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HIGHLIGHTS

*  Establishment of empirical equation for pressure drop across multi-V cabin filter.

* Measurements of pressure drop across various multi-V cabin filters for
verification of the empirical equation.

* Development of two optimized design procedures for multi-V HEPA filters and
comparison with actual parameters.

ABSTRACT

With the wide use of multi-V filters in aircraft cabins, it is necessary to establish a
pressure drop prediction and optimization model for multi-V HEPA cabin filters.
Based on approximate solution of the Navier-Stokes equation and with the aid of CFD
simulations, we developed an empirical equation for the overall pressure drop across a
multi-V HEPA cabin filter. The measured pressure drop across the filter was used to
verify the accuracy of the empirical equation. The equation was then used to develop
two optimized design procedures for multi-V HEPA cabin filters with low pressure
drop and high filtration efficiency. The structural parameters of the filters obtained by
the two design procedures were consistent and very close to the actual parameters.
Compared with CFD, this empirical equation is easier to use and involves only a short
calculation time. The empirical equation and optimized design procedures are useful
for filter design.

Keywords: Pressure drop, Empirical equation, Optimal design, HEPA filter

Nomenclature

A area, m’

Da Darcy number

fi—e auxiliary function

H channel width of pleat, m
k permeability, m?

L pleat height, m

Ap pressure drop, Pa

0 flow rate, m*/h

Re Reynolds number
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S medium thickness, m

U face velocity of mini-pleat panel, m/s
v,V velocity, m/s

X,y Cartesian coordinates

Y pleat spacing, m

Greek letters

B pleat height/pleat spacing ratio

U fluid viscosity, N - s/m?

& local resistance coefficient

p fluid density, kg/m?

1) the angle between the pleats
Subscripts

cs cross sectional

dw downwind

in filter inlet

m filter medium

mp mini-pleat flow channel

out filter outlet

t total

uw upwind

vp flow channel between the V-panels
X,y Cartesian coordinates

0 indicates V-panel parameters
Symbols

* dimensionless quantity

<> quantity averaged across the gap width

1. Introduction

Large amounts of particulate matter (PM) can be found in airliner cabins, emitted
by passengers and crew members as they cough [1, 2], talk [1] and breathe [3], from
chemical reactions between passengers and ozone [4, 5], and from outdoor air
pollution [6, 7]. Exposure to PM has an adverse impact on human health [8]. PMio
can enter the respiratory system, and PMas can even enter the blood circulation
system through the alveoli [9]. Particulate matter can thus increase the morbidity and
mortality of respiratory and cardiovascular diseases [10]. In addition, freshly emitted
ultrafine particulates from airliner exhausts could damage DNA by creating an
imbalance between oxidation and antioxidation [11]. Aerosol or airborne transmission
of various diseases, such as tuberculosis, measles, chickenpox and SARS, has been
widely recognized [12]. The COVID-19 illness can be transmitted between people
through respiratory droplets [13], which increases passengers’ concern about possible
spread of the virus in airliner cabins.
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To reduce the exposure of passengers to pollutants, the environmental control
systems of most commercial aircraft are equipped with high-efficiency particulate air
(HEPA) filters [14] as required by ANSI/ASHRAE Standard 161 [15]. HEPA filters
are essential to the safety, comfort, and health of passengers and crew members.
ASHRAE Standard 161 [15] requires aircraft cabin filters to have a filtration
efficiency of > 99.97% for 0.3 um or larger particles. Some filters [16] can also
remove gaseous pollutants. At the same time, the standard of cabin filter BS EN ISO
29463-5 [30] stated that the initial pressure drop value of the filter was one of the
important indicators to judge the performance of the filter. In addition, according to
the requirements of different aircraft manufacturers, the replacement cycle for cabin
filters ranges from 3600 to 6000 hours without intermediate testing. Therefore, the
HEPA filters used in commercial airplanes must be able to handle a large volume flow
of air, and maintain a low pressure drop and high filtration efficiency for their entire
service life.

At present, the main types of filters used in commercial aircraft are the multi-V
filter, pleated filter panel, and cartridge filter. The multi-V filter is the most widely
used in cabin filtration, installed in almost all Boeing airplane models. The filter
consists of multiple mini-pleat panels as shown in Fig. 1. With the same external
dimensions, this multi-V filter has a larger filtration area than the pleated filter panel,
and can better adapt to an environment requiring a high air volume flow rate and high
dust-holding capacity. The increase in filtration area reduces the filtration velocity,
which not only improves the particle collection efficiency but also reduces the
pressure drop. The cartridge filter also has the advantages of large filtration area per
unit volume, low pressure drop, and high dust holding capacity, but it is only used in
some Airbus models.

Mini-pleat panel
Multi-V filter with
mini-pleat panels c N

Fiber ‘V£

Fig. 1. Schematic of a multi-V filter

To design low-pressure-drop pleated filter panels, many researchers have optimized
the structure through experiments or simulations [17-21]. CFD simulation can
accurately depict the flow field between filter pleats, and it can be used to optimize
filtration performance by analyzing the main factors affecting the total pressure drop.
However, the simulation requires the establishment of physical models with different
parameters and mesh them, which entails a long computing time. It is very tedious
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and time-consuming to optimize the filter structure by CFD, especially for multi-V
filters with a complex structure.

Meanwhile, a number of studies have used empirical models to predict and
optimize the pressure drop across pleated filter panels. Yu and Goulding [22] applied
the Navier-Stokes equation to the pleat channel, and established a semi-analytical
calculation of pressure drop for HEPA pleated filters. Liicke and Fissan [23]
established a simplified model of the pressure drop across pleated filter panels based
on the approximate solution of the Navier-Stokes equation. The model’s calculation
agreed with the corresponding experimental and simulated results. Chen et al. [24]
analyzed experimental data on filter pressure drop and proposed a semi-empirical
model which is suitable for triangular pleat structure. Rebai et al. [25] proposed a
semi-analytical model for a pleated filter used in automobiles. Their comparison with
experimental data showed that the model could be used to determine the optimal
pleated density. Meanwhile, some studies used experimental data to mathematically
analyze the filter pressure drop and geometric parameters, establishing a
dimensionless model [18] and an empirical two-parameter correlation [19]. Most of
the empirical models above were based on the Navier-Stokes equation, but very few
studies addressed the multi-V filter.

Therefore, the objectives of this paper were (1) to develop an empirical equation for
pressure drop across a multi-V filter, (2) to use experimental data on multi-V filter
pressure drop to verify the accuracy of the empirical equation, and (3) to identify an
optimal design method for the multi-V filter using the empirical equation. This paper
reports the results we obtained.

2. Method
2.1 Method of establishing the empirical equation

The pressure drop across a multi-V filter is the most important design parameter.
The pressure drop consists of five parts:

Apy = Apin + Apoue + Apyp + APy + Apm 1)
where Ap, is total pressure drop, Ap;, filter inlet pressure drop, Ap,,; filter outlet
pressure drop, Ap,, the pressure drop in the flow channel between V-panels,
Apmyp the pressure drop in the mini-pleat flow channel, and Ap,, the pressure drop
across the filter medium. The sum of Ap;,, Apyy, and Ap,, is the pressure drop
caused by the V-panel structure.

For HEPA pleated filters, the flow between pleats is generally considered to be
laminar [17, 22, 23]. Some methods are limited to the special case of rectangular
pleats [17, 22]. The algorithm proposed by Liicke and Fissan [23] applies to both
triangular and rectangular pleats. This investigation used their algorithm together with
CFD to accurately simulate the flow field in pleats, in order to solve the pressure drop
in the mini-pleat flow channel Ap,,,,. Since the structures of mini-pleats and V-panels
are similar, we modified the solution method of Ap,,, to find Ap,,,. Our aim was an
empirical model for pressure drop across multi-V cabin filters.
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To develop an empirical equation for solving Apy,,, the following dimensionless
parameters are first normalized by the face velocity (U) of the mini-pleat panel and
the mini-pleat spacing (Y) as shown in Fig. 2.

D z—pUz, UX_U; Uy:F;x :?1
.Y ., S L , H
y = ? s § = ? s ﬁ - ? s H - 7.
Filter medium )
Down wind gap
Y-“-| ___________ ;7/ ____________ L _‘,47 ..........

— — H! Up wind gap / 4

<44

Filter medium .
Down wind gap

—) H | Up wind gap Y

P A Vool

L >

Fig. 2. Definition of key parameters for rectangular and triangular pleats.
The flow through a multi-V filter is governed by the Navier-Stokes equation, which
can be expressed as follows in the x direction (along the centerline of the gap):

ov; v, op* 1 [(9%v; 0%v;
ety — = ———+—|—+ 2
Ve gy T dy* d0x*  Re\0x*2 = 0y*? @
Uy
Re = il
U
Eq. (2) can be averaged across the gap width by introducing an average local quantity:
2 /2H G
(2N = 1 | 2(x',y) dy’ 3
el y*)dy (3)

to yield the average pressure gradient equation:

dip)  1d¥v) 2 av;]y*=(1/2’H* 1d(v;?)

dx*  Re dx'2 ' ReH*ldy* *=0 C 2 dx
2 f(i)ﬂ* NP .
H* 0 vy ay* y ( )

The average pressure difference between the inlet and outlet of the mini-pleat
downstream gap is the pressure drop in the mini-pleat flow channel Ap,, [23, 26].
Because the medium is heavily compressed at the top of the pleat during the pleating

5
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process, only a small amount of fluid enters the pleat at the top, and thus the boundary
condition (vy(x* = s*)) = 0 is used. In practice, s* is far less than 8, and Eq. (4)
(starting from x* = 0) can be integrated to form:

B d(n* w
By = (' = Db = ("G = B =~ | WP aw e (5)

o dx*
To solve Egs. (4) and (5) for obtaining Apy,,,, it is necessary to find (vy)aw, Vy aw and

*
Vy,aw-

When the law of conservation of mass is applied to the finite element of the
downwind gap, (vy )4 can be solved:
1 * * * * 1 * * d 1 * * *
EHdw<vx>dw + Unm cos @ ox* = EHdw(Ux)dw + W (E Hdw(vx)dw) ox (6)
where ¢ is the angle between the surface of the medium and the centerline of the gap,
and vy, is the filter medium velocity. After simplification and integration, we have the

following equation:

2
(aw =7 | v cosgdx )
dw Y0

We used CFD to simulate the pleat field between folds in order to obtain the
mathematical expression of vy 4, and vy, 4,,. The simulation method is described in
detail in Section 2.2. Using the simulation results as shown in Section 3.1, we can

develop the expression of vy 4, and v}, 4.

The form of the x-direction velocity component produced by the CFD simulations
was consistent with the assumption made by Liicke and Fissan [23]. Both show that
the x-component velocity can be expressed as a quadratic polynomial:

* *

2 2 ’
vy (X", ¥*) = Uy max(x) [1 + () (H*?x*)) ALY (H*glx*)) ] ®

According to the characteristics of x-component velocity in the Fig. 6, further
assumptions are listed as follows:
(1) The maximal x-velocity occurs along the centerlines of the gaps, namely:
vy (X", " = 0) = Vg max (%) 9
(2) The velocity profile is symmetric:
dvy(x", y* = 0)
ay*
(3) It can be easily seen from the simulation results that v, is zero at the filter
medium, but vy, is the largest. So, the fluid enters and escapes from the medium's

=0 (10)

surface perpendicularly:
1

vy (x*, y* = EH*> = vy, sing. (11)

Therefore,
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Ux,aw = E(vx)dw - EUmSln‘p + (E UmSing — _<vx>> (Hdw> (12)

For v} 4, the CFD simulations showed that the y-component velocity is a typical

cubic function, rather than the special quadratic function form used by Liicke and
Fissan [23]. Then the y-component of the velocity field can be expressed as a cubic
polynomial:

_ 2y Y’
a3 = 150 s
2y* 2y*
”‘*(")(Hdw( )) +f5(“<HdW( )) (13)

Similarly, according to the characteristics of y-component of the velocity in the Fig. 6,
we assume further:
(1) The y-velocity at the centerlines of the gaps is zero:

vy (x5, y*=0)=0 (14)
(2) The fluid enters and escapes from the medium surface perpendicularly:
1
vy (x*, y* = EHdW) = —v,,COSQ (15)
1
vy (x*, yr= _EHdW> = U,;,COSQ (16)

(3) The conservation of mass has to be fulfilled:

_ vty _ 9ny(x7, y7)
dx* ay*

(17)

A severe problem is the determination f3(x*) from the conservation of mass. If the
function f3(x*) depends on x* only, it is impossible to fulfill the conservation of mass
everywhere. This is because we found that f5(x*) derived by calculation still contains
y*. This is in conflict with the basic form of Eq. (13), where f5(x*)is supposed to be
independent from y*. So, that the conservation of mass is exactly fulfilled only in the
middle of the gap (y* =0) [23].

Thus,

3 d{vg)aw 2y* ° 3 d{vg)aw [ 2y"
N =|\-H; ———— v} — —H* 1
Vy.dw <4 aw g SO ) T g \Hx (18)

In the case of a low-permeability filter medium, previous studies demonstrated that
the medium velocity v, was constant [18, 20, 27]. According to the law of mass
conservation, v, = 1/2f. For a rectangular pleat with H*as a constant (¢ = 0):

*

Hp

Viaw =375 1 (Z;IV)Z] (20)

(Vxdaw = (19)

w

~
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For a triangular pleat with H* = 2x* tan ¢

1
(Ve daw = 2Bsing (22)
. 3 singp (3sing 3 2y* 2
Ux,aw = . - + ( - . ) ( . ) (23)
4Bsing  4f 4B 4B sin @) \2x* tan ¢
., _ Cosg ( 2y* )3 24
Vyaw = 2B \2x*tang (24)
Combining (vy)qws Vx,aw and vy 4,, of the rectangular pleat with Eqs. (4) and (5):
A = ( 66 + 0 ) U? 25
Pmv = \Rens T 5H2)P (25)
With the non-dimensional form of Darcy's law, the pressure drop across the filter
medium is:
Apy, = S U? Da= kpU 26
Pm = 2Dag” =y (26)
Therefore, the pressure drop across the mini-pleat panel can be expressed as:
APy + A —<6ﬁ+6+s*>u2 27
Pmp * 8Pm =\ Rep+3 " 5H2 " 2Dag) P @7)

The face velocity of a mini-pleat panel is the ratio of the airflow rate and the mini-
pleat panels’ windward area. This formula can also be used to solve the pressure drop
across pleated filter panels.

At the same time, the V-panel parameters are used to derive the pressure drop in the
flow channel between the V-panels, Ap,,. Fig. 1 provides the definitions of several
important parameters. The following dimensionless parameters are introduced with
the use of filter inlet velocity (V;;,) and mini-pleat panel spacing (Yp):

L L VinY,
pi.(l)z: SS=70, Bo =7§: Rey _ 2l -,
The V-panels are simplified into ideal triangular pleats in the solution process.

po =

Next, the above parameters are brought into (vy)qw, Vy qw and vy 4, of the triangular

pleat (Egs. (22) through (24)), and Eq. (5) is used to calculate Ap,,,. It was found that
for ideal triangular pleats, if the integral starts from x* = 0, the denominator will be
So

n@o

zero; thus, the integral should start from x* = . The other conditions are the

same as above, and the result is:

3Gin® 9o —1) (Bosingo —sg  cosgy sing, fo 2
Ap,, = N | . N
Pvp (230 tan @, sin @g \sofo tan @y Rey 100, n = V2 (28)

In practice, because of the small filter thickness and large V-panel spacing,

8
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turbulent flow develops between the V-panels. The pressure drop caused by the V-
panel structure can be corrected by considering the inlet and outlet effects [23]. These
effects can be calculated for the filter by means of the local pressure drop formula
from the field of fluid mechanics:

pVi;

Apip = Ein% (29)
oVs

Apout = goutTout (30)

where

§n=20.5 ( - %), inlet local resistance coefticient
Ccs

2

A . .

Eout = (1 - A"—“t) , outlet local resistance coefficient
Ccs

Vin = Ai_, filter inlet velocity

mn

Vout = AL, filter outlet velocity

out
Here Ay, Ain, Aou: are the cross-sectional area, inlet area and outlet area of the

filter, respectively.

Thus, we have obtained the pressure drop expression for each part of the multi-V
cabin filter. By bringing the pressure drops of the five parts into Eq. (1), we can
determine the pressure drop of the multi-V cabin filter. The empirical equation is too
complicated to be displayed here. We can easily solve this formula with commonly
used software, such as EXCEL or MATLAB.

2.2 CFD simulations

For the solution of vy 4, and vy, 4,,, we used CFD to accurately calculate the flow

field between the pleats, and converted it into a mathematical expression. The study
was based on recommendations from the investigation of CFD use in simulating the
airflow and pressure drop through a pleated filter system by Feng et al. [20]. Our
simulations were conducted with the use of a commercial CFD program, ANSYS
Fluent 17.0 [28]. The v2f turbulence model was used to predict the flow field between
pleats. Because of the bounded porous wall flow characteristic in pleated filters, the
v2f model can provide good results [20]. The porous media model in ANSYS Fluent
was used for predicting the pressure drop through the filter medium. The flow in the
porous medium was considered laminar.

We established two-dimensional models for the triangular and rectangular pleats
with physical model parameters from Feng [29]. The filter-structure parameters are s
=038 mm,Y =4 mm, L =52 mm, and k = 1.22x10"'> m? Fig. 3 shows the
computational domains and boundary conditions. The entrance velocity was the face
velocity of the filter at U = 0.83 m/s. A two-dimensional grid was used to divide the
flow domain to simulate flow through the pleats under steady-state conditions. We
used a structured grid for the rectangular pleats and a quadrilateral unstructured grid

9
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for the triangular pleats.

Symmetry /Porous media
/ ]|
Velocity-inlet | l I Outflow
| [ A
Interior Symmetry
Interior \ Symmetry
N —]
. . —
Velocity-inlet Outflow
— —
Symmetry \ Porous media

Fig. 3. Computational domains and boundary conditions for the rectangular and triangular
pleats.

In our simulation, the SIMPLE algorithm was utilized in the pressure correction
equation. The pressure discretization scheme used the standard first-order upwind,
and all the others used the second-order upwind. In order to verify the accuracy of the
simulation, we compared the pressure simulation results with the experimental values,
as discussed in Section 3.1.

2.3 Experimental test rig and test procedure

We need to measure the pressure drop across the multi-V cabin filter to verify the
accuracy of the empirical equation developed in Section 2.1. The pressure drop test
used a HEPA filter test rig as shown in Fig. 4. It consisted of several square duct
sections with internal dimensions of 610 mm x 610 mm. The airflow rate was
controlled through adjustments of the fan speed to meet the requirements of the filter
pressure drop tests. There were four static pressure taps at the peripheries of the
upstream and downstream ducts, respectively, and the taps were connected together
by a ring line to measure the pressure across the filter. Although this study only
measured airflow rates and pressure drops, the experimental facility can also be used
to test the filtration efficiency according to BS EN ISO 29463-5 [30] and the dust
holding capacity of air filters according to EN 779 [31].

We tested the pressure drop across the filter at 50%, 75%, 100% and 125% rated
airflow rates. This range was selected to cover the most likely recirculated airflow
rates under actual flying conditions. The actual airflow rate through the filters varied
because of the inconsistent engine power and uncontrolled recirculated air system
pressure drop [32]. Since the external dimensions of the filter and the size of the duct
were very different, it was necessary to construct the corresponding fixture (as shown
in Fig. 5(b)) or to reduce the duct size for different filters, and to secure the filter in
the duct for testing. Thus, the procedure for the pressure drop tests was as follows: (1)
test the fixture pressure drop under different airflow rates, (2) secure the filter in the
fixture and measure the pressure drop across the filter under different airflow rates,
and (3) subtract the pressure drop for the fixture alone from that for the fixture with
the filter, to obtain the actual pressure drop across the filter.

10
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Fan
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341 I
342 Fig. 4. Schematic of experimental test rig.
343

344 We tested six different types of multi-V cabin HEPA filters (as shown in Fig. 5(a))
345 in this investigation. They represented the filters used in five common Boeing aircraft
346  models. Table 1 lists the parameters of the cabin filters, of which P199000 and
347  21FA413G were for different models of B747. Filters 21FA414 and P512777 were
348 interchangeable parts for the same models of B777. The measurements indicated that
349  the filters for different aircraft models have different structural parameters, but the
350  mini-pleat height and spacing were the same (23 mm and 2.4 mm, respectively). The
351 filtration area was calculated by multiplying the number of pleats by the surface area
352 of one pleat. All filters were made of glass fiber medium.

‘9 Fixture

353 —
354 (b)
355  Fig. 5. Multi-V cabin HEPA filters: (a) 7600002-101 cabin filter for B737, (b) 21FA414 cabin
356 filter for B777 with fixture
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357
358 Tablel
359 Geometrical characteristics of multi-V cabin HEPA filters.

Filter part Aircraft O  LengthWidthThickness Mini-pleat panel Mini-pleat panel - Mini-pleat  Mini-pleat  Mini-pleat Filtration

number Manufacturer type (m*h) (mm) (mm) (mm) number S?;Crigg }(lfringnh)t l(er?ngi ? S[();Cr;r;g ?1:;;
7601%0102' PTI B];;gf‘ 2040 508 508 140 12 78 24 494 24 15.65
P199000 Donaldson B747 1700 592 592 150 14 83 25 580 25 18.27

21FA413G  Purolator  B747 884 505 404 95 14 71 24 388 23 9.50

P512763 Donaldson B767 2550 710 709 99 20 70 25 700 1.8 26.88
21FA414  Keddeg  B777 969 472 506 125 10 94 23 496 2.6 10.42
PS12777 Donaldson B777 969 475 507 125 10 94 25 497 25 11.93

360

12



361 3. Results
362 3.1 CFD simulations

363 Our purpose in using CFD was to solve vy 4, and vy, 4, but we first needed to

364  verify that the simulation results were correct. We compared the simulated filter
365  pressure drop with the pressure drop measured by Feng [29]. There was no obvious
366  difference in filter pressure drop between the two different pleat shapes when the pleat
367 spacing and pleat height remained unchanged (rectangular pleat was 183 Pa,
368  triangular pleat 188 Pa). The calculated pressure drop was close to the experimental
369  value of 196 Pa, and thus the CFD results were validated.

370 We analyzed the flow fields of the rectangular and triangular pleats separately in

371 order to facilitate the development of the empirical equations for vy 4, and vj, 4. Fig.

372 6 shows the simulated velocity distribution in the downstream gap for the rectangular-
373  pleat filter. The velocity component in the x direction was a quadratic function, and
374 v, increased uniformly along the airflow direction. The velocity component in the y
375 direction was a cubic function. The inlet had an effect on the y-component velocity,
376  and the remaining positions were independent of x.

377
y 1
Yol
0 X
1
378 X;=lmm X,=10mm X;=20mm X4=30mm Xs=40mm X=50mm
0.04
3.0+
0.03 -
23 0.02
_ 204 ~ 0.01 -
z =
?‘3 15 £ 0.00]
> >
1.0 1 -0.01+
0.5 -0.02
-0.03 1
0.0
T T T T T -0.04 T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 -1.5 -1.0 -0.5 0.0 0.5 1.0 15
379 ¥/¥o ¥y,
380 (a) (b)

381  Fig. 6. Velocity distribution in the downstream gap of the rectangular pleat: (a) x-component
382  wvelocity and (b) y-component velocity

383

384 Fig. 7 depicts the simulation results for the triangular-pleat filter. Note that v,
385 increased non-uniformly along the airflow direction. Because the H at the top of the
386  pleat was very small, the y-component of velocity was approximately linear. The
387  outlet at the gap had an effect on y-component velocity. The remaining positions were
388  approximately independent of x. For the low-permeability HEPA filter medium, the

13



389  airflow between the pleats took the form of a laminar parabola.
390

0 i [ |

391 Xi=1lmm X,=10mm X3=20mm X4=30mm X5=40mm Xs=50mm

140 05 00 05 10 15
392 ¥/Yo

393 (b)
394  Fig. 7. Velocity distribution in the downstream gap of the triangular pleat: (a) x-component

395  wvelocity and (b) y-component velocity

396
397 3.2 Verification of the empirical equations
398 This investigation used the measured pressure drop to verify the accuracy of the

399  empirical equations. When the experimental airflow rate, the structural parameters of
400  the filter and the performance parameters of the filter medium were introduced into
401  the equations, the pressure drop through the filter under the corresponding airflow rate
402  could be calculated. The performance parameters of the filter medium used in the
403  calculations were k = 1.03x10'?> m? and s = 0.38 mm [17]. The selection basis of the
404  parameters was that the filtration performance was consistent with the tested filters.
405  Since the cabin filters had the same filtration efficiency rating, we used the same filter
406  medium parameters for the calculations. Table 2 compares the calculated and
407  measured pressure drop for filter P199000 under different flow rates. The empirical
408  equations calculated the pressure drop with reasonable accuracy, with relative error of
409  no more than 4.25%. The results also show that the pressure drop across the filter
410  medium was a main part. The pressure drops for individual parts of the filter increased
411  with the flow rate.

412
413  Table2
414  Comparison of measured and calculated pressure drop for the P199000 filter.
Q Apin +Bpoue  APvp  APmp Apm  Ap: Experimental Relative
(m*/h) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) error
850 1.03 3.59 2 66 73 72 -1.38%
1275 2.33 8.05 4 99 113 116 2.36%
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415
416
417
418
419
420
421

422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437

1700 4.14 14.29 6 132 156 163 4.25%

2125 6.46 22.31 8 165 201 209 3.64%

Next, Fig. 8 compares the measured and calculated pressure drop for the remaining
cabin filters used in this investigation. The calculated pressure drop differed from the
measured one by 7.84% on average. The results demonstrate that the empirical
equations were sufficiently accurate in predicting the pressure drop across a multi-V
filter.

400
| [
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300 .
7
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~ 250 /
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Fig. 8. Comparison of the measured and calculated pressure drop through different multi-V
cabin filters

The Apsnp + Apy, empirical equations can also be used to solve the pressure drop
across pleated filter panels. We used the equations to calculate the pressure drop
across an industrial HEPA pleated filter and compared the results with the
experimental data obtained by Feng [29]. Our calculation used the following filter
structure parameters: s = 0.38 mm, Y = 3.7 mm, L = 52 mm, and k = 1.22x107'2 m?.
As shown in Table 3, the calculated pressure drop agreed well with the experimental
data, with a maximum relative error of 6.5%. These results further confirmed the
accuracy of the empirical equations.

Table 3
Comparison of the measured and calculated pressure drop for a pleated filter panel with
experimental data from Feng [29]

Experimental
(Pa)

Ape
(Pa)

Q Apmp Apim

(m*/h) (Pa) (Pa) Relative error
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438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462

850 9 142 151 162 6.50%

1000 12 167 179 187 4.35%
1250 17 209 226 230 1.83%
1500 22 251 273 273 0.00%
1700 27 285 312 308 -1.31%

We also compared the CFD simulated and the empirical formula calculated
pressure drop for each part of pleated filter panels. Under the same conditions, the
pressure drop in the mini-pleat flow channel Ap,,, calculated by the empirical
formula and the CFD simulation was 11 Pa and 10 Pa, respectively. The pressure drop
across the filter medium Ap,, calculated by the empirical formula was 181 Pa, while
the CFD simulation result shows that the Ap,,, was 173 Pa. The relative error was only
4.6%. Overall, our empirical formula calculation results were in good agreement with
the above experimental values and simulation results.

3.3 Structural optimization for multi-V filters

The validated empirical equations can be a useful tool for optimizing the structural
parameters of multi-V cabin filters. This section describes the optimization process.

The structural parameters are mini-pleat height, mini-pleat spacing, mini-pleat
panel spacing and filter thickness. Let us use the P199000 multi-V cabin filter as an
example. Fig. 9a illustrates the effect of mini-pleat spacing on the pressure drop
across the filter. The pressure drop across the filter medium Ap,,, gradually decreases
as the mini-pleat spacing becomes smaller, because the narrower spacing increases the
filtration area of the filter and reduces the filtration velocity. However, as the mini-
pleat spacing becomes smaller, the pressure drop in the mini-pleat flow channel Ap,y,,
will gradually increase. This finding is the same as that of most studies on structure
optimization of pleated filters [17-19, 22-25]. Therefore, at a certain mini-pleat height,
there is a mini-pleat spacing that minimizes the filter pressure drop. In the multi-V
cabin filter, the change in the mini-pleat spacing has no effect on the pressure drop
across the V-panel structure.
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Fig. 9. The influence of different structural parameters on the filter pressure drop: (a) mini-
pleat spacing, (b) mini-pleat height, (c) mini-pleat panel spacing, and (d) filter thickness

Fig. 9b depicts the effect of mini-pleat height on pressure drop. When the height
ranged from 15 to 19 mm and from 20 to 31 mm, respectively, the corresponding
optimal mini-pleat spacings were 1.4 mm and 1.8 mm. Therefore, the pressure drop
across the filter medium Ap,,, and the pressure drop in the mini-pleat flow channel
Apmyp exhibited a step at the mini-pleat height of about 20 mm. Under the same mini-
pleat spacing, an increase in mini-pleat height made the filtration area larger and the
pressure drop across the filter medium Ap,,, smaller. However, the increase in mini-
pleat height also led to a greater pressure drop in the mini-pleat flow channel Ap,y,,,,
and could reduce the height of the channel between the mini-pleat panels, thereby
increasing the pressure drop across the V-panel structure, Api, + Apoy: + Apyyp.
Thus, the filter had an optimal mini-pleat height.

Fig. 9c illustrates the influence of V-panel structure on different components of the
pressure drop. The figure reveals an optimal mini-pleat panel spacing, at which the

17



485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520

pressure drop across the filter was the lowest. Since external dimensions are fixed, a
reduction of the distance between mini-pleat panels allows an increase in the number
of panels, thereby increasing the filtration area and reducing the pressure drop across
the filter medium Ap,,. In addition, increasing the number of mini-pleat panels can
reduce both the face velocity of the mini-pleat panel and the pressure drop in the mini-
pleat flow channel Ap,,,,. However, reducing the distance between mini-pleat panels
would increase the pressure drop across the V-panels structure Ap;, + Apgye + Apyyp.
These observations explain the optimal mini-pleat panel spacing.

According to Fig. 9d, the effect of filter thickness on the pressure drop is different
from the effects of the other three parameters. The pressure drop across the filter
decreases as the thickness increases. This is because, as the thickness increases, the
filtration area increases and the pressure drop across the filter medium Ap,,, becomes
smaller. Similarly, increasing the thickness can increase the windward area of the
mini-pleat panels, thereby reducing the pressure drop in the mini-pleat flow channel
Appmp- Since both sides of the filter are in the form of openings, as the thickness
increases, the inlet velocity of the filter will decrease. Thereby the pressure drop
across the V-panel structure Ap;, + Apyye + Apyyp is reduced. However, one could
not reduce the pressure drop across the filter by increasing the thickness indefinitely.
This is because an airliner cabin filter must be lightweight with good shock resistance.
The filter thickness needs to be limited so that the filter can be fixed securely in the
duct of the environmental control system. In addition, according to our calculations,
different filter thicknesses had the same optimal mini-pleat panel spacing. Therefore,
the mini-pleat panel spacing was determined only by the mini-pleat height.

The above results indicate that when the mini-pleat height is known, the
corresponding mini-pleat spacing and mini-pleat panel spacing in the filter can be
determined. Fig. 10 displays two design optimization procedures for multi-V cabin
filters. The first procedure starts with mini-pleat height, and the second starts with
mini-pleat panel spacing. Our optimal design also considered the following two
factors. First, due to technical limitations in the manufacturing process, the minimum
mini-pleat height would be 23 mm. Second, to account for dust holding, the actual
mini-pleat spacing should be slightly larger than the calculated optimal mini-pleat
spacing [23,34]. Our optimization design principle for multi-V cabin filter was to
increase the filtration area as much as possible without affecting the structural
resistance of the filter, thereby reducing the filtration velocity. A lower filtration
velocity would not only reduce the pressure drop of the filter, but also enable the filter
to obtain higher filtration efficiency.
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Fig. 10. Two design optimization procedures for multi-V cabin filters

Taking the P199000 filter as an example, the two design procedures led to the
results shown in Tables 4 and 5, respectively. The optimal structural parameters
obtained by the two design procedures are the same. The actual parameters of the
filter shown in Table 1 are very close to the optimal ones. We believe the filter
manufacturers had optimized their designs, and our results confirmed their good

designs.
Table 4
Optimal parameters of the P199000 filter obtained by the first design optimization
procedure
R i, e w8
(mm) (mm) (mm)
5 1.7 19 4.02 9.37 1 103 117
10 1.9 37 3.41 6.54 2 111 123
15 1.9 53 3.81 10.02 5 108 127
20 2.3 74 3.06 4.96 5 134 148
23 2.3 84 3.19 5.95 7 134 150
24 2.3 84 3.77 10.16 7 128 149
25 2.3 84 4.47 16.11 7 123 151
30 2.3 98 5.03 21.81 10 119 157
35 23 118 4.38 1570 15 123 158

*The calculated optimal mini-pleat spacing was increased by 0.5 mm for dust holding.
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The bold font indicates optimal structural parameters.

Table 5
Optimal parameters of the P199000 filter obtained by the second design optimization
procedure

Mini-pleat  Mini-pleat Mini-pleat Mini-pleat
P P b P Apin + Apous Apvp Apmp Apy Ap;

punclpacing _ panel - heightspaeing® T P8 G ) pa
45 26 11 1.9 2.29 043 3 124 130
49 24 13 1.9 3.00 431 4 114 125
53 22 13 1.9 2.26 039 5 124 132
59 20 15 1.9 2.51 1.69 6 118 129
65 18 17 1.9 2.75 305 7 116 129
74 16 19 1.9 2.54 1.96 9 117 131
84 14 24 2.3 3.77 10.16 7 128 149
98 12 27 23 3.26 6.46 10 133 152
118 10 31 23 2.75 3.17 13 139 158

*The calculated optimal mini-pleat spacing was increased by 0.5 mm for dust holding.
The bold font indicates optimal structural parameters.

This investigation optimally designed the other filters that were studied, and Table
6 shows the results of the design process. Again, most of the optimal structural
parameters for the filters were very close to the actual parameters shown in Table 1.
According to the optimization results, filter 7600002-101 for the B737 aircraft can
attain a lower pressure drop in the case of 12 and 14 mini-pleat panels. Similarly, filter
P512763, used in the B767 aircraft, exhibited a lower pressure drop in the case of 18
and 20 mini-pleat panels. In addition, the research results show that the filters
21FA414 and P512777 of the B777 aircraft had a lower initial pressure drop when the
number of mini-pleat panels was increased to 12.
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553
554  Table 6
555  Design optimization for geometrical characteristics of multi-V cabin filters

Mini-pleat  Mini-pleat  Mini-pleat Mini-pleat

F:llltlirﬂf:rrt Aircraft type (mg/h) szr?righ mﬁ? Th(lrﬂ;;l;: s (msm) (rﬁz) height spacing panel panel spacing (APZ;t)
(mm) (mm) number (mm)

25 2.3 12 84 255

7600002101 BB7;’57§‘ 2040 508 508 140 038 1.03E-12
23 2.3 14 72 255
P199000 B747 1700 592 592 150 0.38 1.03E-12 24 2.3 14 84 149
21FA413G B747 1155 505 404 95 0.38 1.03E-12 23 2.3 14 72 265
23 2.3 20 71 223

P512763 B767 2550 710 709 99 0.38 1.03E-12
24 2.3 18 78 223
21FA414 B777 969 472 506 125 0.38 1.03E-12 23 2.3 12 79 149
P512777 B777 969 475 507 125 0.38 1.03E-12 23 2.3 12 79 149

556
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4. Discussion
The empirical model performed quite well in predicting pressure drop across complex
multi-V filters. However, the model had some limitations:

*  The pressure drop simulation results for pleated filter panels were basically the same
as the experimental data, but there were still some deviations. Possible reasons for the
deviations between the experimental and calculated pressure were: (1) There was a
measurement error in the pressure drop that was inevitable. (2) In the modeling, we set
the zone at the top of the pleat as porous medium, but in practice, due to the medium
was heavily compressed, only a small amount of fluid enters the pleat at the top. This
may also cause the discrepancy between the simulated and empirical formula results.
(3) The setting of the porous media parameters in CFD may bring errors. In practice,
the permeability of the porous media may not be constant [38,39], and there is a
deviation between the filter media permeability measured and calculated through
experiments and the actual permeability.

* This study used the same parameters of filter material performance for all the studied
filters, but there are actually slight differences. However, it is difficult to obtain the
parameters because they are commercial secrets. Therefore, for different materials,
one should use our model with caution.

*  This model only predicts pressure drop through a clean filter. During the dust-holding
process, the pressure drop through the filter is complicated. To date, most studies have
used CFD simulations and semi-empirical formulas to study the effects of the filter
dust-holding process on pressure drop and filtration efficiency [33-37]. The results
show that increasing the pleat density can increase the dust holding capacity. The
development of a model to predict the pressure drop due to dust holding will be
addressed in a future effort. Our prediction of the initial pressure drop of the cabin
filter also formed the basis for the subsequent full-cycle pressure drop prediction.

*  Our empirical equations were built on the basis of the multi-V HEPA filters used in
commercial airplanes. The model had high accuracy for filters constructed with low-
permeability media. In fact, multi-V filters are widely used in other industries, but the
specific form is slightly different. Whether this empirical formula can be extended to
other multi-V filters remains to be studied.

5. Conclusions

This investigation proposed an empirical model to predict the different components of the
pressure drop through the type of multi-V HEPA filter used in commercial airplanes. The
model’s development was aided by CFD simulations of two-dimensional airflow and pressure
drop through triangular and rectangular pleats. This study also measured the pressure drop
through multi-V HEPA cabin filters, and the experimental data was used to verify the
accuracy of the empirical model. The calculated pressure drop differed from the measured
data by 7.84% on average for the filters studied. Thus, the proposed empirical model is
sufficiently accurate.

By using the empirical model to study the structural parameters of the multi-V HEPA cabin
filters, this study found that optimal parameters existed for mini-pleat panel spacing, number
of mini-pleat panels, mini-pleat height, and mini-pleat spacing. The minimum mini-pleat
height will be dependent on the manufacturing technique, and mini-pleat spacing should
include space for dust holding.

This study also proposed two design optimization procedures for multi-V HEPA cabin
filters. The aim was to design the structural parameters of the filters to provide the lowest
pressure drop and highest filtration efficiency. The results obtained by the two design
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procedures are the same, and are very close to the actual parameters of commercial filters that
should have been optimized by their manufacturers.
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