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The gas–solid two-phase flows in the plain wave fabric filter were simulated by computational fluid
dynamics (CFD) technology, and the warps and wefts of the fabric filter were made of filaments with
different dimensions. The numerical solutions were carried out using commercial computational fluid
dynamics (CFD) code Fluent 6.1. The filtration performances of the plain wave fabric filter with different
geometry parameters and operating condition, including the horizontal distance, the vertical distance and
the face velocity were calculated. The effects of geometry parameters and operating condition on filtration
efficiency and pressure drop were studied using response surface methodology (RSM) by means of the
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statistical software (Minitab V14), and two second-order polynomial models were obtained with regard
to the effect of the three factors as stated above. Moreover, the models were modified by dismissing the
insignificant terms. The results show that the horizontal distance, vertical distance and the face velocity
all play an important role in influencing the filtration efficiency and pressure drop of the plane wave
fabric filters. The horizontal distance of 3.8 times the fiber diameter, the vertical distance of 4.0 times
the fiber diameter and Reynolds number of 0.98 are found to be the optimal conditions to achieve the
highest filtration efficiency at the same face velocity, while maintaining an acceptable pressure drop.AC

T

. Introduction

In everyday life, noise and indoor air pollution are the most
eported harmful effects. Beyond annoying people, indoor air pollu-
ion can have severe effects on human health because the amount of
ime people stay indoors occupies 80–90% of their lifetimes [1,2].
he rising awareness of environmental agencies and the general
ublic for a clean environment together with demands of many
dvanced industries have urged the filtration industry to investi-
ate on ways to improve the indoor air quality. The most common
ethod of removing particles from a gas stream is via fibrous fil-

ers which are generally characterized by two basic parameters:
ltration efficiency and pressure drop. While the current numerical
tudies in this area are most based on the media made of dif-
erent materials [3–8]. Among them, Wang et al. [3] studied the
ermeability of multifilament woven fabrics by numerical simu-

ation methods. Sakano et al. [4] described the influence of fiber

ET
R

ize distribution on the filtration performance of the filter for a
ass median aerodynamic diameter of fiber of 1.8 �m. However,

umerical work on woven fabrics for air filtration is scarce. Indeed,
he literature mostly deals with comparisons between the filtration
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efficiencies of different woven fabrics made of polyester/wool for
submicron particles [8,9].

Concerning pressure drop modeling versus velocity, the litera-
ture presents numerous models for clean fibrous nonwoven media
but information is limited for woven fabrics. An overview of avail-
able pressure drop models for woven fabrics was described in detail
by Pavageau et al. [10]. Original approaches for pressure drop mod-
eling of woven fabrics were developed by Brasquet and Le Cloirec
[11], who proposed a neural network approach, and Breard et al.
[12] took into account the double level of pores created by the inter-
yarn and intra-yarn arrangements. In addition, there are many
experimental studies dealing with the filtration efficiencies of air
filters under dust loaded conditions [4,13] while few numerical
simulation studies have been carried out on filtration efficiency of
a woven filter. Moreover, the current studies in this area are most
focus on the effect of the single factor on the filtration performance
of the filter. For this purpose, a physical model of single layer plain
wave fabrics is generated in this study, and the gas flow field of
the plain wave fabric filter with different geometry parameters are
calculated by reliable CFD simulation technology. The geometry

parameters and the operating condition stated above are deter-
mined by means of response surface methodology (RSM), which
enables the examination of parameters with a moderate number of
experiments or CFD [14,15]. Based on RSM, the filtration efficiency
of the plain wave fabrics filter is calculated by CFD approach, and

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:fpingqian@gmail.com
dx.doi.org/10.1016/j.jhazmat.2009.11.065
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Table 1
Theoretical models for dimensionless pressure drop in the literature.

Researcher Model Classification

Happel [17] f (˛) = 16˛
−0.5 ln ˛−0.5(1−˛2/1+˛2)

Cell theory

Kuwabrara [18] f (˛) = 16˛ Cell theory
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Fig. 1. Square weave yarn geometry. L1 is the horizontal distance and L2 is the
vertical distance.

Table 2
Low and high level settings of the factors used in the response surface model.

Factor xi XiL XiH

and operating condition are presented. The coded factor levels cor-
respond to −1, 0, and 1 according to Eq. (3), and the factors are
denoted by xi.

The levels chosen for the Reynolds number are based on the
operating for Vin, � and df. A steady state laminar incompress-

A
N

Ku

Davies [19] f(˛) = 64˛3/2(1 + 56˛3) Experimental correlation

u = −0.5 ln ˛ − 0.75 + ˛ − 0.25˛2 is the Kuwabara’s hydrodynamic coefficient.

he purpose is to determine the relationship between the filtra-
ion performance and geometry parameters, which can be used for
ptimizing the design at a required performance level.

. Theoretical models of the pressure drop of the filter in
he literature

In the literature, the filter’s pressure drop is a function of air
iscosity, �, filter thickness, t, face velocity, Vin, fiber diameter df,
nd dimensionless pressure drop f(˛) [16]:

p = f (˛)
�tVin

d2
f

(1)

Dimensionless pressure drop is only a function of SVF (solid vol-
me fraction), ˛, and has different expressions based on different
heories. Different expressions of dimensionless pressure drop in
he literature are presented in Table 1.

Davies’s experimental correlation was obtained to calculate the
ressure drop of the filter media and is proven to be accurate for a
VF range of 0.6–30%.

. Set-up of the numerical model

.1. Response surface methodology

Provided that the response surface is adequately fit by a second-
rder model, the estimated response Y for input k variables is given
y Hinkelmann and Kempthorne [20]:

= ˇ0 +
k∑

i=1

ˇiXi +
k∑

i=1

ˇiiX
2
i +

∑
i<j

ˇijXiXj + e(X1, X2, . . . , Xk) (2)

here Xi is the level setting of factor i, ˇi, ˇii and ˇij represent
egression coefficients for the linear, quadratic and interaction
erms, and e is the error. There are two sources of error, viz. an
xperimental error, and a lack-of-fit error; the latter incorporates
igher order terms or interactions. It was not possible to estimate
he experimental error due to the deterministic character of the
FD model applied in this study; as a result, the error term only
elates to the model capability.

It is assumed that the performance of a plane wave fabric filter
s affected by three factors, viz. L1/df, L2/df (Fig. 1) and Re (�Vindf/�),
nd the effect of the solid volume fraction (SVF) can be taken into
ccount by the factors stated above.

A way to estimate the parameters of Eq. (2) is to study the
esponse for all (combinations of) factors set at three different lev-
ls. This full factorial design would require 33 = 27 different CFD
alculations. However, the number of degrees of freedom (df) of
he second-order model is only 2k + (1/2)k(k − 1), which is equal
o 9 for a three-factor design. A more suitable design to estimate

RE
TR
he regression coefficients with a limited number of points of the
entral composite design [21] were located on a face centered
ypercube, which is composed of three parts: (1) a full factorial
art of 2k vertices, (2) an axial part of 2k points at the origin of each
actors axis, and (3) a center point. The set-up results in a central
L1/df x1 3.5 4.5
L2/df x2 3.8 4.2
Re x3 0.685 2.054

composite design of three factors demanding only 15 CFD calcula-
tions, which is a considered reduction compared to the three-level
factorial design. A three-factor face central composite design is
illustrated in Fig. 2.

The regression coefficients of Eq. (2) are estimated by means of
a least squares method. Since the variance of the model parame-
ters depends on both the mean square error (MSE) and the factor
magnitude, it is convenient to scale the factor level as follows [14]:

xi = Xi − Xi

1/2(XiH − XiL)
(3)

where XiH and XiL denote the high and low level of the ith factor,
respectively, and Xi is the mean level. In coded units, the high and
low levels become XiH = 1 and XiL = −1, respectively, and the mean
factor level, Xi, is equal to zero. Coded factor levels are used in the
so-called design-model matrix, which represents all points needed
in the central composite design.

3.2. Responses and factors

In Table 2, the high and low levels of the geometry parameters

CT
IO
Fig. 2. A three-factor central composite design.
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After the particle-free flow field has been obtained, the air-
borne particulates, modeled by rigid spheres of uniform density
� = 1000 kg/m3 are then introduced into the solution domain. The
rational for this method is the dilution of the suspension, which
leads to negligible perturbations of the continuum field by theAC
Fig. 3. Simulated geometry indicating the inlet, yarn, and outlet volumes.

ble flow is assumed to prevail inside the woven fabrics when
xposed to an air flow with a velocity of 0.1 m/s [22]. This is because
or the velocity and dimensions considered here, the Reynolds
Re = �Vindf/�) and Ma (Ma = Vin/a) numbers are too small to indi-
ate the presence of turbulence or compressibility effects. Here �
nd � are the air density and viscosity, respectively, while Vin and
are the superficial air velocity and the speed of sound.

In addition, because the restriction of geometry generating in
reprocessing software, Gambit, 3.5–4.5 times the fiber diameter
ere chosen for the horizontal distance and vertical distance in

his study. In this work, the pressure drop and filtration efficiency
f the filter were assigned as the objective function, Yi, and that the
imensionless pressure drop could be determined K = d2

f
/f (˛) and

p = f (˛)(�tVin/d2
f
), i.e., we chose d2

f
/K (d2

f
/K = (�pd2

f
)/(�tVin) =

(˛)) as the objective function instead of pressure drop.

.3. CFD model

.3.1. Meshing and boundary condition
The three-dimensional woven geometry was built within the

reprocessing software, Gambit, where the CFD mesh was gener-
ted. Owing to computational time limitations, most simulations
ere carried out on a geometry comprised of four filaments in the
achine direction and cross-machine direction, as shown in Fig. 3.
brick volume was then created around the screen and the fab-

ics were subtracted from this volume. The brick volume was then
ivided into three separate volumes (Fig. 3): an inlet volume, a yarn
olume, and an outlet volume. The lengths of the inlet and outlet
olumes were, respectively, 15 and 9 times the fabric diameter for
ear of the particles can be assumed to be not in an undisturbed
ow field in an inlet volume and arising circumfluence in an out-

et volume, while the length of the yarn volume was 2.5 times the
iameter.

As can be seen from Fig. 3, we have used symmetry boundary for
he sides of the computational box, even though there is no plane
f symmetry in a fibrous structure. For the air flow on the fiber
urfaces, we assumed a no-slip boundary.

RE
TR
The three volumes were filled with unstructured meshes. An
xample of the final mesh is shown in Fig. 4, the grids near the fiber
as made denser in order to improve the calculation accuracy. The

teration time of every case is about 8–9 h. The CFD simulations are
s Materials 176 (2010) 559–568 561

performed with a Pentium (R) D 2.80 GHz with 1 GB RAM-memory,
and 160 GB hard disc memory. All residences are set below 10−5.
In order to evaluate if the results are converged, it is necessary to
monitor residuals and typical variables (such as the velocity and
the pressure) simultaneously. If only residuals meeting the con-
vergence is not enough, because in which some simulated case will
appear so-called pseudo-convergence [23,24]. When the residuals
and variables monitored in the calculation both remain unchanged,
the results will be true convergence.

3.3.2. Gas–solid two phases flow model
A steady-state laminar incompressible model has been adopted

for the flow regime inside in this filter. The finite volume method
[25] implemented in Fluent code is exploited to solve the airflow
field. The governing equations: continuity, conservation of linear
momentum, and energy written in vectorial form are as follows
[3]:

D�

Dt
+ �∇ · V = 0 (4)

�
DV

Dt
= −∇p − �∇ × (∇ × V) + 4

3
�∇(∇ · V) (5)

�cp
DT

Dt
= −Dp

Dt
+ ˚ + k∇2T (6)

where �, v, p and � are the fluid density, velocity, pressure and
viscosity, respectively. And in the above equations ˚, k, and cp

represent: viscous dissipation (negligible at low speeds), thermal
conductivity, and the specific heat of air.

To help the solution reach the convergence, the first-order
upwind scheme was used at first. Once the solution approached
a stable, the second order upwind was switched to increase the
accuracy.

TI
O

N

Fig. 4. Computational grids used in this study.
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Fig. 6. Influence of the inlet particle number on the filtration efficiency of the filter.

A
TI

O
N
Fig. 5. Effect of the number of the grid on the pressure drop of the filter.

resence of the particulate phase [3]. Particle trajectories are then
racked via the Lagrangian method and their positions are mon-
tored. In the Lagrangian method, the force balance on a particle
s integrated to obtain the particle position in time. At the atmo-
pheric temperature and pressure, interception plays a significant
ole in the filtration process, only if dp and df are comparable. When
p/df ≤ 1, the interception can be always ignored [3,26]. This is the
ase in the present work. For particle size in this paper (0.5 �m),
he diffusion and impact capture mechanisms are important in
he filtration process. Therefore, the dominant forces acting on the
ub-micrometer particles are drag force exerted by the flow, the
rownian force, and when dp ≥ 1 �m, the gravity should be included

n the force balance equation:

dvip

dt
= Fd(vi − vip ) + Fbi (7)

here vi and vip are the field and particle velocity in the x, y or z
irection. Fd and Fbi are amplitudes of the drag (Rep = �Vindp/�) and
rownian force given as:

d = 18�

d2
p�pCc

(8)

bi = 18�ςi

d2
p�pCc

√
2�

�tSc
(9)

c is Schmidt number defined as Sc = (3�dp��)/(Cc	T), 
i are zero-
ean, unit-variance independent Gaussian random numbers. 	 is

he Boltzmann constant. And the dp is the diameter of the parti-
le. The microparticle trajectory calculation implemented in Fluent
ode is originally developed by Ahmadi and his coworkers [27,28].

.3.3. Validations of the grid dependent and the inlet particle
umber

Before obtaining the information about the pressure drop and
ltration efficiency, the validations of the grid dependent and the

nlet particle number were studied in this study, i.e., comparing
he pressure drop of the filter with different grids, which is shown
n Fig. 5. It can be seen that when the grids are approximately 0.9

illions, the pressure drop arrives at a stable value. Therefore, 0.9
illions were used for all geometries to ensure the accuracy of the

alculations.
Filtration efficiency of the filter is determined by the number of

articles it can remove from an aerosol flow [3]:

RE
TR
2 = Nin − Nout

Nin
(10)

here Nin and Nout are the number of entering and exiting particles,
espectively. In steady simulations, a certain number of particles are
Fig. 7. Pressure drop comparison between the theoretical models and CFD simula-
tion.

introduced into the upstream of the filter, and then their trajecto-
ries are tracked when they flow through the filter. Then Nin and
Nout are compared to calculate the filtration efficiency. More parti-
cles are tracked, more accurate efficiencies are attained. In addition,
the stochastic motion would generate fluctuations in the filtration
efficiency from run to run. Therefore, a sensitivity test was con-
ducted to see the influence of the particle injection on the filtration
efficiency in this study. The result shows that when the inlet particle
number is above 800, the filtration efficiency of the filter is almost
consistent (Fig. 6). Therefore, for saving the time of outputting the
data from the Fluent, 800 particles were chosen for the simulations
reported in this study.

3.3.4. Validation of the numerical model
The pressure drops of the filter obtained from simulating the

plane wave fabric filter and the predictions of previous theoretical
models are presented in Fig. 7. It shows that there is an agreement
between CFD simulations and the Kuwabrara cell model, and the
error is 6.92%. Therefore, to some extent, in point of this fact, the
numerical model presented in this paper can be used to predict the
filtration performance of the fibrous filter.

4. Results and discussion

C

4.1. Analysis of variance for the whole model

The results of the CFD predictions on the pressure drop (d2
f
/K ,

Y1) and filtration efficiency (Y2, %) are summarized in Table 3 for all
geometries studied.
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Table 3
Central composite designs of the pressure drop (d2

f
/K), Y1 and filtration efficiency,

Y2 (%).

No. X1

(
L1
df

)
X2

(
L2
df

)
X3 (Re) Y1

(
d2

f
K

)
Y2 (%)

1 3.5 4.0 1.3692 5.873287 3.5
2 4.5 3.8 0.6846 4.375956 3.125
3 3.5 4.2 0.6846 5.28581 3.125
4 4.0 4.0 2.0538 4.971499 4.25
5 3.5 3.8 0.6846 5.930032 3.125
6 4.0 4.0 1.3692 4.801609 3.375
7 4.5 4.0 1.3692 4.193552 3
8 4.5 3.8 2.0538 4.646623 3.875
9 4.0 4.0 0.6846 4.682687 3.000

10 4.0 4.0 1.3692 4.801609 3.375
11 4.0 4.0 1.3692 4.801609 3.375
12 4.0 4.0 1.3692 4.801609 3.375
13 4.0 4.2 1.3692 4.531265 3.25
14 3.5 3.8 2.0538 6.268023 3.875
15 3.5 4.2 2.0538 5.591804 3.5
16 4.5 4.2 2.0538 3.748951 3.125
17 4.5 4.2 0.6846 3.492448 2
18 4.0 4.0 1.3692 4.801609 3.375
19 4.0 4.0 1.3692 4.801609 3.375
20 4.0 3.8 1.3692 5.118465 3.125

Table 4
Analysis of variance for d2

f
/K .

Source df Seq SS Adj SS Adj MS F-ratio P-value

Regression 9 8.90752 8.90752 0.98972 376.8 0.000
Linear 3 8.78432 8.78432 2.92811 1118.26 0.000
Square 3 0.09469 0.09469 0.03156 12.02 0.001
Interaction 3 0.02851 0.02851 0.0095 3.62 0.053

Residual error 10 0.02627 0.02627 0.00263
Lack-of-fit 5 0.02627 0.02627 0.00525

Total 19 8.93379

Table 5
Analysis of variance for filtration efficiency.

Source df Seq SS Adj SS Adj MS F-ratio P-value

Regression 9 3.20621 3.20621 0.356246 7.18 0.002
Linear 3 2.20781 2.20781 0.735938 14.83 0.001
Square 3 0.38317 0.38317 0.127723 2.57 0.112
Interaction 3 0.61523 0.61523 0.205078 4.13 0.038

m
(

Y

Y

i
f

Table 6
Estimated regression coefficients for d2

f
/K .

Term Coefficient Standard error
coefficient

t-Ratio P-value

Constant 4.82557 0.01762 273.866 0.000
L1/d −0.84914 0.01621 −52.394 0.000
L2/d −0.36888 0.01621 −22.761 0.000
Re 0.14600 0.01621 9.008 0.000
(L1/d) × (L1/d) 0.17192 0.03091 5.563 0.000
(L2/d) × (L2/d) −0.03664 0.03091 −1.185 0.263
Re × Re −0.03441 0.03091 −1.113 0.292
(L1/d) × (L2/d) −0.05759 0.01812 −3.178 0.010

is lower than the 95% confidence level. For some factors, the stan-
dard error is probably even bigger than the coefficient, resulting in a
probability value approaching unity, which means the factor is very
uninfluential. It shows that the probability values for those terms

RA
Residual Error 10 0.49613 0.49613 0.049613
Lack-of-fit 5 0.49613 0.49613 0.099226

Total 19 3.70234

The results of Table 3 are used to estimate the second-order
odels for each response. The fitted responses are shown in Eqs.

11) and (12):

1 = 5.2357 − 4.8376X1 + 7.8443X2 + 0.7535X3 + 0.6877X2
1

− 0.9159X2
2 − 0.0734X2

3 − 0.57359X1X2 − 0.0427X1X3

− 0.0421X2X3 (11)

2 = −99.5136 + 16.7761X1 + 36.2415X2 − 1.4673X3 − 1.0455X2
1

−3.4091X2
2 + 0.6425X2

3 − 2.3437X1X2 + 0.4108X1X3

− 0.3424X2X3 (12)

RE
T

The analysis of variance results for the two responses are given
n Tables 4 and 5. The extremely small probability value (mostly
ar smaller than 0.050 for most regression terms) indicates that the
(L1/d) × Re −0.01460 0.01812 −0.806 0.439
(L2/d) × Re −0.00577 0.001812 −0.318 0.757

S = 0.05125; R2 = 99.7% R2 (adj) = 99.4%.

calculation data are fitted well by the quadratic model, which is
much higher than the 95% confidence level. The statistical analysis
indicates that the proposed quadratic model for pressure drop was
adequate (P < 0.0001) with satisfactory determination coefficients
(R2 = 0.997) (Table 6). No significant lack-of-fit of the model was
found, showing that the model was sufficiently accurate for pre-
dicting the response within the range of the three factors as stated
above. And yet a second-order regression model fitted filtration
efficiency with accuracy (P ≤ 0.002). The determination coefficient
(R2) was 0.866 (Table 8) and the lack-of-fit was not significant,
showing that the model is adequate to predict the filtration effi-
ciency.

A determination coefficient, R2 of 0.979 and 0.866 also suggest
a good fit, which implies that the model explains 97.9% and 86.6%
of the variability in the objection function, Yi. A comparison of
Yi CFD calculated with Yi predicted using the model is shown in
Figs. 8 and 9. It shows that the model fits the CFD calculated data
well in most ranges.

4.2. Effect examinations of the geometry parameters and
operating condition on pressure drop

The effect examinations of coded and uncoded factors are tab-
ulated in Tables 6 and 7. The probability value (P-value) decreases
with an increasing absolute t-ratio, or the coefficient to standard
error ratio. A small probability value suggests that the influence of
the factor is significant. When the probability value for a factor is
greater than 0.05, it means that the influential degree of the factor

CT
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Fig. 8. A comparison of Y1 CFD calculated with Y1 predicted by Eq. (11).
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Table 7
Estimated regression coefficients for d2

f
/K using data in uncoded units.

Term Coefficient Term Coefficient

Constant 5.2357 (L2/d) × (L2/d) −0.9159
L1/d −4.8376 Re × Re −0.0734
L /d 7.8443 (L /d) × (L /d) −0.5759
Fig. 9. A comparison of Y2 CFD calculated with Y2 predicted by Eq. (12).

uch as constant, three linear effects (X1, X2 and X3), one quadratic
ffect (X2

1 ) and one interaction effect (X1X2) are lower than 0.05.
his suggests that these factors have significant influences on the
bjective function, Y1.

Figs. 10–12 show the relationship among L1/df, L2/df, and d2
f
/K
ith different face velocities (when Re are equal to 0.6846, 1.369
nd 2.054, the corresponding face velocities are 0.05 m/s, 0.1 m/s
nd 0.15 m/s, respectively).

From the figures, we can see that, compared with the effect of
he horizontal distance, the effect of the vertical distance on the

Fig. 10. (a) The X2 vs. X1 contour plot and (b) the correspo

Fig. 11. (a) The X2 vs. X1 contour plot and (b) the correspo

RE
TR

A

2 1 2

Re 0.7535 (L1/d) × Re −0.0427
(L1/d) × (L1/d) 0.6877 (L2/d) × Re −0.0421

pressure drop seems more pronounced. And yet the pressure drop
decreases with the vertical distance and the horizontal distance
increasing. In addition, the effect of the vertical distance and the
horizontal distance on the pressure drop is changed with the dif-
ferent face velocity, i.e., the face velocity is 0.15 m/s, the effect of
the vertical distance and the horizontal distance is stronger than
the face velocity with 0.05 m/s and 0.1 m/s. Furthermore, Figs. 9–11
also show that the higher the face velocity, the greater the pressure
drop, in agreement with the conclusion shown in Fig. 5.

4.3. Effect examinations of the geometry parameters and
operating condition on filtration efficiency

The effect examinations of coded and uncoded factors are tabu-
lated in Tables 8 and 9, which show that the probability values for

IO
N

those terms such as constant, three linear effects (X1, X2 and X3),
two quadratic effects (X2

1 , X2
3 ) and one interaction effects (X1X2) are

lower than 0.05. This suggests that these factors have significant
influences on the objective function, Y2.

nding surface plot, under the condition of X3 = 2.054.

nding surface plot, under the condition of X3 = 1.369.

CT
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Fig. 12. (a) The X2 vs. X1 contour plot and (b) the correspon

Table 8
Estimated regression coefficients for filtration efficiency.

Term Coefficient Standard error
coefficient

t-Ratio P-value

Constant 3.35455 0.07657 43.809 0.000
L1/d −0.20000 0.07044 −2.839 0.018
L2/d −0.17500 0.07044 −2.485 0.032
Re 0.38750 0.07044 5.501 0.000
(L1/d) × (L1/d) −0.26136 0.13432 −1.946 0.080
(L2/d) × (L2/d) −0.16236 0.13432 −1.015 0.334
Re × Re 0.30114 0.13432 2.242 0.049
(L1/d) × (L2/d) −0.23438 0.07875 −2.976 0.014
(L1/d) × Re 0.14063 0.07875 1.786 0.104
(L2/d) × Re −0.04687 0.07875 −0.595 0.565

S = 0.2227; R2 = 86.6%; R2 (adj) = 74.5%.

Table 9
Estimated regression coefficients for filtration efficiency using data in uncoded units.

Term Coefficient Term Coefficient

Constant −99.5136 (L2/d) × (L2/d) −3.4091
L1/d 16.7761 Re × Re 0.6425
L2/d 36.2415 (L1/d) × (L2/d) −2.3437

t
t
0

X1, X2, X3, X1 , X1X2) and these seven terms (the constant, X1, X2, X3,
X2

1 X2
3 , X1X2) are kept to construct a new modification model as:

A

Re −1.4673 (L1/d) × Re 0.4108
(L1/d) × (L1/d) −1.0455 (L2/d) × Re −0.3424

Figs. 13–15 show the relationship among L1/d, L2/d and filtra-

R

ion efficiency with different face velocities (when Re are equal
o 0.6846, 1.369 and 2.054, the corresponding face velocities are
.05 m/s, 0.1 m/s and 0.15 m/s, respectively).

Fig. 13. (a) The X2 vs. X1 contour plot and (b) the correspon

RE
T

ding surface plot, under the condition of X3 = 0.6846.

From the figures, we can see that, the effect of the horizontal dis-
tance on the filtration efficiency seems more obvious at the low face
velocity; while for the high face velocity comparing the effect of the
vertical distance, while the effect of the vertical distance on filtra-
tion efficiency become significant when the face velocity is high.
In addition, the effect of the vertical distance and the horizontal
distance on the filtration efficiency is also changed with the differ-
ent face velocity, i.e., the face velocity is 0.15 m/s, the effect of the
vertical distance and the horizontal distance is stronger than the
face velocity with 0.05 m/s and 0.1 m/s. Furthermore, Figs. 13–15
also show that the filtration efficiency increases with increasing
the face velocity, i.e., filtration efficiency increases with the face
velocity increasing for larger particle (0.5 �m), this can be inter-
preted that the inertia plays a greater significant role in capturing
particles. Therefore, when the face velocity is high, the chance of
the particle collision with the fiber is more, which leads to a higher
filtration efficiency.

4.4. Modification of the response surface model

Because some terms in the model may turn out to be less signifi-
cant, it would be adequate to dismiss those terms so that the model
becomes more representative. In Eq. (11), 6 out 10 model terms are
regarded significant. And that in Eq. (12), 7 out 10 model terms are
regarded significant. Therefore, only these six terms (the constant,

2
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Y1 = 17.75 − 3.5319X1 + 0.4593X2 + 0.2133X3 + 0.5172X2

1

− 0.15759X1X2 (13)

ding surface plot, under the condition of X3 = 2.054.
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Table 10
Analysis of variance for d2

f
/K of the modification model.

Source df Seq SS Adj SS Adj MS F-ratio P-value

Regression 5 8.89444 8.89444 1.77889 632.93 0.000
Linear 3 8.78432 8.78432 2.92811 1041.82 0.000
Square 1 0.08358 0.08358 0.08358 29.74 0.000
Interaction 1 0.02653 0.02653 0.02653 9.44 0.008

Residual error 14 0.03935 0.03935 0.00281

Total 19 8.93379

Table 11
Analysis of variance for filtration efficiency of the modification model.

Source df Seq SS Adj SS Adj MS F-ratio P-value

Regression 6 2.97930 2.97930 0.496549 8.93 0.001
Linear 3 2.20781 2.20781 0.735938 13.23 0.000
Square 2 0.33203 0.33203 0.166016 2.98 0.086
Interaction 1 0.43945 0.43945 0.439453 7.90 0.015

Y

a

�

c
c
o
p

Table 12
Estimated regression coefficients for d2

f
/K of the modification model.

Term Coefficient Standard error
coefficient

t-Ratio P-value

Constant 4.81136 0.01676 286.992 0.000
L1/d −0.84914 0.01676 −50.650 0.000
L2/d −0.36888 0.01676 −22.003 0.000
Re 0.14600 0.01676 8.709 0.000
(L1/d) × (L1/d) 0.12929 0.02371 5.453 0.000
(L1/d) × (L2/d) −0.05759 0.01874 −3.073 0.008

S = 0.05301; R2 = 99.6%; R2 (adj) = 99.4%.

Table 13
Estimated regression coefficients for filtration efficiency of the modification model.

Term Coefficient Standard error
coefficient

t-Ratio P-value

Constant 3.3375 0.07910 42.192 0.000
L1/d −0.2000 0.07458 −2.682 0.019
L2/d −0.1750 0.07458 −2.347 0.035
Re 0.3875 0.07458 5.196 0.000
(L1/d) × (L1/d) −0.3125 0.13184 −2.370 0.034
Re × Re 0.2500 0.13184 1.896 0.080
(L1/d) × (L2/d) −0.2344 0.08388 −2.811 0.015

S = 0.2358; R2 = 80.5%; R2 (adj) = 71.5%.

Table 14
Estimated regression coefficients for d2

f
/K the modification model using data in

uncoded units.

Term Coefficient Term Coefficient

A
TI

O
N

Residual error 13 0.72305 0.72305 0.055619

Total 19 3.70234

2 = −48.8375 + 18.9750X1 + 8.5000X2 − 0.8947X3 − 1.2500X2
1

+ 0.5334X2
3 − 2.3437X1X2 (14)

It may be also expressed using original operating parameters
s:

d2
f

K
= 17.75 − 3.5319

L1

d
+ 0.4593

L2

d

+ 0.2133 Re + 0.5172
(

L1

d

)2
− 0.5759

L1

d
× L2

d
(15)

= −48.8375+18.975
L1

d
+8.5000

L2

d
−0.8947 Re − 1.2500

(
L1

d

)2

+ 0.5334 (Re)2 − 2.3437
L1

d
× L2

d
(16)
To evaluate the performance of the new model, original CFD
alculated data were regressed using Eqs. (13) and (14) and pro-
eeded with the analysis of variance. The corresponding analysis
f variance is tabulated in Tables 10 and 11. The extremely small
robability value (far smaller than 0.050 for all regression terms)

Fig. 14. (a) The X2 vs. X1 contour plot and (b) the correspo

RE
TR
Constant 17.75 Re 0.2133
L1/d −3.5319 (L1/d) × (L1/d) 0.5172
L2/d 0.4593 (L1/d) × (L2/d) −0.5759

indicates that the calculation data are fitted well by the modifica-
tion quadratic model.

From Table 12, both the extremely small probability value and
the high R2 value suggest a good data fit. The fact that the R2 value
approaches to the R2 (adj) value is regarded as a result of dis-
missing insignificant factors in the model. Though from Table 13
the R2 value is slightly low (R2 = 0.805), it is enough satisfactory
as a determination coefficient. Effect examinations of coded and
uncoded factors for the two modification quadratic models were

C

carried out and shown in Tables 12–15. They show that the sig-
nificance of each factor for the objective function was greatly
exalted.

vA comparison of Y1 and Y2 CFD calculated with Y1 and Y2
predicted by Eqs. (13) and (14) are shown in Figs. 16 and 17, respec-

nding surface plot, under the condition of X3 = 1.369.
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Fig. 15. (a) The X2 vs. X1 contour plot and (b) the correspon

Table 15
Estimated regression coefficients for filtration efficiency the modification model
using data in uncoded units.

Term Coefficient Term Coefficient

Constant −48.8375 (L1/d) × (L1/d) −1.2500
L1/d 18.975 Re × Re 0.5334
L2/d 8.5000 (L1/d) × (L2/d) −2.3437
Re −0.8947

Fig. 16. A comparison of Y1 CFD calculated with Y1 predicted by Eq. (13).

Fig. 17. A comparison of Y2 CFD calculated with Y2 predicted by Eq. (14).

RE
TR

A

ding surface plot, under the condition of X3 = 0.6846.

tively. It suggested that the model is applicable in the pressure drop
and filtration efficiency. This two modification RSM models for pre-
dicting pressure drop and filtration efficiency (Eq. (13), Eq. (14),
respectively) with R2 = 0.996 and R2 = 0.805 respectively are accu-
rate enough to predict the pressure drop and filtration efficiency
of the plane wave fabric filters with different geometry parameters
and operating condition.

4.5. Optimization of the process

From Figs. 10–12, we know that increasing the horizontal dis-
tance and vertical distance, the pressure drop decreased gradually,
and pressure drop increased with increasing the face velocity.
Therefore, there is not a maximum point within the selected range
of the independent variables. However, from Fig. 14a, the filtration
efficiency is increased with the increase of the horizontal distance
and vertical distance at first, but after a certain value, a station-
ary area of filtration efficiency could be noticed, and then started
to decrease. The result has shown that the response surface of the
filtration efficiency has a maximum point within the experimental
range of the independent variables. The precise coordinates of opti-
mum, the levels for three independent variables were obtained by
analytical procedure. The stationary point (maximum) of the fitted
model was found by deriving first derivatives of the Eq. (12) [29] as
follows:

16.7761 − 2.081X1 − 2.3437X2 + 0.4108X3 = 0

36.2415 − 6.8182X2 − 2.3437X1 − 0.3424X3 = 0

−1.4673 + 1.285X3 + 0.4108X1 − 0.3424X2 = 0

(17)

The system of linear Eq. (17) was solved with the help of using a
numerical technique with the software Mathematics (v5.2) and the

CT
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N

accurate optimal values of the variables were obtained: X1 = 3.794,
X2 = 3.962 and X3 = 0.985, which are the uncoded values of the inde-
pendent factors for the maximum value of the response (filtration
efficiency). The optimal values and the responses (Y1, Y2) are pre-

Table 16
Optimal values of the process parameter and the responses.

Independent variables Optimal value Y1

(
d2

f
K

)
Y2 (%)

The dimensionless horizontal
distance (L1/d)

3.8 4.670 3.289

The dimensionless vertical
distance (L2/d)

4.00

Re 0.985
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Table 17
Comparison between the calculation values of Eqs. (11) and (12) with the value at
the optimal conditions at the same face velocity (Re = 0.985).

No. X1

(
L1
df

)
X2

(
L2
df

)
X3 (Re) Y1

(
d2

f
K

)
Y2 (%)

1 3.5 4.0 0.985 5.275 3.231
2 4.5 3.8 0.985 3.885 2.920
3 3.5 4.2 0.985 4.890 3.181
4 4.0 4.0 0.985 4.195 3.214
5 3.5 3.8 0.985 5.578 3.010
6 4.0 4.0 0.985 4.195 3.214
7 4.5 4.0 0.985 3.459 2.673
8 4.5 3.8 0.985 3.885 2.920
9 4.0 4.0 0.985 4.195 3.214

10 4.0 4.0 0.985 4.195 3.214
11 4.0 4.0 0.985 4.195 3.214
12 4.0 4.0 0.985 4.195 3.214
13 4.0 4.2 0.985 3.758 2.929
14 3.5 3.8 0.985 5.578 3.010
15 3.5 4.2 0.985 4.890 3.181
16 4.5 4.2 0.985 2.960 2.154
17 4.5 4.2 0.985 2.960 2.154
18 4.0 4.0 0.985 4.195 3.214
1
2
2

s
r

t
i
e
a
fi
o
d

5
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b
w
b
l
d
i
f
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i
o
a
t
d
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[

[

[

[

[

[

[

[

[

[
[

[

[

[

[
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[

[

A

9 4.0 4.0 0.985 4.195 3.214
0 4.0 3.8 0.985 4.560 3.226
1 3.8 4.0 0.985 4.670 3.289

ented in Table 16. It could be seen that the optimal values of the
esponses Y1 and Y2 are 4.67% and 3.29%, respectively.

In addition, from the conclusions as stated above, we know
hat the filtration efficiency and pressure drop both increases with
ncreasing the face velocity. Therefore, the values of the filtration
fficiency and pressure drop at the same face velocity (Re = 0.985)
re compared in Table 17. It could be seen that the response of the
ltration efficiency at the optimal conditions is greater than any
ther values, at the same time maintaining an acceptable pressure
rop.

. Conclusions

Two new prediction models of the filtration efficiency and pres-
ure drop were obtained based on response surface methodology
y means of simulating gas–solid flow of plane wave fabric filter
ith different geometries and operating conditions, and they can

e used for optimizing the design at a given required performance
evel. Through ANOVA analysis, the horizontal distance, the vertical
istance and the face velocity play an important role in influenc-

ng the filtration efficiency and pressure drop of the plane wave
abric filters. The two modified mathematical models were shown
ood fit with the predicted data, since the R2 of 0.996 and 0.805
ndicated that 99.6% and 80.5% of the variability within the range
f values studied could be explained by the two models. Addition-
lly, process optimization was carried out and the optimal values of
he horizontal distance (3.794 times in fiber diameter), the vertical
istance (3.962 times in fiber diameter) and the Reynolds number
0.985) were thus determined. Under such optimal values, the val-
es of the responses Y1 and Y2 are 4.67% and 3.29%, respectively, and
he response of the filtration efficiency at the optimal conditions
s greater than any other values, while maintaining an acceptable
ressure drop.
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