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ABSTRACT

The importance of clean air to the well-being of people and industrial applications has highlighted the
critical role of air filters performance. Accurate filter performance prediction is important to estimate
filter lifetime and reduce energy and maintenance operating costs. To ensure appropriate filter
selection for a specific application, the effect of pleat count and surface area on filter design and
performance has been investigated. This paper examines the effects of air velocity on permeability
during operation of HEPA pleated V-shaped filters, and the effect of pleat count on the initial pressure
drop and fractional efficiency using DEHS testing according to DIN 1822. An empirical equation for
predicting the efficiency of the filter is suggested.
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INTRODUCTION

Air filters are expected to separate and retain particles on or within the internal structure of a filter
medium to remove aerosol particles from air at different efficiencies with the least possible resistance.
High Efficiency Particulate Air (HEPA) filters are made from fibrous media. They are widely used in
applications such as operating theatres, the pharmaceutical industries, gas turbines, space stations,
clean rooms, and semi-conductor industries, amongst many other. HEPA filters are required to
remove particles from the gas stream with very high efficiencies at the least possible pressure drop.
Removal efficiency and pressure drop are therefore the main filtration performance characteristics.

Although several authors have studied the performance of clean filters [1-3], but the literature on the
clean HEPA pleated filter is quite limited [4-6]. This paper investigates the effect of pleat count,
surface area, and filter medium permeability on filter design and performance in terms of initial
fractional efficiency and pressure drop.

FILTER PROPERTIES

The experimental work involved the testing of glass fibre pleated cartridges of HEPA Class H10
according to DIN 1822 [7]. Eight filters were manufactured by EMW Filtertechnik with pleating
densities varying from 28 to 34 pleats per 100 mm. Table 1 lists all filters used for testing with their
corresponding surface areas. The manufactured filters were divided into two groups, A and B. Both
groups underwent similar testing procedures and were challenged with DEHS to give data for the
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initial fractional efficiency. Figure 1 shows the face dimensions of 592 x 592 mm with a depth of 400
mm. The filter cassette has a V-shape bank which contains eight pleated media panels.

The glass fibre media used in these filters is shown in Figure 2. Glass fibre filtration media was
selected for all experiments in this work as it exhibits better resistance to high temperatures and has
smaller fibre size compared to synthetic media. Glass fibre media are highly porous with a low
resistance to air flow. The filter's performance is affected by several variables such as filter medium
thickness, permeability, packing density, fibre diameter as well as the design of the filter module.
Operating conditions such as filtration velocity and temperature also affect the filter's performance, in
addition to the characteristics of the aerosol such as particle size distribution, particle shape and
density. The properties of the media are listed in Table 2.

PLEATED MODULE PROPERTIES

Pleating the filter medium provides larger surface area in a given space, which increases particle
loading capacity per unit area when compared with a flat sheet medium. Pleated medium panels are
more stable than a flat sheet of the same medium, which is inclined to deform and eventually rupture.
Another major advantage of increasing the surface area is to decrease the air approach velocity to the
medium, which translates into an increase in the aerosol’s residence time inside the medium. This
increases the probability of the particle-fibre contact and leads to an enhancement of diffusional
capture efficiency. However, an excessive number of pleats or overpleating in given area in an air
filter cartridge may also lead failure by rupturing the filter medium. Consequently, the pleating density
has to be optimized to provide the desired efficiency at the least possible pressure drop. Four
different pleating densities were chosen for that purpose in this work.

Previous studies have highlighted the optimal pleat count. Chen et al. [5] developed a numerical finite
element model to optimize the design of the pleats of filter materials with different permeabilities.
Their results show that for a given pleat height, the optimal pleat density increases as the filter media
permeability decreases. Currently, filter manufacturers have the same pleat density for all filter
classes. This may signify ineffective use of the media since less pleat density is needed with lower
filter classes. On the other hand, optimal pleat density has also to be considered from an efficiency
point of view. For example, a pleat count might be optimal from a pressure drop standpoint but it may
not be able to achieve the desired efficiency. Therefore, optimal pleat density should be addressed in
conjunction with efficiency.

CLEAN GAS PERMEATION

The passage of the clean gas through the filtration was enabled the pressure drop and efficiency to be
measured, whilst challenging the filter with DEHS according to DIN 1822. There is no dust loading at
this stage of the testing. The Reynolds number is used to verify the flow regime in the testing tunnel
and through the filter medium. The Reynolds numbers for the filter medium (using the fibre diameter)
at the flow rates of 500 and 5000 m%h are 0.00122 and 0.0122 respectively. Therefore, the flow
inside the filter medium is laminar. The Reynolds numbers in the rectangular feed duct to the filter
(with a hydraulic diameter of 610 mm) at flow rates of 500 and 5000 m*/h are 14,476 and 144,760
respectively. Therefore, the flow inside the duct is turbulent.

The flow inside the filter medium can be interpreted using Darcy’s Law to calculate the permeability, k:
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where p is the air viscosity, V the approach velocity of the air, h the filter medium thickness, and Ap
the pressure drop across the medium. The initial pressure drop was measured and is shown in Table
3 at different flow rates ranging from 500 to 5000 m*/h at increments of 500 m*/h, together with the
corresponding permeability values. A sample of the data is plotted in Figure 3 to show the non-linear
variation of pressure drop with flow rate, and the typical variation of permeability with approach
velocity is shown in Figure 4.

Table 3 lists the permeabilities for all corresponding pressure drops and face velocities. It can be
seen that as the flow rate (and face velocity) increases, the permeability decreases (Figure 4). As the
pleat density increases, permeability is reduced. For both filter groups A and B, permeability remained
the same as the pleating density increased from 30 to 32 pleats/100 mm. Figure 4 shows that filters
30B and 32B have the same permeability for different face velocities. Filter 30A exhibited higher
pressure drop response than 28A and 28B with surface areas 23.9 and 24.6 m?, and consequently its
permeability was reduced. As the pleating density increased from 26.6 to 27.3 m? for filters 30B to
32B, the latter exhibited lower pressure drop and higher permeability.

The permeability change is due to losses in surface area in the filtration medium or to compression of
the medium. The Darcy model indicates a linear variation of pressure drop with flow rate and is only
valid when there is no compression of the filtration medium. For a pleat there can be a loss of media
surface due to pleat crowding and/or expansion of pleats. Media distortion at the crease of the pleat
also influences the filter surface area losses; the effect of compression at the inner surface and
expansion at the outer surface of the crease is shown in Figure 5. The higher the number of pleats,
the more geometrical deformation is expected to take place. Therefore, additional permeability
reduction is expected in higher pleating densities such with 32 and 34 pleats/100 mm. An additional
deformation or buckling is expected to take place in the overall pleated panel which would also lead to
loss of surface area and reduction in permeability. This sort of bulking could also lead to the fracture
of the pleated panel during operation.

INITIAL EFFICIENCY MEASUREMENT USING DEHS

The initial efficiencies were measured for all filters for flow rates using a PMT LPS particle counter with
a size range of 0.065 to 0.9 ym. In these experiments the flow rates were varied from 500 to 3000
m>/h in 500 m*/h increments. These measurements are of critical importance to determine the MPPS
(Mean Penetrating Particle Size) for each flow rate, and hence to define the filter class. Figure 6
illustrates the initial efficiency measurements for filter 28B.

MODELS APPLIED TO DEHS EFFICIENCIES

The efficiency models listed in Table 4 were fitted to the experimental data. It was found that the Lee
and Lui [8] model showed the same trends as the experimental data and it was therefore chosen for
further study as a possible engineering model to describe the initial efficiency of the pleated HEPA

filters.

The Lee and Liu model was rewritten as:
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where 3;and B, are constants to be derived from the experimental data. Table 5 lists the 8, and 3,
values for filter group A at various flow rates. In addition, Figure 7 shows a good agreement between
the efficiency experimental results and theoretical model of Lee and Liu for flow rates from 500 to
3000 m*/h respectively. It can be concluded that interception for all tested filters is independent of flow
rate and number of pleats. On the other hand, diffusion contribution to the efficiency becomes more
dominant as the flow rate increases and the pleating density decreases.

CONCLUSIONS

e Air filter permeability decreases with the increase of pleating density which is in agreement with a
previous numerical study [5].

e The MPPS particle size decreases with the increase of filter’s face velocity for all pleating densities
a given surface area and filter medium. The MPPS increases slightly or remains constant as the
pleating density increases.

e Filter Class H10 efficiency requirements according to Standard DIN 1822 were achieved for flow
rates of 2000 to 2500 m*/h for most filters. On the other hand, a higher filter class (H11) was
achieved for a flow rate of 500 m®h for filters with 28 pleats/100 mm density.

e High mobility particles lower the diffusion efficiency of the filter.

¢ Efficiency decreases with increasing filter face velocity for particle sizes less than the MPPS at this
face velocity. Beyond the MPPS, increasing the filter face velocity also increases the efficiency of
filter. The minimum efficiency decreases with increasing flow rate, with the lowest efficiency
occurring at the highest flow rate of 3000 m*/h.

e The Interception coefficient for all tested filters is independent of flow rate and number of pleats.
On the other hand, the coefficient applying to the diffusion contribution to the efficiency becomes
greater as the flow rate increases and the pleating density decreases.
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FIGURES AND TABLES

Filter Pleat density Surface area
(pleats/100 mm) (m?)
28A 28 23.9
28B 28 24.6
30A 30 26.6
30B 30 26.6
32A 32 27.3
32B 32 27.3
34A 34 28.8
34B 34 28.9

Table 1: The filters tested and their surface areas.

HEPA (H10) FILTER MEDIUM

Fibre diameter range 0.5-8.5 um
Average fibre diameter 2.1 um
Media thickness 500 um
Packing density 0.1 ym
Porosity 94%

Fibre shape Circular

Table 2: Properties of the filter medium.
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Filter 28A (23.9 m?) 30A (26.6 m?) 32A (27.3 m?) 34A (28.8 m?)

Q Ap Vi kx10"| Ap Vi kx10™ | Ap Vi kx10™ | Ap Vi kx10™
(m¥h)| (Pa) (mm/s) (m%) | (Pa) (mm/s) (m? |(Pa) (mm/s) (m®) |(Pa) (mm/s) (m?)
500 | 14 578 382 18 522 268 14 5084 336 15 482 297
1000 | 30 1157 357 30 1044 322 27 1017 348 29 964  3.07
1500 | 47 17.36 342 47 1565 3.08 44 1525  3.21 45 1445 297
2000 | 66 2312 324 65 20.86 297 63 2034 299 63 1927 283
2500 | 87 2890 308 8 26.08 281 83 2542 283 81 2409 275
3000 | 111 3468 289 108 3130 268 105 30.50 269 105 28905 2.55
3500 | 135 4046 278 132 3652 256 129 3559 255 128 3372 244
4000 | 162 46.24 264 159 4174 243 155 4067 243 153 3854 233
4500 | 191 52.02 252 188 4696 231 183 4575 231 182 4336 220
5000 | 222 57.80 241 218 5220 221 213 50.84 221 213 4818 2.09
Filter 28B (24.6 m?) 30B (26.6 m?) 32B (27.3 m?) 34B (28.9 m?)

Q Ap Vi kx10™ | Ap Vi kx10™?| Ap Vi kx10™ | Ap Vi kx10™
(m*h) | (Pa) (mm/s) (m%) | (Pa) (mm/s) (m?) |(Pa) (mm/s) (m?) |[(Pa) (mm/s) (m?)
500 | 17 564 307 15 523 322 15 5.09 314 15 480 296
1000 | 30 1129 348 30 1046 322 29 1019 325 29 961 3.06
1500 | 47 16.94 333 48 1569 3.02 45 1529 314 47 1441 284
2000 | 66 2258 317 66 2092 293 63 2038 299 63 1921 282
2500 | 86 2823 304 87 2615 281 84 2548 281 84 2401 264
3000 | 108 33.88 290 111 3138 261 107 30.57 264 107 28.82 249
3500 | 134 3952 273 1365 36.61 247 131 3567 252 131 3362 237
4000 | 161 4517 260 165 41.83 235 158 4076 239 159 3842 224
4500 | 188 50.81 250 1935 47.06 224 186 4586 228 186 4322 215
5000 | 218 56.46 240 226.6 5229 213 216 50.95 218 218 4803 2.04

Table 3: Initial pressure drop, face velocity and permeability for different pleating densities.

Diffusion term Interception term Remarks
II:\’ILljbgéw [9] |Ep=1 .6(1,;—:j1/3 Pe?°C, E= 0.6[1};—:]1/3 15; C, |C,=1+0.388Ku [(1;—:] PeT/3
C -1+ 1.996Ku
K
R o e e
Zta 37’ t[10] E,= 2.6[1};—5’)1/3 Pe?*C,C, |Ex = 0.6(1};—:]1/3 15; c. |C= 1 +1ED

Table 4: Efficiency models examined in this study.
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Flow rate Filter 28A Filter 30A Filter 32A Filter 34A
(m3/h)

B B2 B B2 Bi B2 B B2
500 1.7 3.6 0.85 3.6 0.81 3.6 0.78 3.6
1000 2 3.6 1.8 3.6 1.79 3.6 1.73 3.6
1500 2.05 3.6 1.85 3.6 1.82 3.6 1.77 3.6
2000 2.27 3.6 2.1 3.6 2.02 3.6 2.00 3.6
2500 2.5 3.6 2.25 3.6 2.18 3.6 2.17 3.6
3000 2.6 3.6 2.5 3.6 2.35 3.6 2.35 3.6

Table 5: The values 3 and B, obtained for the different flow rates for Group A filters.

Figure 1: Pleated filter with the V shape design (EMW Filtertechnik).

Figure 2: Image of the glass fibre HEPA filter medium (Class H10 according to DIN 1822).
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Figure 3: Initial pressure drop versus flow rates for group A filters.
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Figure 5: Views showing the crease in a mini-pleat: (a) Compression at the inner bend of a single pleat
of the glass fibre media used, and (b) an enlarged view of the compressed zone of the pleat.
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Figure 6: Initial efficiency (DIN 1822) vs. particle size for different flow rates (filter 28B).
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Figure 7: Initial efficiency comparison between experimental results and the theoretical model of Lee &
Liu [8].
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