d
c
t
t
t
i

E

� Boltzmann constant
� Major to minor axis length ratio for ellipse

here � and U are the fluid viscosity and flow face velocity, respec-
ively, and t is the filter thickness. Here we use an expression for
(˛) proposed by Drummond and Tahir [6] as:

(˛) = 8˛

− ln ˛ − 1.476 + 2˛ − 1.774˛2
(2)

For very small particles, capture is mainly due to the Brownian
iffusion. Single fiber capture efficiency due to Brownian diffusion

s given as [7]:

D = 2.9Ku−1/3Pe−2/3 + 0.62Pe−1 (3)

here Ku is the Kuwabara factor Ku = − 0.5 ln ˛ − 0.75 + ˛ − 0.25˛2

nd Pe is the Peclet number Pe = Udf/D. Here D = �CCT/(3��dP) is the
iffusivity, and � = 1.38 × 10−23 (m2kg s−2 K−1) is the Boltzmann
onstant. T and � are the air temperature and viscosity, respec-
ively, and dp is the particle diameter. For larger particles, where
he size and mass of the particles are not negligible, filtration is due
o interception and inertial impaction. Collection efficiency due to

nterception is given as [8]:

R = 1 + R

2Ku

[
2 ln(1 + R) − 1 + ˛ +

(
1

1 + R

)2(
1 − ˛

2

)
− ˛

2
(1 + R)2

]

(4)
Materials 186 (2011) 1503–1512

where

R = dp

df
. (5)

Collection efficiency due to inertial impaction is given as [9]:

EI = (Stk) J

(2 Ku)2
(6)

where Stk = �Pd2
PCCV/18�df is the Stokes number and

J = (29.6 − 28˛0.62)R2 − 27.5R2.8 while the equation is valid for
R < 0.4.

Interception and inertial impaction play negligible roles in cap-
turing very small particles. On the other hand, for particles larger
than 500 nm at normal temperatures and pressures, Brownian dif-
fusion is practically non-existent, and the collection efficiency is
due solely to interception and inertial impaction. In this work, we
consider Brownian diffusion for particles up to 500 nm in diameter.

Particle penetration through a fibrous filter with a thickness of
t can be obtained by [10]:

P = exp

(
−4˛Et

�df (1 − ˛)

)
(7)

where E is the total single fiber efficiency defined as:

E = 1 − (1 − ED)(1 − ER)(1 − EI) (8)

3. Equivalent circular fiber diameter for trilobal fibers

Expressions given in Section 2 are defined for medium with cir-
cular fibers. There are no such relationships for trilobal media;
trial-and-error has been the only possible method for develop-
ing trilobal media. A widely accepted, but not documented, notion
among the practitioners has been to consider an equivalent circu-
lar fiber that has the same cross-sectional area as the trilobal fibers,
and use it in the equations given in Section 2. Our objective here
is to firstly determine whether or not such an area-based equiv-
alent fiber diameter definition is accurate, and if not, propose an
alternative definition.

Fig. 1a shows an example of a fibrous filter with trilobal fibers
used for particle filtration. Trilobal fibers are often produced by
forcing a polymer through Y-shaped slots [11], and the final geom-
etry of the fiber does not have a specific mathematical description.
Therefore, we approximated these geometries with three over-
lapping ellipses (see Fig. 1b). To generate a trilobal cross-section,
we rotated an ellipse about its antipodal point by 120◦ and 240◦,
and united the resulting ellipses with one another. Considering an
ellipse along the x-axis, we have:

b2(x − x0)2 + a2y2 = a2b2 (9)

where a and b are lengths of the ellipse’s major and minor axes,
respectively, x0 = a(1 + e) is the x-coordinate of the ellipse’s center,

and e =
√

1 − (b/a)2 is its eccentricity. After a �◦ rotation about the
antipodal point, we obtain:

b2(x cos � − x0 + y sin �)2 + a2(y cos � − x sin �)2 = a2b2 (10)

It is now easy to find the coordinates of the intersection points
between the above ellipses and use them to calculate the perime-
ter of the trilobal cross-section. For the perimeter calculations,
we represent the original ellipse in parametric form, i.e., �r(�) =
[a cos �, b sin �] and calculated the length of the arc from point D to

point A (corresponding to �D and �A, respectively). The perimeter,
p, of the trilobal geometry is then:

p = 6

∫ �A

�D

√
�r′(�) · �r′(�)d� (11)
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Fig. 2. Equivalent circular diameters obtained based on equal surface area and equal
ig. 1. (a) Trilobal fiber, Source: http://www.fiberwebfiltration.com/Reemay.cfm,
b) overlapping ellipses forming a trilobal cross-section.

here �r′(�) = d�r/d�. To find the surface area of the trilobal cross-
ections, we considered the original ellipse and calculated the
urface area under the arc from point D to point A (corresponding
o xD and xA, respectively). Therefore,

− st = 6

∫ xA

xD

b

√
1 − (x − x0)2

a2
dx (12)

here s and st are the surface area of the trilobal cross-sections and
he triangular area formed between the three intersection points
shown in grey in Fig. 1b), respectively. Knowing the coordinates of
he intersection points A, B, and C, the surface area of this equilateral
riangle can easily be calculated:

t = 1
2

sin
�

3
((xA − xB)2 + (yA − yB)2) (13)

Knowing s and p, we can then define equivalent circular
eometries having identical areas or perimeters as the trilobal
ross-sections and determine the accuracy of such equivalent
iameter definitions in predicting pressure drop and collection
fficiency of trilobal media. Here, we also define an equivalent
iameter based on the trilobal cross-section’s circumscribed circle
nd used it in performance prediction.

Fig. 2 compares equivalent circular diameters obtained for
rilobal cross-sections having different size and aspect ratios,

= a/b. These calculations indicate that equivalent diameters based
n the perimeter and circumscribed circle are almost identical.
herefore, we only use circumscribed circles in the rest of this paper
nd compare them with the area-based diameter definition.
perimeter are compared with the diameter of the circumscribed circle for trilobal
fibers with different aspect ratios and two different minor axes of b = 2 and 4 �m. It
can be seen that equivalent diameter based on equal perimeter is very close to the
diameter of the circumscribed circle.

4. Governing equations

In this section, we present the 2-D governing equations for
aerosol flows. The air flow through the microstructure of a filter
is believed to be governed by the Stokes equation, where the pres-
sure drop is caused solely by viscous forces. Conservation of mass
and momentum are given as:

∂u

∂x
+ ∂v

∂y
= 0 (14)

∂p

∂x
= �

(
∂2u

∂x2
+ ∂2u

∂y2

)
(15)

∂p

∂y
= �

(
∂2v
∂x2

+ ∂2v
∂y2

)
(16)

For small airborne particles, we considered a convective-
diffusive equation for the concentration of the particles based on
the Eulerian approach [12]:

u
∂n

∂x
+ v

∂n

∂y
= D

(
∂2n

∂x2
+ ∂2n

∂y2

)
(17)
where n is the nanoparticle concentration. Eqs. (14)–(16) are
numerically solved in a series of 2-D geometries using the Com-
putational Fluid Dynamics (CFD) code from Fluent Inc. (Fluent 6.3).
We used the SIMPLE algorithm for pressure-velocity coupling along

http://www.fiberwebfiltration.com/Reemay.cfm
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Fig. 4. An example of our simulation domains consisting of 300 trilobal fibers with
Save the fiber

ig. 3. Our program’s flowchart for generating media with random trilobal fibers.

ith a second order upwind scheme for the momentum equation
iscretization. Eq. (17) is the conservation of mass (nanoparti-
les), and is introduced to the Fluent solver via a User-Defined
unction (UDF). Fluent software solves this new equation inside
he domain along with conservation of mass and momentum. The
oundary conditions for the additional equation also need to be set
s explained later in this section.

Our criterion for convergence was at least four orders of magni-
ude reduction in the residuals for the continuity and momentum
quations in the x and y directions. More importantly, we moni-
ored the pressure drop across the media during the iterations, in
rder to ensure that no significant changes occur in the flow field
alculation upon performing further iterations when a simulation
s considered converged.

For larger particles (dP ≥ 100 nm), we used a Lagrangian model-
ng approach where each individual particle is tracked throughout
he solution domain. In the Lagrangian method, the force balance
n a given particle is integrated to obtain the particle position in
ime. The dominant force acting on a particle is the air drag force.
or Rep = �Vdp/� < 1 [13]:

dvi

dt
= 18�

d2
p�pCc

(vi − vi) (18)

here vi and vip are the respective field and particle velocity in the
or y direction.

To generate 2-D random fibrous geometries, a FORTRAN com-
uter program was developed to produce fibrous structures of
ifferent porosities and thicknesses. The media generation pro-
ess is explained in the flow chart shown in Fig. 3. Trilobal fibers
re treated as circles with a diameter equal to that of their cir-
umscribed circle and are randomly placed in a square domain.
he media generation starts by sequentially adding the fibers into
square domain with a size obtained from SVF and the number

f fibers considered for the simulations. Distance between a new
ber and the existing ones are continuously monitored to avoid
ber–fiber overlaps. Moreover, to ensure that a high-quality mesh

an be generated inside the domain, fibers were not permitted
o touch one another. Therefore, a minimum gap of 1.2dcc was
nforced between the fibers’ center-to-center distance (dcc is the
iameter of the circumscribed circle). Note that this is just a simpli-
cation considered in this study, as the fibers do touch one another
an aspect ratio of 1.5 randomly placed in a square domain, resulting in an SVF of
10%. Inlet and outlet zones are considered up and downstream of the filter medium
to accurately calculate pressure drop and particle collection efficiency.

in a real filter medium. However, the impact of crossover points
(fiber-to-fiber contact points) on the pressure drop and collection
efficiency of a filter medium is quite negligible at porosities as
high as those considered in this paper (more than 90%) and in the
absence of particle caking. More information regarding the effects
of fiber-to-fiber contact can be found in our previous publications
[14–16]. A similar approach has also been used by Wang and Pui
[17], Raynor [18], and Regan and Raynor [19].

At the end of the media generation process, the geometry is
exported to Gambit software (a preprocessor for Fluent CFD code)
via a script file for meshing. The mesh files were then exported to
Fluent for finite volume calculations. Fig. 4 shows an example of
a 2-D random fibrous medium with a thickness of 380 �m and a
SVF of 10%, consisting of 300 trilobal fibers, having a minor axis of
2 �m, and an aspect ratio of 1.5.

Simulation boundary conditions are shown in Fig. 4. Uniform
velocity and concentration profiles are assumed for the incoming
airborne particles at the inlet. It is assumed here that particles
that come in contact with the fibers will be captured and vanish
from the solution domain. Note that the inlet and outlet bound-
aries are placed far up and downstream, so that a uniform flow can
be assumed to prevail at the inlet and outlet [20,21]. We used an
upstream distance of L = 35(a + b) for our small particle (Eulerian)
and large particle (Lagrangian) flow simulations, respectively, to
improve the calculation’s accuracy. For the case of small particles
(Eq. (17)), we assumed n = 0 at the fiber surface and ∂n/∂ x = 0 at the
outlet (no change in the particle concentration flux at the outlet).
Our outlet boundary is placed at a distance of 4(a + b) downstream
of the filter. We did not observe any significant errors caused by
the above 4(a + b) distance. However, it is advisable to place such
zero-streamwise gradient boundaries far downstream of the filter
to ensure that the simulations converge to accurate values.

As the fibers are randomly distributed in the simulation domain,
it is always necessary to repeat each simulation a number of times
and average the results. It is also important to ensure that the
domain size considered for the simulations is large enough so that
the results are not affected by any size-related artifact. The larger
the domain size, the fewer the number of required repetitions for
smoothing out the statistical fluctuation of the results. In this study,
we considered 300 fibers in our simulations domains and repeated
each simulation 3 to 5 times.
Symmetry boundary conditions are considered for the upper
and lower boundaries of the domain, i.e., the gradient of flow
properties (velocity, particle concentration, etc.) is zero at these
boundaries. The general problem with symmetry boundary condi-
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particle trajectories are shown.
ig. 5. Contours of normalized nanoparticle concentration are shown in a trilobal
edium with an SVF of 10% consisting of fibers with an aspect ratio of 2 (a). Few

article trajectories are shown to demonstrate particle collection due to interception
b).

ion is that it does not allow lateral flow to take place. However, for
arge simulation domains, like those considered here, this should
ot be a concern as the net flow in the lateral directions will average
o zero.

Standard Discrete Phase Model (DPM) in the Fluent code ignores
he dimensions of the particle during trajectory tracking. A colli-

ion between a particle and a wall boundary is considered to be the
oment that the particle center of mass touches the wall bound-

ry, which obviously is not realistic. In this work, we developed a
DF to instruct Fluent to stop the particle if it comes in one radius

ig. 6. Influence of grid density on the pressure drop caused by a single fiber placed
n a domain with an SVF of 10%, as shown in the inset.
Fig. 7. Influence of number of particles injected at the inlet on the penetration pre-
diction of a typical trilobal medium simulated in this study (SVF of 10% and aspect
ratio of 2).

distance from the wall boundary. This has been done by continu-
ously monitoring the distance between the particles’ centers and
fibers’ surface during the trajectory tracking. If the particle’s cen-
ter of mass reaches a distance of dp/2 away from a fiber, it will be
counted as deposited. Note that for the Lagrangian particle track-
ing, symmetry boundary conditions act like a perfectly reflecting
wall, i.e., particles colliding with the symmetry boundaries will be
reflected without any loss of momentum.

Fig. 5a shows the particle concentration contour plot through-
out the domain for a typical trilobal medium considered in this
work. Red to blue represents normalized nanoparticle concentra-
tion from 1 to zero. Note that the nanoparticle concentration close
to the fibers is almost zero indicating the particle deposition. Fig. 5b
depicts the trajectory of particles’ centers of mass for 0.5 �m parti-
cles in the same solution domain. For the sake of clarity, only a few
Our filter geometries were meshed with triangular cells in the
filter zone and quadrilateral cells in the fluid entry zones. Depend-
ing on the fiber aspect ratio, 3,000,000 to 7,000,000 cells were used

t

-500
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L
n(
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/t

-1500

-1000

Trilobal
Circumscribed Circle

SVF = 10%
AR = 2

dP (nm)
102 103-2000

Stechkina&Fuchs(1965)+Lee&Liu(1982)

Fig. 8. Comparison between simulation results obtained for trilobal filters with SVF
of 10% and aspect ratio of 2, and their equivalent circumscribed media. Predictions
of the semi-empirical expressions of Stechkina and Fuchs [7] and Lee and Liu [8] are
added for comparison.
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ig. 9. Penetration per thickness for trilobal media and their equivalent area-based
(d–f). Note that minor axis of the fibers’ elliptical lobes is kept constant (2 �m) in

n the simulations presented in this paper. A larger numbers of cells
re considered in simulations with greater aspect ratios to correctly
esolve the flow field at shaper corners of high aspect ratio fibers.

To find out the minimum number of mesh points needed to
onduct mesh-independent simulations, a single trilobal fiber was
laced in the middle of a square 2-D domain. The sides of the square
ere chosen such that an SVF of 10% was achieved (see Fig. 6).

he pressure drop caused by this single fiber was monitored as the
umber of mesh points per each lobe of the fiber was increased

rom 10 to 100. It can be seen that grid density has negligible
ffect on the pressure drop prediction for more than 80 grids per
obe.
To correctly predict the particle capture efficiency via intercep-
ion and impaction, one must release a large number of particles
n the flow domain to ensure that the results are independent of
umber of particles at inlet. Fig. 7 shows the influence of num-
er of particles introduced at the inlet on the medium’s collection
ircumscribed media at a constant SVF of 10% (a–c), and at a constant aspect ratio of
ulations reported in this paper, i.e., the fibers’ cross-sectional area is not constant.

efficiency using the Lagrangian method (Eq. (18)). The horizon-
tal axis here is the number of particles per unit of length at the
inlet, Np/h. It can be seen that particle collection efficiency (due
to interception and inertial impaction) is independent of the num-
ber density of the particles at the inlet beyond a value of about
2 × 106, and so we used this density for the particle injection at the
inlet.

5. Results and discussion

As mentioned before, despite their wide spread applications,
trilobal media have not been systematically studied in the liter-

ature. Unfortunately, there are no reliable experimental studies
available in the literature that could be used here for our model
validation. Therefore, we validate our simulation methodology
by presenting a comparison between results of our simulations
of circular media with the predictions of some of the available
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Fig. 10. Since the flow inside a fibrous medium is highly viscous (Re < 1) streamlines
are deflected far before they reach the fiber. Deflection of the streamlines is mostly
c
r
p

e
m
t
o
d
a
o
e
s

F
c
a

6

7

K
t

3

4

5

1 2 3 4 5

1

2

991.0

36.04.1
2 =

−=

R

Kt ζ

(see Section 2). It can be seen that the area-based equivalent diam-
eter tends to overestimate particle penetration through the media,
aused by the projected area of the fibers on a plane normal to the flow direction,
ather than the exact shape of the fiber cross-section. It can be seen that the flow
attern around a trilobal fiber (a) and its circumscribed circle (b) are quite similar.

mpirical/semi-empirical models that have been developed for
edia with circular fibers (see Section 2). Fig. 8 shows penetra-

ion per thickness through filter media with a SVF of 10% made up
f circular fibers with a diameter of 14.9 �m along with the pre-
ictions of the expressions developed by Stechkina and Fuchs [7]

nd Lee and Liu [8] (Eqs. (3) and (4)). Good agreement between
ur modeling results and these empirical correlations is evident
specially for particles >200 nm. In this figure, we also included our
imulation results obtained for trilobal media with fibers having
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ig. 11. Relationship between pressure drop of trilobal media and their equivalent
ircumscribed equivalents for a SVF of 10% and different aspect ratios of 1.5, 2, 2.5
nd 3. Curve fitting equations are given for each case for convenience.
Aspect Ratio

Fig. 12. Relationship between SVF of trilobal filters with different aspect ratios and
different minor axis diameter, b, and those of their circumscribed equivalent media.

an aspect ratio of � = 2 and a minor axis of b = 2 �m (resulting in a
circumscribed diameter of 14.99 �m).

Fig. 9a–c shows the influence of the fiber’s aspect ratio on pen-
etration per thickness, Ln(P)/t through trilobal media with a SVF
of 10%. It can be seen that filters’ penetration per thickness (for
the range of particles considered) increases by increasing aspect
ratio. Note that minor diameter of the fibers’ elliptical lobes is kept
constant (2 �m) in the simulations reported in this paper. Unlike
the experimental work of Lamb and Costanza [2], the fibers’ cross-
sectional area is not kept constant in our study.

In Fig. 9d–f, one can see that penetration per thickness decreases
by increasing the SVF, as expected. It can also be seen that there is
good agreement between the results generated with circular fibers
having a diameter obtained by using the trilobals’ circumscribed
diameter. In this figure, we also added the predictions obtained by
using the aforementioned area-based equivalent circular diameters
while the definition based on the circumscribed circle closely agree
with the direct simulations of trilobal media. The idea of using the
circumscribed circle was inspired by the fact that the flow inside a
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equivalent media before and after pressure correction (see Fig. 11). Predictions or
the well-known expression of Drummond and Tahir [6], obtained for circular media,
are also added for validation.
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ig. 14. Examples of three dimensional fibrous media generated for modeling
ressure drop and collection efficiency in trilobal media fibers with an aspect ratio
f 1.5 and an SVF of 10% (a), and their circumscribed (b) and area-based equivalent
edia (c).

brous medium is highly viscous (Re < 1) (i.e., Stokes flow regime),
nd the presence of an obstacle (whether trilobal or circular) is
ensed by the fluid particles (as well as the solid nanoparticles)
ar upstream of the fiber (see Fig. 10). Therefore, streamlines are
eflected far before they are close to the fiber. Deflection of the

treamlines is mostly caused by the projected area of the fibers on
plane normal to the flow direction, rather than the exact shape
f the fiber cross-section, and so is not very sensitive to the height
r width of the lobes (note that the inertial effects are negligible
Fig. 15. Penetration per thickness calculated for the media shown in Fig. 14. Except
for the case of area-based equivalent media, each simulation has been repeated
three times.

for submicron particles, and they tend to follow their streamlines).
Therefore, a fiber’s collection efficiency is also not very sensitive
to the lobe’s geometry as the air in the grooves between the lobes
seems to remain almost motionless, i.e., acting like a solid object
against the flow.

The results shown in Fig. 9 indicate that diameter of the circum-
scribed circle of a trilobal fiber can effectively be used to predict
collection efficiency of trilobal filters. It should be noted, however,
that using this diameter, SVF of the media increases drastically. The
new SVF helps achieve good predictions for collection efficiency;
however, it results in wrong pressure drop estimates. To solve this
problem, we simulated a series of trilobal single fibers in domains
similar to the one shown in Fig. 6, and calculated the their pressure
drops for different SVFs of 5, 6, 7.5, 9 and 10 percent and differ-
ent aspect ratios of 1.5, 2, 2.5 and 3. These simulations were then
repeated for the circumscribed equivalent fiber of each trilobal fiber
for comparison purposes (see Fig. 11). In this figure, each line rep-
resents the relationship between pressure drop per thickness of
trilobal filters and their equivalent circumscribed media. Fig. 11
can be used to predict the pressure drop of a trilobal medium,

(�p/t)tri, using the pressure drop value of its equivalent circum-
scribed medium, (�p/t)cc, obtained with equations given in Section
2. For the sake of convenience, we also presented an equation for
each line shown in Fig. 11. Note that to calculate (�p/t)cc, one needs
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Table 1
Pressure drop of the media shown in Fig. 14. Prediction of the empirical correlation of Davies [31], obtained for media with circular fibers, is also added for validation.
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�Pave./t (kPa/m) 84.33 109.55
Std. dev. 6.67 16.67

o know the SVF of the equivalent circumscribed media. Assuming
t to be the ratio of the SVF of the equivalent medium to that of the
riginal trilobal media, we have:

t = ˛cc

˛tri
(19)

here ˛tri and ˛cc are the SVF of media made of trilobal and circum-
cribed circles, respectively. In general, Kt = Kt(�, b), where � = a/b
s the fiber aspect ratio. We calculated Kt for different values of
< b < 5 micron and 1 < � < 5, and plotted the results in Fig. 12. It can
e seen that dependence on b is quite negligible in comparison to
hat on the aspect ratio. This allows us to neglect the dependence
n b and develop an easy expression for Kt = Kt(�), as follows:

t = 1.4� − 0.36 (20)

This equation can be used to calculate SVF of the circumscribed
ircle equivalent media of each trilobal filter.

In Fig. 13, we compare pressure drop per thickness of trilobal
edia and their equivalent circumscribed media as they were

btained from our CFD simulations. The media considered here
ave an aspect ratio of 2, a minor elliptical axis of b = 2 �m, and three
ifferent SVFs of 5, 7.5, and 10 percent. As explained earlier, pres-
ure drop of the equivalent media is much higher than that of the
ctual trilobal filters. These pressure drop values are then corrected
sing the relationships given in Fig. 11 and added to Fig. 13. It can
e seen that corrected pressure drop values are in good agreement
ith the values obtained for the trilobal media. In this figure we

lso included the predictions of the analytical model of Drummond
nd Tahir [6] for the equivalent circumscribed media. The good
greement between our simulation results and the well-known
odel of Drummond and Tahir [6] validates the accuracy of the

imulations.

. Test case: performance of 3-D filter media with AR = 1.5,
VF = 10%

This section is intended to examine whether or not equations
nd conclusions obtained from our 2-D simulations (Section 6) are
alid for real 3-D filters. In the absence of reliable experimental
ata, we use 3-D virtual fibrous structures, as they more real-

stically represent the microstructure of a real filter medium. In
ur previous studies, we have demonstrated that 3-D simulations
an be used to accurately predict the performance of a fibrous
edium (see [22–25] for more information). Three-dimensional

imulations, however, require extensive computing resources, and
o are not suitable for extensive parameter study. Here, we use 3-

simulations for validation purposes only. To do so, we generate
few 3-D fibrous media using the Geodict CFD code and calcu-

ate their pressure drop and collection efficiencies. We then use
ur circumscribed equivalent media to predict these results. Geo-
ict is a voxel-based code developed by Fraunhofer ITWM, and
alidated in many recent publications by our group and others
26–30]. Our previous voxel size independence has revealed that
onsistent results can be obtained from GeoDict by using 15 or

ore voxels per fiber diameter. Here, we compare performance

f trilobal media with that of their circumscribed and area-based
quivalent structures (see Fig. 14). Collection efficiencies of these
edia are compared with one another in Fig. 15. It can be seen

hat circumscribed equivalent media, unlike the area-base model,

[

[

Area-based Davies [31] Eqs. in Fig. 10

81.11 106.55 78
2.78 – –

can be used to predict efficiency of trilobal media with acceptable
accuracy.

Table 1 presents pressure drop per thickness of media shown
in Fig. 15. We also added the empirical correlation of Davies [31]
for comparison. It can again be seen that our circumscribed circle
equivalent model together wit this correction factor can be used to
predict the pressure drop of a trilobal medium.

7. Conclusion

In this paper, for the first time we established a definition for
an equivalent circular fiber that can be used with the traditional
filtration correlations (developed for filters with circular fibers) for
predicting collection efficiency of filters made of trilobal fibers. Our
study was conducted in 2-D simulation domains, and due to the lack
of suitable experimental data, validated via 3-D realistic simula-
tions in which fibers random orientations were taken into account.
We demonstrated that the circumscribed circle of trilobal fibers can
be used with the existing traditional empirical/semi-empirical cor-
relations to predict the performance of a trilobal filter medium. We
believe that the information presented in this paper can be used
by the manufacturers to predict and optimize the performance of
their media, and help in reducing the experimental trials before the
actual production process.
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