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Abstract This study delivers equations useful for low-height pleated fibrous filter design:
two pressure drop equations and one set of optimum design equations applicable to arbitrary
pleated filter shapes and flowrates. The pressure drop equations were derived to predict the
pressure loss of the pleated filter. They were made through regression analysis with a total of
1024 CFD data. The set of optimum design equations was developed to find the optimum filter
shape minimizing pressure drop. All equations were validated through the 8-fold cross-
validation method and were accurate enough to replace the CFD simulations. Additionally,
novel contour plots were made to describe how optimum filter geometry changes due to
flowrate, height, and media permeability. The delivered equations were applied to an actual
filter design problem and verified with additional CFD simulations. This study allows filter
designers to predict the pressure loss and to design the optimum filter shape without any
simulations.

1. Introduction

Since the coronavirus pandemic was declared in March 2020, purifying contaminated air has
emerged as an important issue. Using pleated filters is advantageous because they have large
filtration areas owing to their pleated geometry [1, 2]. Thus, pleated filters are widely used in
areas requiring air purification such as medical powered air purifying respirator (PAPR) [3],
chemical biological radiological and nuclear (CBRN) masks [4, 5], and so on [6]. Although col-
lection efficiency is a significant factor for filters, reducing pressure drop is also important to
curtail energy consumption for PAPRs and lower respiratory resistance for CBRN masks. The
pressure drop mainly depends on not only filter material but also the filter shape parameters
such as filter height, pleat pitch, media thickness, and so on [1, 2, 6-10]. In order to optimize the
filter geometry to lessen pressure drop, a large number of experiments or simulations using
computational fluid dynamics (CFD) are necessary. Ideally, if a generalized formula describing
the correlation between pressure drop and filter shape exists, engineers can significantly re-
duce the time and cost for filter design optimization.

Many existing studies are investigating the relationship between pressure loss and filter ge-
ometry. However, no previous study has developed a generalized pressure drop formula for
filters of arbitrary characteristics like filter shapes and permeability under arbitrary flowrate con-
ditions. For example, some filter researchers conducted their researches without changing
some of the filter characters such as filter media thickness, flowrate conditions, and so on [2, 7,
11-13]. Others carried out their studies by using only simple filter shapes, such as rectangular
or triangular shapes [6, 7, 10, 12-15], thus, limiting the application of their results to various filter
geometries.

Chen et al. [7] calculated the impact of filter shape on pressure drop using CFD but they con-
sidered only rectangular shaped filters and disregarded changes in filter media thickness.
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Table 1. Previous studies about the relationship between pressure drop and the pleated filter shape. Further details of the filter parameters, namely, h, W, R,
t, U, and VR are explained in Sec. 2.1.

Authors Varying Fixed Inapplicable Main topic F|Iter. Method AR
parameters parameters | parameters geometries equation
Chen et al. h W VR U ¢ R (re) Analysis of pressure drop using CFD results 185 CFD Al
71 e graphs
Tronville and . Evaluation of CFD models for pre@ctmg prgssure 1 (used for | Analytical method,
W, U h,t, VR R (tri) drop. Development of a regression equation of ) . A
Sala [11] regression) | CFD, experiment
pressure drop.
Rebai et al. .. | Development of a finite-difference model instead | 9 (used for | Analytical method,
[10] hW.t U,V R (rec, t) of commercial CFD code validation) | CFD, experiment X
Rebaietal. | h,W,t,U,V, ) R (rec, tr) Development of a finite-difference model consid- | 12 (used for | Analytical method, X
[14] [dust cake] ’ ering dust cake effect validation) experiment
. W, U, VR, . .
Fotovati et al. [pseudo-time] ht R (rec, tr) Development of a CFD model to describe pres- 84 Analytical method, X
[12] Fpa ricle size]’ ’ ' sure drop and dust cake on the filter surface CFD
. h, W, U, Development of a microscale CFD model to pre- .
Fotovat et al. [time], t, VR R (tri) dict pressure drop and collection efficiency over 35 Analytical method, X
[13] [particle size] time CFD
. Evaluation of CFD models for the prediction of .
Feng et al. [6] Not parametric study velocity field and pressure drop 3 CFD, experiment X
Théron et al. h W, U Rt VR ) Simultaneous study of QFD and experiments for 3 CFD, experiment X
[2] pressure drop and velocity profile
Lietal. [9] h, W,. t, UV, .R, . ) Analysis gf effect of pleat ratio on pressure drop 6 Experiment X
[time] [particle size] and cleaning capacity
This study h,W,R,t, U, ) ) Develppment of the .ge.neral|zed pr.essure drop 1024 CFD, statistical 0
VR equations and the optimization equation method

" Chen et al. [7] defined the ratio of APyyoa t0 APpeqia as a function of h, W, t, and VR.

Tronville and Sala [11] developed an analytical pressure drop
formula with regression analysis. However, they fixed some
filter media characteristics, i.e., the media thickness, medium
mass per unit area, the density of the solid material, and so on.
If any of these parameters change, the equation needs to be
recreated using regression once again. Rebai et al. [10] cre-
ated a semi-analytical model to replace CFD, albeit, they de-
rived the formula using simple filter geometries such as rectan-
gular and triangular. Furthermore, their model must be solved
through a finite difference method using a system of equations,
not a direct pressure drop equation.

Other than the aforementioned researches, there has been
no report of a pressure loss formula study that considers all
filter characteristics and flowrate conditions. Researchers
have focused on other topics such as analyzing dust behav-
ior accumulating in the filters [12, 13], finding suitable CFD
models for filter analysis [6], combining the approaches of
experiment and CFD [2], or investigating the deformation of
the filter media due to the folding of the filter [8, 16]. These
previous studies are summarized in Table 1. Filter parame-
ters listed in the table such as h for height, W for pitch, R for
folding radius, t for media thickness, U for upstream velocity,
and VR for media resistance will be explained in detail in Sec.
2.1. The varying parameters column indicates parameters

that had changed more than once in the corresponding stud-
ies; thus, it is possible to identify the trends of the pressure
loss due to the variations of these parameters. Inapplicable
parameters are parameters that could not be covered in the
corresponding studies due to simplified filter shapes such as
rectangular (rec) or triangular (tri) shapes. The filter geome-
tries column indicates the number of filter shapes used for
CFD or experiment. The changes of dust particle size (in the
case of Fotovati et al. [12, 13]) and VR were also included in
the number.

The folding radius R has been often excluded or regarded as
a constant value in the previous studies listed in Table 1. For
large-height filters used in building ventilation systems, it
makes sense to consider only simple shapes because the ratio
of the folded portion to the total filter geometry is small. How-
ever, in the case of low-height filters used in PAPR or CBRN
masks, the folding curvature should be considered as a design
parameter. Indeed, Secs. 4.1 and 4.2 will describe the pres-
sure drop variation that cannot be explained by simple filter
shapes without folding curvatures.

The primary purpose of this paper is to develop a general-
ized pressure drop formula for arbitrary filter shapes under
arbitrary flowrates according to low-height pleated filter design
parameters and their ranges.
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h (height)

U (upstream velocity)

Fig. 1. The parameters of pleated filter geometry and conditions.

2. Theory
2.1 Parameters of pleated filter geometry

The parameters of the filter shape are shown in Fig. 1, where
h, W, and t are the height, pitch, and thickness, respectively.
The R is the folding radius, and the 8 is defined as the pleat
angle. In this paper, the clockwise rotation of 8 is considered to
be a positive rotation. Two additional parameters, L and B,
were defined for a better pressure drop analysis where L is the
length of the filter centerline within half-pitch and the B is the
breadth of the narrow passage made by a folding radius. The
R, L and B are dependent parameters, which are determined
by h, W, t, and 6 as shown in Egs. (1)-(3):

2t—h sin0+lcost9—t
(21-n)sing+".

k= 2(1-sin6) 0

5= (R+1) (2)

L=2(R+§J[§—9]+H{HR_(?RJSinH} )

cosé

where the unit of 0 is [rad]. The filter geometry is determined by
various combinations between four parameters among h, W, R,
t,6,L,andB:

Filter shape = function,(h,W ,t,R)
= function,(h,W ,t,0)
= function,(t,R,B,L)

Also in Fig. 1, U denotes the upstream velocity, and VR de-
notes the filter resistance, which is the reciprocal of the filter
media permeability. Note that U differs from face velocity which
is defined as the velocity of fluid passing through the filter me-
dia. The pressure drop of the filter depends on the filter shape,
upstream velocity, and the filter media:

FEER R ( i{{{&{ng rade) == VR

w e o
S (half pitchy =

~ permeability

AP = function(Filter shape,U,VR)
= function(h,W ,t,R,U,VR) 5)

Here, AP represents the overall pressure drop across the fil-
ter.

2.2 Factors causing the pressure drop

There are two main reasons for causing the pressure drop in
the pleated filters [10, 12, 13, 17]. The first reason is the filter
media resistance, which is proportional to the face velocity and
inversely proportional to the filter material’s permeability. In this
work, AP 4 is defined as the pressure drop resulting from the
media resistance.

The AP4a Can be calculated using the Darcy equations [1,
6, 9, 10, 15, 18] or the Forchheimer equation [2] depending on
the fiber Reynolds number defined by Rege = p-drViace/OH,
where d; and ¢ are the fiber diameter and the medium porosity
respectively. If Rege < 1, Darcy equation can be used safely
[10]. The maximum face velocity in this paper is 0.085 m/s
(when U = Upa = 0.25 m/s, h = hy =3 mm, W =W, =2 mm,
t = tnax = 0.38 mm, and R = Ry, = 0.04 mm. Further details of
the parameters’ ranges are explained in Sec. 3.2). This maxi-
mum face velocity leads to the maximum Reg,e: = 0.097 when
d; and ¢ are 15 ym and 90 % respectively. Here, the d is cho-
sen as the maximum value of the fiber diameters among the 15
different filter materials [1, 9, 12, 13, 19, 20] for the rigorous
calculation. For the same reason, the ¢ is selected as the
smallest porosity among seven different filters [12, 13]. Be-
cause the maximum Reg,, is small enough, this paper used the
Darcy equation and the flow in the filter media is assumed as
laminar [2, 6, 10].

Through-plane permeability can be calculated by the Darcy
equations [1, 6, 9, 10, 15, 18]:

1120%
Permeability = e

6)

media

where p and Vi, are the fluid dynamic viscosity and face ve-
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locity, respectively. Depending on the filter material, in-plane
permeability can be different from through-plane permeability
[12, 13]. For simplicity, this study assumed permeability as
isotropic, using Eq. (6). The second reason that causes pres-
sure drop is the drag caused by filter geometry. The drag act-
ing on the fluid increases as the velocity gradient increases
when fluid passes through the narrow passage between the
pleated surfaces. We have defined APy, @s the pressure drop
caused by the drag, hence, the overall pressure loss AP is the
sum of the AP gz and APyroat.

There are factors other than the two effects. For example,
there are four additional factors, such as the roughness of the
filter surface, the humidity [19, 20], the resistance caused by
the dust on the filter [1, 9, 12, 13, 17, 20-22], and deformation
of the filter media due to pleat crowding and medium compres-
sion [8, 10, 14, 16].

This study did not take into account the latter four factors be-
cause there is still no clear formula how they change with the
filter shape. Furthermore, considering these factors is compli-
cated. Therefore, it is reasonable to first formulate a pressure
drop equation that only accounts for the two former factors, the
media resistance and the shape of the filter, and then eventu-
ally consider the effects of the aforementioned four factors in
future research.

3. Research method
3.1 Overall methodology

As shown in Eq. (4), filter geometry is determined by a com-
bination of four filter parameters chosen from h, W, R, t, 6, L,
and B. Among the list, h, W, R, and t were selected to make
the generalized pressure drop formula, Eq. (5). Thus, AP =
function (h, W, t, R, U, VR) is generated by regression analysis
for the considered parameters. A large number of data are
needed to develop the function. That is, AP information is re-
quired for all possible combinations between h, W, t, R, U, and
VR. This study uses the Latin-hypercube sampling (LHS)
method proposed by McKay et al. [23] to generate the combi-
nations. LHS method is a widely used technique for which ac-
curate results can be obtained by sampling a distribution that is
more evenly distributed than other methods such as random
sampling or stratified sampling [23]. This approach divides
each parameter into equal intervals and then combines each
parameter statistically. The pressure drop equation can be
accurately obtained through the LHS method despite a rela-
tively small extracted data.

The specific methods of this study are as follows: The first
step is to extract the 1024 filter models by using the LHS
method. The next step is the CFD calculation of the models.
The third step is to formulate the pressure drop equations
through regression analysis. The fourth step is to make an
optimization algorithm to find the optimum filter shape to mini-
mize pressure loss using one of the pressure drop equations.
The final step is to formulate the optimization equation that can

derive optimum filter shapes immediately.

3.2 Ranges of the parameters

This study determined the ranges of the parameters based
on the design of the filter in the CBRN gas mask canister.
There are two reasons why the CBRN canister was selected.

First, the assumption of neglecting the dust effect is quite
reasonable. CBRN canister consists of two porous structures,
a filter layer and an activated carbon layer [4]. The service life
of the canister is just a few hours in the contaminated area
since CBRN weapons breakthrough the activated carbon layer.
As a result, there is not enough time for the dust to stick to the
filter surface. The specific time scale of the dust caking and
breakthrough of the CRBN canister is explained in Appendix
Al

Secondly, the filter shape of the canister must be optimized
for reducing not only respiration resistance but also the filter
height, that is, the smaller filter height h, the better freedom of
movement the user has.

In this study, the pitch W and the height h are in the range of
1.08-2 mm and 3-6 mm, respectively. The range of the VR
value is between 1.0x10" to 1.4x10™ m? and the thickness t is
from 0.3 to 0.38 mm, as referred to the low-permeability filter
materials in other studies [6, 11, 24]. The range of upstream
velocity U was chosen from 0.01 m/s to 0.25 m/s, considering
the mean inspiratory flow at moderate workloads [25] and the
diameter of the gas mask canister [4]. The ranges of R and 6
depend on other parameters, as shown in Fig. 1. The actual
maximum and minimum values of the 8 occur when R =0 mm,
and when B = 0 mm, respectively. However, for the conver-
gence of CFD calculation, 6,,., was set at R = 0.04 mm, and
Omin was chosen at B = 0.07 mm. The ranges of the parameters
needed to develop the pressure drop equations were summa-
rized in Table 2.

3.3 Latin-hypercube sampling

This paper extracted the 1024 filter models through LHS
method for the considered range shown in Table 2. The spe-
cific method and the data point plots are shown in Appendix
A.2. The filter geometries are formed by specifying the parame-
ters h, W, t, and R. The U and VR are used as CFD calculation
conditions.

3.4 Numerical method

3.4.1 Simulation domain and boundary condition
The calculation domain is shown in Fig. 2(a). The calculation
area is two-dimensional and only the half-pitch is considered
using symmetry conditions to reduce unnecessary calculations.
Near the inlet and outlet, the mesh is the structured rectangular
mesh while the rest of the domain has the unstructured triangu-
lar mesh. The inlet velocity and pressure-outlet conditions are
specified as U and atmospheric pressure, respectively. The
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Table 2. Ranges of parameters for Latin-hypercube sampling to develop
the pressure drop equations.

Parameters Min Max Unit

h Height 3 6 [mm]
w Pitch 1.08 2 [mm]
t Thickness 0.30 0.38 [mm]
u Upstream velocity 0.01 0.25 [m/s]
VR | Inverse of permeability 1.0x10" 1.4x10" m?3
0 Pleat angle B B [rad]

8 mm({ 14 mm U

3 (mm) < h < 6 (mm) |

symmetry
Pressure outlet
(atmospheric pressure)

Velocity inlet (U')

(@)
: location of fine meshes

AW C:\-\\\ ‘\k///’%\

o= Brmin When B = 0.07 mm (when R = Ryax = W/2 - 0.07 - )
16 = Bynax When R = Ry = 0.04 mm

permeability of the filter is calculated as the reciprocal of VR.
The working fluid is air with a dynamic viscosity of p =
1.7894x10° kg-m™ -s”, and density of p = 1.225 kg - m™.

The flow in the filter media is assumed as laminar [2, 6, 10].
The porous media model is used to calculate the pressure drop
in the filter media according to Darcy’s equation, Eq. (6). Note
that in Sec. 2.2, this paper decided to use the Darcy equation
instead of the Forchheimer equation.

The locations where the large gradients of pressure and ve-
locity occur are different depending on the filter geometries.
Therefore, the location of the fine mesh should vary with filter
shape. To create mesh economically, this paper classified filter
geometries into three groups: (1) thin group, (2) small radius
group, and (3) large radius group, as shown in Fig. 2(b). The
fine meshes were generated on the ash-colored locations for
each group.

3.4.2 Calculation

The steady-state Navier-Stokes equation was used as the
governing equation for CFD calculation. The equation was
solved by Fluent 19.5 (Ansys, Canonsburg, PA, USA) com-
mercial code based on the finite volume method. To enhance
the accuracy of the calculation, this study used green-Gauss
node-based, PRESTO, and warped-face gradient correction
schemes. For all 1024 models, the calculation residual is less
than 2x10°. The residual convergence criteria include continu-
ity, velocity, turbulent kinetic energy, dissipation rate of turbu-
lent kinetic energy, stress, and the pressure drop. The pres-
sure drop was estimated as the static pressure difference be-
tween the inlet and the outlet.

3.4.3 Turbulent model

The flow regime in the computational domain except for the
filter interior can be turbulent [6], thus a proper turbulent model
must be used, not a simple laminar model. If AP,eg, is domi-
nant and APy, is negligible in AP (for high VR and large W),
almost any turbulent models can accurately predict the pres-
sure loss. Indeed, Feng et al. [6] showed that all five different
turbulent models correctly predicted pressure loss of sparsely-
pleated filters (h = 50 mm, W = 50 mm, VR = 1.20x10"" m™).
However, when APy, is important (for low VR or small W),

(1) Thin shape (2) Small radius shape (3) Large radius shape

(b)

[ Current study Rebaietal.  [JFengetal

1100 F ‘ ? 2 —

w .
— —625mm i &
2 L T ¥

’
L8

e——— h=51 mm ————=}

Pressure drop [Pa]

DES Reake St-ke Stke LRN

Exp. RSM  LES
(SGS)  (SA) (LS)

)

Fig. 2. CFD method: (a) the calculation domain; (b) the locations of fine
meshes in the three types of filter geometry: Thin shape, small radius
shape, and large radius shape; (c) accuracy of CFD models compared to
experimental [10] and numerical [6] data.

some CFD models cannot predict pressure drop exactly. For
example, Tronville and Sala [11] showed that the standard k-¢
model failed to predict pressure loss and that renormalization-
group (RNG) k-¢ model was less accurate than the Reynolds
stress model on a densely-pleated filter (h = 25 mm, W =
3.2mm, VR = 1.33x10"" m?).

Therefore, a suitable CFD model should be selected for the
accurate calculation and the accuracy of CFD models should
be verified using experimental data for large enough APyoq.
Feng et al. [6] analyzed the accuracy of turbulent models in
comparison with the suitable data from Rebai et al. [10]. They
checked that the ratio of APy,.t to AP was 66 % under the data
conditions (U = 2.4 m/s, h =51 mm, W =125 mm, t = 1.45 mm,
VR = 2.8x10° m™, rectangular-shaped filter), thus the experi-
mental data is suitable for the validation. Accordingly, this study
tested additional turbulent models. Due to the high upstream
velocity, the calculations were hard to be converged. Thus,
dense inflation layers of mesh near the media surface were
generated, resulting to 2603271 total mesh count for the ge-
ometry.

The results are shown in Fig. 2(c). In the figure, the names of
CFD models are abbreviated: RSM for Reynolds stress model,
LES (SGS) for large eddy simulation model (Smagorinsky-Lilly
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model), DES (SA) for detached eddy simulation model
(Spalart-Allmaras), Rea-ke for Realizable k-¢ model, St-ke for
standard k-¢ model, and LRN (LS) for low Reynolds number k-
€ model.

Fig. 2(c) shows that RSM, LES and DES models have high
accuracy. The result can be explained by the filter geometry
and eddy direction. For filter CFD, anisotropic eddy must be
analyzed because the eddy intensity depends on the XYZ di-
rection due to the pleated filter geometry. These three models
consider anisotropic eddies. The RSM calculates the eddy-
viscosity differently depending on the XYZ directions. The LES
model calculates large eddies directly without using simple
isotropic modeling. The DES model uses similar method as the
LES model in the turbulent domain. On the other hand, the k-&
and LRN models are solved with an isotropic eddy-viscosity
hypothesis, thus, have poor accuracy for filter CFD. This study
therefore selected RSM as the turbulent model because of its
high accuracy.

Note that for the St-ke model, the result of the current study
is quite different from that of Feng et al. [6]. It can therefore be
concluded that even with the same turbulence model, the
simulation accuracy will depend on other factors such as mesh
design, the specific calculation methods described in Sec.
3.4.2, and so on.

3.5 Grid independence

It is impossible to conduct all grid independence tests for
1024 models. Note that in Sec. 3.4.1, the filter models are clas-
sified into three groups and each group has different mesh
distribution. This paper made one or two test conditions that
made it most challenging to converge the CFD calculations for
each group. For example, U, VR, and t in the test conditions
were designated as the maximum values which are Uy,
VRax, and tya Of Table 2, respectively, to make the maximum
gradients of pressure and velocity. For the test condition of the
large radius group, the folding radius R was assigned as R
to make high-velocity gradient by making B minimal. If a CFD
calculation in the mesh model is converged under the extreme
conditions (test conditions), then the calculation in the mesh
model will be easily converged under the not extreme condi-
tions (1024 models’ conditions).

This study checked the variation of pressure drop by increas-
ing the mesh number for each test condition. If the pressure
drop changed below 0.4 % even if the number of grids in-
creased by more than 20 %, the corresponding mesh model
was chosen. The average mesh number of thin shape group,
small radius group, and large radius groups are 282000,
170000, and 228000, respectively. The mean mesh size of the
1024 models is 218000.

3.6 Development of the pressure drop equa-
tion

After 1024 CFD calculations, the regression analysis was

Table 3. Accuracy of the pressure drop equations, Egs. (7) and (8).

| EMm | Ea@®
Training set accuracy

MAE [Pa] 1.409 2.440
RMSE [Pa] 2418 3.802
MAPE [%)] 1.534 2.965

[ 0.9993 0.9982
Test set accuracy (8-fold cross-validation)

MAE [Pa] 1.495 2.502
RMSE [Pa] 2.701 3.918
MAPE [%] 1.627 3.044

[ 0.9991 0.9981

used to derive the pressure drop equations with a total of 1024
CFD data. This paper used stepwise regression method mini-
mizing Akaike information criterion (AIC) to avoid the overfitting
problem. The smaller the AIC, the better the prediction accu-
racy of the regression equation. This paper developed two
alternative pressure drop equations using different numbers of
the parameters because both equations have pros and cons:

AP = function(h,W ,t,R,0,B,L,U,VR)

=exp[C0+Zg:C,-X,+Zn:iCij-X,-Xj] (7)
i=1

Jj=1 =l

AP = function(h,W ,t,R,U,VR)

=exp[C0+iC,-X,+iiCij-X,-Xj] ®)
i=1

Jj=1 =l

Note that each right-hand side of the equations is taken natu-
ral exponential function (exp). The mean factor levels X, and
coefficient Cy are shown in Table A.1. The parameters, except
for 8, were taken natural logarithm (In) and were used as X, to
enhance accuracy. The units of h, W, t, R, L, and B are [mm].
The units of 8, U, VR, and AP are [rad], [m/s], [n?] and [Pa]
respectively. The factors in the table are arranged in order of
importance. ANOVA test was performed to sort the factors of
the equations from the largest F-value. However, because
there are interaction effects, the importance of the variables VR,
U, h, W, t, and R were dispersed. The order of importance for
each parameter was described in detail in Sec. 4.1.

The regression equations should be validated not only on
training data but also on test data. Training data are the data
used in the regression process, while test data are the ones
not used in the development of the regression model since
they are assigned for the purpose of evaluating the prediction
accuracy of the regression model. This study chose 8-fold
cross-validation method to check the prediction accuracy. Ta-
ble 3 shows the accuracy of the equations where the abbrevi-
ated criteria are: mean absolute error (MAE), root mean square
error (RMSE), mean absolute percentage error (MAPE) and
coefficient of determination ().

Considering the average pressure drop of 1024 filter models
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* Using Optimization method
(Golden-section search)

( True within W range i
i=1 i=i+1| False

| 3)  Choose the pitch, Wi, within the W range I

Set 0 range using the
method mentioned in
Section 3.2 (Table 2)

4)

APi,j is minimum
within 6 range

(Outer loop)
Finding optimized
pitch, Wopiim

* Using Optimization method
(Differential evolution)

(Inner loop)

A 4

5)| Choose the folding angle, 0j, within the 6 range I

Finding optimized
folding radius, Roptim,

Output

‘ when W=Wi

Wumun =Wi
Ooptim = 0} ﬁ)|

Calculate Rj from Eq. (1) |

Roptim = Ri

y 8

)
7)|(-. lculate L and B fi Ea. (2) and (3 Calculate pressure drop, APi,j using
met s U ) Eq.(7) when W =Wiand 0 = 0j

= |

Fig. 3. Flowchart for filter shape optimization.

is 107.18 Pa, the MAE and RMSE of the two equations are
good enough to replace CFD calculations. Therefore, the de-
rived equations can instantaneously calculate pressure loss
with an arbitrary condition without additional CFD simulations.
Note that the two equations are applicable only within the pa-
rameters’ ranges shown in Table 2.

Egs. (7) and (8) have both an advantage and a disadvan-
tage. In terms of MAE, RMSE, MAPE and r* shown in Table 3,
Eq. (7) yielded better results than Eq. (8). These data show
that 6, B and L enhanced the prediction accuracy of the pres-
sure drop equation, and therefore indicate that Eq. (7) has
better precision than Eq. (8). However, the three additional
parameters of Eq. (7) must be calculated using Egs. (1)-(3) and
6 must be obtained by using iterative numerical methods be-
cause Eq. (1) has a complex form. On the other hand, Eq. (8)
is simpler and straightforward but is relatively inaccurate when
compared with Eq. (7). Therefore, the selection of which equa-
tion is best depends on whether high accuracy is required or if
speed precedes veracity. Eq. (7) is ideal for the former while
Eq. (8) could be used for quick calculation scenarios.

3.7 Optimization of the filter shape

One of the important reasons for creating a pressure drop
equation is to find out the optimal filter geometry that minimizes
pressure loss. VR and t are determined by filter material while
U depends on the conditions of filter use. If the filter height h is

fixed for spatial reasons, it is only necessary to find optimum W
and R to minimize pressure loss.

3.7.1 Optimization algorithm

In this study, the optimal filter geometry was determined by
applying an optimization algorithm to Eq. (7) due to its high
prediction accuracy. The flowchart of the algorithm to obtain
the optimal pitch, W, and the optimal folding radius, Rypim, iS
shown in Fig. 3. The two loops are used because the range of
R varies with W as mentioned in Sec. 3.2. The outer loop and
inner loops indicate the steps to find the Weyim and the Ryyim,
respectively. The methods are as follows: Once the user enters
the information about filter media and conditions (Step 1), the
range of W is calculated using Table 2 (Step 2). If W changes
in the outer loop (Step 3), the corresponding range of 8 is de-
termined using the method mentioned in Sec. 3.2 (Step 4).
Within the 6 range, the inner loop finds the 8 and R of which
the pressure loss is minimal (Steps 5-8). The outer loop finds
Wopim Within the W range, using the pressure drop information
from the inner loop. The gold section search [26] and differen-
tial evolution methods [27] are used as optimization techniques
in the outer loop and inner loop respectively.

3.7.2 Development of the optimization equation

For the ease of finding optimum filter design using the opti-
mization process in Fig. 3, this study suggests a set of optimi-
zation equations that calculates Weyim and Rypim immediately
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Table 4. Accuracy of the optimization equation, Eq. (9).

| Wopim €Quation | Ropim €quation
Training set accuracy
MAE [Pa] 544x10* 8.09x10°
RMSE [Pa] 8.08x10* 1.14x10*
MAPE [%] 456107 1.10x 10"
H 0.999913 0.999921
Test set accuracy (8-fold cross-validation)
MAE [Pa] 592x10* 9.25x10°
RMSE [Pa] 8.69x10* 1.29x10*
MAPE [%] 4.96x 107 1.27x10"
H 0.999899 0.999898

when h, VR, U, and t are determined:
W pim = function(h,t,U,VR)

n I m
=C+Y.C- X+ >C XX,
i=1 J=1 0=l (9)
R, = function(h,t,U,VR)

m

:C0+Zn:q X, +ich./ XX,
i=1

Jj=1 =1

where Cy is coefficient and Xy is the factor levels for h, t, In(VR),
In(U), h?, £, (In(VR))?, and (In(U))*. The units of Wogim, Ropiim, h,
and t are [mm]. The units of U and VR are [m/s] and [m?], re-
spectively. Note that there is no exponential function on the
right-hand side of the equation, unlike Egs. (7) and (8). This
study first extracted 12288 combinations of h, t, U, and VR
statistically. This paper then found in total, 12288 sets of Wopn
and Rqpim using the algorithm shown in Fig. 3. Only 7558 out of
the 12288 data were used for the regression analysis because
the remaining 4730 data were inaccurate since their WogmS
were smaller than the extreme value (1.08 mm) shown in Table
2. This study used the stepwise regression method minimizing
AIC and the result is shown in Table A.2. Like Table A.1, the
factors in the Table A.2 are arranged in order of importance
through ANOVA test.

The accuracy of Eq. (9) was evaluated using the 7558 data.
Table 4 shows the mean absolute percentage error (MAPE) for
Wopim €quation on test data is only at 0.0496 % and the R
equation score is at 0.127 %. Thus, the prediction accuracy of
Eq. (9) is very high, which means that the set of equations is
accurate enough to replace the optimization algorithm of Fig. 3.
Note that the equation set is accurate only within the ranges of
parameters in Table 2. For example, if the output of Wgim
equation is smaller than 1.08 mm or greater than 2 mm, the
results are unreliable.

4. Results and discussion
4.1 Impact of parameters on pressure drop

This paper evaluated the importance of h, W, R, t, U, and VR

U 2056.6 %
VR 1798.1 %
g
g
Eon 607.1 %
g
B W
[;-1
T
R
0 500 1000 1500 2000 2500

Increase in MAE compared to Eq. (9) [%]

Fig. 4. Order of importance of each parameter relevant to the pressure drop
estimation.

for pressure drop using Eq. (8). T-test and analysis of variance
(ANOVA,) are widely used statistical methods for assessing the
importance of parameters in a regression model. However, the
methods are not appropriate for models that have interaction
effects like Eq. (8) because the importance of the parameters
can be dispersed. For example, it is hard to evaluate the impor-
tance of U in Eq. (8) because the effect of U is separated by
three factors which are In(U), In(VR) - In(U), and In(U) - In(W)
as shown in Table A.1. Therefore, this study used a new un-
conventional method. This method was based on a simple
assumption: if a regression model is developed without an
important parameter, the accuracy of the model will be signifi-
cantly reduced.

The specific procedures are as follows: First, a target pa-
rameter to be checked for importance was selected from h, W,
t, R, VR, and U. Second, a new pressure drop equation was
developed using the remaining five parameters, except the
target, using the method applied in developing Eq. (8) dis-
cussed in Sec. 3.6. For instance, if VR is the target, a new
pressure drop equation is made with the combinations be-
tween In(h), In(W), In(t), In(R), and In(U). Third, the increase in
mean absolute error (MAE) of the new equation in comparison
with Eq. (8) is calculated:

Increase in MAE
MAE|  —MAE]|
- MAE]|

(10)

Eg®) Jx 100[ % |

Eq.(8)

where MAE | new is the MAE of the new equation made without
the target parameter while MAE| £q. 8 1S the MAE of Eq. (8). A
significant increase in MAE means that the absence of the
target parameter is fatal to the accuracy of the equation, there-
fore, the parameter is important. These procedures were re-
peated six times by changing the target. The result is shown in
Fig. 4 where the order of importance in descending order is U >
VR » h >W >t > R. Therefore when filter media (VR and t)
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: The domain out of the model’s calculation range where Wopj, < 1.08 mm.

I { i § t kBl 0112, —

optim
....... _'

89

10"
U [ms] U [nvs)
(a) Optimized pitch, Wopim [mm] (b) Optimized folding radius, Repim [Mm]

Fig. 5. Contour plots (a) of the optimum pitch Weim; (b) of the optimum folding radius Roim as a function of U and VR when tis 0.38 mm.
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and operation condition (U) are given, the filter engineer should
design in the order of h, W, and R. Although the effect of R is
relatively small, the R should be used as a design parameter
because it can improve the accuracy by 25.3 %. Note that the
importance of parameters depends on their ranges in Table 2.
For example, if the range of t is 0.3-3.8 mm rather than 0.3-
0.38 mm, the importance of t will increase.

4.2 Contour plot of the optimum points

Figs. 5(a) and (b) show the optimum filter shapes, Wyim and
Roptim: @s a function of U and VR when t = 0.38 mm. The hori-
zontal and vertical dashed lines are about VR and U respec-
tively while the solid lines represent levels of Wepim and Ropgm.
Thus, the filter shape should be designed with the contour
values to minimize the pressure drop. For example, when t, h,
VR, and U are 0.38 mm, 5 mm, 3x10"" m™ and 0.02 m/s, re-
spectively, the corresponding Wigim is 1.28 mm and Ry is
0.081 mm (W) and R, ). Each of the eight (8) contour
graphs was made with 675 optimum points, calculated through
the algorithm shown in Fig. 3. The ash-colored zone indicates
inaccurate contour domain because Wogim < 1.08 mm and is
out of the valid calculation range shown in Table 2.

As mentioned in Sec. 2.2, the optimum filter shape is deter-
mined by the trade-off between the AP, g, and APyoq [7, 10].
When W decreases, V;.. decreases because the total area of
the filter increases, thus AP4, decreases from Eq. (6). On the
other hand, if W increases, the pleat spacing increases, thus
APyost decreases. Therefore, if we need to minimize AP egia,
then W should be small. On the other hand, to minimize APy oat,
W should be large.

Fig. 5(a) shows useful information for optimizing the pitch.
First, as U increases, Woym also increases (from Wlf;fim to
Wff ) to reduce APy,oq. This result is consistent with those of
other researchers [10, 11]. This shows that APy, increases
faster than AP,.q» When U increases. Second, as VR increases,
Wopim decreases (from W) to W', ) to reduce AP g, as
expected from Darcy’s estimation, Eq. (6). Third, when the
remaining conditions are fixed, Wogm increases as h increases
(from W', to W ). This is the same result as Chen et al.
[7]. The reason for the increase in Wogn is to reduce the APy,
which has increased sharply due to the increase in h.

With the above information, filter designers will be able to
design the filter geometry with ease. For example, suppose
you are designing filters in gas masks. For children with lower
breathing volume, the pitch, W, will need to be designed
smaller than adult products considering the lower air flowrate,
hence lower U. In the case of gas masks made with high VR
filter for high dust collection efficiency, the W will need to be
designed small. However, for electrostatic cotton filters, W can
be designed large since its VR is low.

It is difficult to intuitively understand the principle of Rgym
change through Fig. 5(b). Therefore, further CFD simulations
were conducted to investigate the effect of R. Figs. 6(a)-(c)
show the folding radius effect by changing R from 0.05 to
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Fig. 6. The analysis of the effect of folding radius through additional CFD
calculations: (a) pressure measurement areas for the calculation of pres-
sure drops; (b) the overall pressure drop AP; (c) the trade-off between
APredga and APyt @s a function of folding radius (note that 0.45 mm is not
Ropim because it is calculated with fixed W. Ropm should be calculated
through the algorithm in Fig. 3 which finds both Wipim and Ropim Simultane-
ously).

0.55 mm when the remaining parameters W, h, VR, U, and t
were fixed at 2 mm, 6 mm, 102 m?, 0.122 m/s, and 0.38 mm
respectively. The three kinds of pressure drop were calculated
through area-weighted average method with the four (4) pres-
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Fig. 7. The application of Egs. (7) and (8) to a commercial filter when h =
3.2 - 6 mm with U fixed at 0.13 m/s: (a) the validation of Egs. (7) and (8) by
comparing pressure drop of optimum filter shapes results the with CFD
result; (b) the validation of Eq. (9) through comparison with the CFD results
for different pitch sizes.

sure measurement areas (inlet, outlet, and two filter media
surfaces) shown in Fig. 6(a), i.e., AP = Pyt — Poutet and AP egia
=Py — Pp and APyt = AP - AP egia- Fig. 6(b) shows the overall
pressure drop AP. The minimum pressure drop occurs when R
is 0.45 mm. Note that 0.45 mm is not Rm because it is calcu-
lated with fixed W. Rypim should be calculated through the algo-
rithm in Fig. 3 which finds both Wi @nd Rygim simultaneously.
Fig. 6(c) shows the trade-off between AP 4 and APyt rela-
tive to R. Pressure drop at media (APyga) has a downward
trend due to the increase in filtration area while pressure drop
at throat (APy,.4t) increases due to smaller pleat spacing. This
shows that Rogim, like Wepm, is determined by the trade-off
between AP eqia @and APyoat.

4.3 Applying to the real filter design problem

The derived Egs. (7)-(9) were applied to the actual filter de-
sign problem using a commercial filter of which VR and t are
8.05x10"" m? and 0.38 mm, respectively. With the U fixed at
0.13 m/s, Eq. (9) was used to obtain the optimum shape for h
between 3.2 and 6 mm. The optimal shape for h = 3 mm could
not be obtained because the corresponding Wogim is less than
1.08 mm which is beyond the valid range listed in Table 2.

There are two things to be checked for the validation. First, it
shall be verified whether Egs. (7) and (8) are as accurate as
the CFD simulations. Second, it should be checked whether
the optimum geometry obtained by Eq. (9) really minimizes the
pressure loss.

Figs. 7(a) and (b) show the results. The Fig. 7(a) shows the
pressure drops of optimal filter shapes (W = Wy, and R =
Roptim) at the given filter heights. For example, when h is 6 mm,
the CFD pressure drop of the corresponding optimum shape
(Wopim = 1.2161 mm and Rpim = 0.0626 mm) is 84.3 Pa. The
graph shows the accuracy of Egs. (7) and (8) compared with
CFD simulations. Both equations are accurate enough to re-
place CFD calculation, and Eq. (7) is better than Eq. (8). These
conclusions are the same as those of the 8-fold cross-
validation in Sec. 3.6. Fig. 7(b) compares the pressure loss
calculated with CFD for three shapes: (1) optimal pitch, (2)
increased pitch by 10 %, (3) reduced pitch by -5 %. At the op-
timum pitch obtained by Eq. (9), the pressure loss is minimal;
indicating that the optimum design equation is reliable.

5. Conclusions

This study delivered equations to estimate the pressure drop
across the low-height, up to 6 mm, pleated filter and to identify
the optimum filter design for given conditions. The procedures
to obtain the equations are as follows. First, for accurate CFD
calculations of filters, the suitable turbulent model was carefully
selected using experimental and numerical data from refer-
ences. Second, the two alternative pressure drop equations
were derived using the regression analysis of the CFD results
for arbitrary filter geometries and flowrates. The equations were
determined to be accurate enough to replace CFD calculations.
Third, the optimization algorithm was presented and applied to
minimize filter pressure loss. Fourth, a set of optimum design
equations was obtained through the optimization algorithm and
regression analysis. Finally, all of the equations were applied to
the actual filter design problem and verified using additional
CFD simulation results.

Within the considered filter parameters’ ranges, the order of
importance of the parameters on pressure drop was analyzed:
U>VR » h>W>t>R. Although R is the parameter with the
least impact, it contributes to the change in pressure loss, thus
it should be used as a design parameter for low-height pleated
filters design. Furthermore, the novel contour plots were made
to identify the optimum filter geometries instantaneously. The
plots show how the filter geometry and flowrate affect the opti-
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mal pitch that minimizes pressure drop. The optimum pitch
increases with increasing flowrate and filter height and de-
creases with increasing filter medium resistance. Like the opti-
mum pitch, the optimum folding radius is determined by the
balance between the media resistance and the drag in pleat
spacing.

Note that this study has limitations because it did not account
for the effects of the filter surface roughness, the humidity, the
permeability variation due to compression, and the dust. The
limitations could be disregarded depending on the applications.
For example, the effect of the dust could be neglected for the
filters in CBRN mask canisters and cleanrooms since either the
operation hour of the filter is very short or there is little dust in
the air during the operation.

The results of this study provide useful information for de-
signing pleated fibrous filters. With the derived pressure drop
equations, engineers can predict pressure loss of the pleated
filters without any CFD simulations. Using the optimization
equation, they can optimize filter geometry immediately to
minimize pressure drop. Since the derived equations are very
accurate, this paper recommends using them even in multi-
objective optimization.
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Nomenclature
Abbreviation

AIC  : Akaike information criterion

CBRN : Chemical biological radiological and nuclear
CFD : Computational fluid dynamics

LHS :Latin-hypercube sampling

MAE : Mean absolute error

PAPR : Powered air purifying respirator

RMSE : Root mean square error (= root mean square deviation)
MAPE : Mean absolute percentage error

Symbols

0 : Filter folding angle [rad]

0 : Dimensionless folding angle for LHS [-]

AP : Overall pressure drop across the filter [Pa]

APredia : Pressure drop due to media resistance [Pa]

APuroat : Pressure drop due to the drag in the pleat spacing [Pa]
1l : Air dynamic viscosity [kg-m'1 -5'1]

p : Air density [kg-m'3]

h : Filter height [mm]

L : Length of the filter centerline within half-pitch [mm]

W : Filter pitch (= pleat width) [mm]

Woptim : Optimum pitch minimizing pressure drop [mm]

R : Filter folding radius [mm]

Roptim  : Optimum folding radius minimizing pressure drop [mm]
Reswer : Fiber Reynolds number [-]

: Coefficient of determination [-]
t : Filter media thickness [mm]
U : Upstream velocity (= inlet velocity for CFD simulation)

[m-s"]

Viee  : Filtration velocity (= face velocity) [m-s'1]
VR : Media resistance (= reciprocal of media permeability) [m'z]
B : Breadth of narrow passage made by folding radius [mm]
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Appendix

A.1 Time scale of the dust caking and
breakthrough of the CRBN canister

The service life of a gas mask is determined by the break-
through time, not the pressure drop due to dust cake effect.

The reference time scale of the breakthrough time is shown
by Su et al. [28]. They conducted HCN gas breakthrough test
of a CBRN gas mask canister which conforms with the NIOSH
42 CFR Part 84 standard [29]. The breakthrough time of the
gas mask was only 60.1 min at 30 L/min flowrate.

The reference time scale of the dust caking can be estimated
through a calculation using experimental data from other litera-
tures. This paper checked the time it takes for the pressure
loss to increase by 10 % due to dust compared to a clean filter.
For the calculation, the following values should be known: (1)
Oaust [UG/M?] = the weight of dust per unit filtration area that in-
creases the pressure 10ss by 10 %, (2) Cu [Ug/m’] = the dust
concentration in the battlefield where the CBRN gas mask is
used, (3) Q = the breathing flow rate, and (4) Age [M?] = the
filter surface area.

1) Li et al. [9] measured the pressure loss due to the dust
cake for 12 filters with different pleat shapes and materials.
Using the experimental data, this paper checked the oy, Was
from 1.78x10° pg/m? to 9.13x10° ug/m?

2) Since the concentration of dust on the battlefield is un-
known, the dust concentration of the construction site was
used instead. Araujo et al. [30] measured total suspended par-
ticulates (TSP) at three construction sites over nine days. The
average was 385.89 pg/m® (= Cyuey)-

3) This paper uses 30 L/min as the Q which was previously
used in the breakthrough test by Su et al. [28].

4) The Age is 4.925x10 m® when the radius of the filter
layeris 51.5 mm [4], h=6 mm, p =2 mm, t =0.38 mm, and R
=0.04 mm.

The time it takes for the pressure loss to increase by 10 %
can be calculated as follows:

O-dusr A filter

Cdzm Q

Time =

(A1)

The corresponding time is from 126.0 hr to 647.5 hr. There-
fore, the dust caking time is much longer than the breakthrough
time. Ergo, we can conclude that time is insufficient for the dust
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Fig. A.1. The results of Latin-hypercube sampling.

to stick to the filter surface within the service life of the CBRN
gas mask.

A.2 LHS sampling

Fig. A.1 shows the sampling results of the parameters for the
considered range listed in Table 2. The red circles are the
sampled design points extracted using the LHS method, while
the blue circles represent the calculated design points using
the red ones. As mentioned in Sec. 3.2, the ranges of R and 6
depend on other parameters, thus, it is impossible to extract R

Model Number

and 6 directly. This paper first extracts the folding angle in di-
mensionless @ (red circle) as shown in Eq. (A.2):

= 0,.-0
g=—"Tmx~_ A2
PR (A2)

where 0., and 6,,, can be calculated using the method men-
tioned in Sec. 3.2. It is then converted into a dimensional 6
(blue circle). Finally, the folding radius R (blue circle) is calcu-
lated using Eq. (1).
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A.3 Mean factor levels and coefficients of equations

Table A.1. Mean factor levels and coefficients of the pressure drop equations, Egs. (7) and (8).

Eq. (7) Eq. (8)
Factor (X; or X; - X)) Coefficient (C; or C;j) Factor (X or X; - X)) Coefficient (C; or C;j) Factor (X; or X; - X) Coefficient (C; or Cij)
In(U) 1317 In(R) -1.936 In(U) 1.393
In(VR) 1.361 In(R) - In(B) 1.128 x10” In(VR) 7.377x10"
In(h) -9.003% 10 In(h) - In(R) 3474 In(h) 2.289
In(W) -3.226 8-In(t) 2322 In(W) -9.025
In(t) 5.184 In(U) - In(W) -8.938 %10 In(t) 3.833
IN(VR) - In(W) 2.233x 10" 8 4.704x10 In(VR) - In(W) 3.479x 10"
In(B) -4.300 In(VR) - In(U) -8.915x10° In(VR)- In(R) 4.713x10?
In(L) 9.352x 10 Inh) - In(L) 1.241x 10" In(h) - In(R) 1.218x 10"
In(VR) - In(B) 1.593x 10" In(U) - In(t) 6.858 x 107 In(VR) - In(h) -1.017x 10"
IN(VR) - In(R) 6.268 x 10 IN(VR) - In(t) -1.626x 10" In(h) - In(W) -4.791x 10"
In(VR) - In(L) -3.687 In(U) - In(L) 6.504 % 10" In(W)- In(t) -6.853 %10
8- In(W) -5.149 8-In(U) 2.035x10" In(R) 1.113
8- In(h) -6.458 In(W) - In(L) -3.334x 10" In(U) - In(W) -4.431x 102
In(VR) - In(h) 3511 8- In(L) 7.310 In(W)- In(R) 4357 x 102
Inh) - In(B) 1.722 In(U) - In(h) -6.314x 10" In(VR) - In(U) -1.358 x 102
In(W)- In(B) 3.709x 10" In(R) - In(L) -3.387 In(VR) - In(t) -8.710x 102
6-In(VR) -1.591 (Intercept) -2.961x10=C, (intercept) -1.139x10=C,
In(L) - In(B) -1.925
Table A.2. Mean factor levels and coefficients of the optimization equation, Eq. (9).
Wopim €quation Ropim €quation
Factor Coefficient Factor Coefficient Factor Coefficient Factor Coefficient
(Xior Xi- X)) (Gior Cy) (X or X;- Xj) (Cior Cy) (Xior X - X) (Gior Cyj) (Xior X - X) (Gior Cy)
In(VR) 2.773 £ -2.986 In(VR) 2.512x10" h?- (In(VR))? 5.318x10°
h 4.375 t- (IN(VR))® -3.288x10? h 2.156x10” 9 3.091x10
t -2.009x 10 h?- In(U) 7.973x10* h? 1528 x 102 (In(VR)-In(U) | -9.857x10°
h-In(VR) 2.704x 10" (In(U))? -1.042x10° h-In(VR) -3214x10° In(VR) - In(U) 5.097 x 10°
h? -8.836x10% | (In(VR)-In(U) | -6.107x10* t 2.215x10 £- (In(VR))? 4.710x10?
(In(VR))? 9.994x 102 £-In(U) 2.981x10" t-h -2.546x 10" (In(VR))* 2.710x10*
In(U) -3413x10" £ (In(VR))* 1.163x10° In(U) -6.404 x 10 £-In(VR) 2478
t-In(VR) 1.702 t 1.501 (In(VR))? -1.536x 102 (In(U)y? -1.553x10*
h - In(U) 1.169x 107 £-h 2.952x10" t-In(VR) 1.748 £-h 5527 x 107
t-h 1.317x 10" (In(VR))* 1.218x10° h-In(U) 1.697x10° £-In(U) 2.975x10?
h?- In(VR) 2.395%10° h?- (In(U))? -4.046x10° h® 5.151x10* £.h? -5.199x 107
h- (In(VR))? 4208x10° | (In(VR))®- (In(U)?* |  7.523x10” t-In(U) -2.801x 102 h?- (In(U))* -1.886x 10°
t-In(U) 2.327x10" h - (In(U))? 3.527 x10* t-h? 2.549x 10 t- (IN(VR))? -3.331x 102
h® 1.423x10° (intercept) 2585x10=C, h- In(VR) -2446x10° | (IN(VR)Y’- (In(U)?* | 2.465x10”
In(VR) - In(U) 2.985x 102 h- (In(VR))® -6.850x 10° (intercept) -1.024=C,
£.h? -3515x 102 h?- In(U) -1.357x10*
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