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1. Introduction

In everyday life, noise and indoor air poll
reported harmful effects. Beyond annoying peo,
tion can have severe effects on human health
time people stay indoors occupies 80-90%
The rising awareness of environmental
public for a clean environment togeth

ost common
method of removing particles from a via fibrous fil-
ters which are generally characterj

‘ hile th€current numerical
studies in this area are most b edia made of dif-
ferent materials [3-8]. Amo ang et al. [3] studied the
permeability of multifilament D fabrics by numerical simu-
lation methods. Sakano et al. [4] deS&gped the influence of fiber
size distribution on the filtration performance of the filter for a
mass median aerodynamic diameter of fiber of 1.8 wm. However,
numerical work on woven fabrics for air filtration is scarce. Indeed,

the 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] tookinto 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
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Table 1
Theoretical models for dimensionless pressure drop in the literature.
Researcher Model Classification
Happel [17] fla)= m Cell theory
Kuwabrara [18] fla)= 152 Cell theory
Davies [19] fla)=64a32(1+5603) Experimental correlation

Ku=-0.5Ina —0.75+a — 0.25a2 is the Kuwabara’s hydrodynamic coefficient.

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

Fig. 1. Square weave yarn geometr
vertical distance.

horizontal distance and L, is the

2. Theoretical models of the pressure drop of the filter in

the literature Table 2
Low and high level se i e facto™® used in the response surface model.

In the literature, the filter's pressure drop is a function of air e X Xin
viscosity, n, filter thickness, t, face velocity, Vi, fiber diameter dj, L Py 15
and dimensionless pressure drop flor) [16]: L;/d’fr 38 42

Re 0.685 2.054
r]tV
Ap = fla)—5+ (1)
) ) ) ) ) compoge design ree factors demanding only 15 CFD calcula-
Dimensionless pressure drop is only a function of SVF (solid vol- tions #&hich is a considered reduction compared to the three-level

ume fraction), «, and has different expressions based on different
theories. Different expressions of dimensionless pressure drop in
the llte?ature are Presented in Tal?le 1. ) he regression coefﬁc1ents of Eq. (2) are estimated by means of

Davies’s experimental correlation was obtained to calculate the east squares method. Since the variance of the model parame-
pressure drop of the filter media and is proven to be accurate for a s on both the mean square error (MSE) and the factor

SVF range of 0.6-30%. it is convenient to scale the factor level as follows [14]:

ion. A three-factor face central composite design is

3. Set-up of the numerical model o B B

v 206 — X )
ere Xjy and X;, denote the high and low level of the ith factor,
respectively, and X; is the mean level. In coded units, the high and
low levels become X;y =1 and X;; = —1, respectively, and the mean
actor level, X;, 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.

3.1. Response surface methodology

Provided that the response surface is adequately fit by a second—
order model, the estimated response Y for input k variabl
by Hinkelmann and Kempthorne [20]:

k
Y =8+ Zﬁ,x + Zﬁuxz + Zﬁ,]XX +e(X1, X
i=1 i<j
where X; is the level setting of factor i, B;, 8 . represent In Table 2, the high and low levels of the geometry parameters
regression coefficients for the linear, quad ction and operating condition are presented. The coded factor levels cor-
terms, and e is the error. There are two sgerces of error, viz. an  respond to —1, 0, and 1 according to Eq. (3), and the factors are

experimental error, and a lack-of-fit error er incorporates denoted by x;.
higher order terms or interactions. It w. estimate The levels chosen for the Reynolds number are based on the

the experimental error due to the det h.cter of the operating for Vj,, n and dy. A steady state laminar incompress-

CFD model applied in this study; as a res
relates to the model capability.

It is assumed that the performg wave fabric filter
is affected by three factors, viz. L g~ 1) and Re (pVinds/n), ?

|
and the effect of the solid volu n (SVF) can be taken into i |

3.2. Responses and factors

account by the factors stated above.

A way to estimate the parameters of ¥q. (2) is to study the
response for all (combinations of) factors set at three different lev- P L /‘:'_ -9
els. This full factorial design would require 33 =27 different CFD .r/
calculations. However, the number of degrees of freedom (df) of |
the second-order model is only 2k + (1/2)k(k — 1), which is equal |

to 9 for a three-factor design. A more suitable design to estimate 1 |7 I
the regression coefficients with a limited number of points of the e 1

. . — Xa Xz
central composite design [21] were located on a face centered r/ )
hypercube, which is composed of three parts: (1) a full factorial X,

part of 2K vertices, (2) an axial part of 2k points at the origin of each
factors axis, and (3) a center point. The set-up results in a central Fig. 2. A three-factor central composite design.
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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 10-3.
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
Inlet volume 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.

ow model

ressible model has been adopted
Iter. The finite volume method
e 1s exploited to solve the airflow
tions: continuity, conservation of linear
ifen in vectorial form are as follows

3.3.2. Gas-solid two ph
A steady-state laminar
for the flow regime inside in

Yarn volume

Outlet volunfe field. The governin

momentum, and

(4)

(5)

Fig. 3. Simulated geometry indicating the inlet, yarn, and outlet volumes.
(6)

ible flow is assumed to prevail inside the woven fabrics when
exposed to an air flow with a velocity of 0.1 m/s [22]. This is because
for the velocity and dimensions considered here, the Reyqole present: viscous dissipation (negligible at low speeds), thermal
(Re = pViyds/in) and Ma (Ma =Vj,/a) numbers are too small to indi- onductivity, and the specific heat of air.

cate the presence of turbulence or compressibility effects. Here p,
and y. are the air density and viscosity, respectively, while Vi, an upwinglscheme was used at first. Once the solution approached
a are the superficial air velocity and the speed of sound. _ the second order upwind was switched to increase the

In addition, because the restriction of geometry generating in acy.

preprocessing software, ,Gambit, 3{'5‘4'5 times the' ﬁbervdia eter After the particle-free flow field has been obtained, the air-
were chosen for the horizontal distance and vertical dist ne particulates, modeled by rigid spheres of uniform density
this study. In this wgrk, the pressure d_mp and ﬁltranon effi p=1000kg/m?3 are then introduced into the solution domain. The
o_fthe ﬁ_lter were assigned as the objective fun;tlon, Y;, and that rational for this method is the dilution of the suspension, which
dimensionless pressure drop could be determined K = leads to negligible perturbations of the continuum field by the

, p and n are the fluid density, velocity, pressure and

f(a)) as the objective function instead of pressure g

3.3. CFD model

3.3.1. Meshing and boundary condition

The three-dimensional woven geomet was b ithin the
preprocessing software, Gambit, where CFD mesh was gener-
ated. Owing to computational time li , most simulations

were carried out on a geometry comppgfed ments in the
machine direction and cross-machin own in Fig. 3 ¢ 3

. ¥ L MY
A brick volume was then created aroun en and the fab- ‘ : =i

e

A

inlet volume, a yarn

= Ot the inlet and outlet
imes the fabric diameter for
g be not in an undisturbed

let volume, while the length of the yarn volume was 2.5 times the
diameter.

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

The three volumes were filled with unstructured meshes. An
example of the final mesh is shown in Fig. 4, the grids near the fiber
was made denser in order to improve the calculation accuracy. The
iteration time of every case is about 8-9 h. The CFD simulations are Fig. 4. Computational grids used in this study.




562 F. Qian, H. Wang / Journal of Hazardous Materials 176 (2010) 559-568

0.168

0.166

0.164 4

0.162

Pressure drop (Pa)

0.160 4

0.158 T T T T T T
04 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Grids (millions)

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

presence of the particulate phase [3]. Particle trajectories are then
tracked via the Lagrangian method and their positions are mon-
itored. In the Lagrangian method, the force balance on a particle
is integrated to obtain the particle position in time. At the atmo-
spheric temperature and pressure, interception plays a significant
role in the filtration process, only if d, and dfare comparable. When
dp/dy <1, the interception can be always ignored [3,26]. This is the
case in the present work. For particle size in this paper (0.5 wm),
the diffusion and impact capture mechanisms are important in
the filtration process. Therefore, the dominant forces acting on the
sub-micrometer particles are drag force exerted by the flow, the
Brownian force,and whend, > 1 wm, the gravity should be included
in the force balance equation:

dUip
dt

where v; and vy, are the field and particle velocity in the x, y
direction. Fy and Fy,; are amplitudes of the drag (Rep = pVj,dp/1t) a
Brownian force given as:

= Fg(vi — v,) + Fp; (7)

18
Fg= ——1 8
d; ppCe
18ug; 2v )
bi =
" dppCc | AtSc
Sc is Schmidt number defined as Sc=(37d, v )Cc . are zero-
mean, unit-variance independent Gaussian ra@dom nu S. o is
the Boltzmann constant. And the d, is the giameter of the parti-

cle. The microparticle trajectory calculatiogfmplgsnented in Fluent

number

Before obtaining the informatig
filtration efficiency, the validatiof of th
inlet particle number were stud D
the pressure drop of the filter with di Al grids, which is shown
in Fig. 5. It can be seen that when the gridS'are approximately 0.9
millions, the pressure drop arrives at a stable value. Therefore, 0.9
millions were used for all geometries to ensure the accuracy of the
calculations.

Filtration efficiency of the filter is determined by the number of
particles it can remove from an aerosol flow [3]:

Nin — Nout
Nin

 dependent and the
is study, i.e., comparing

Y, = (10)

where Nj, and N, are the number of entering and exiting particles,
respectively. In steady simulations, a certain number of particles are

5.0
—e—200

45 —A—400
3 —v—3800
e —<4— 1000
% 404 —r»—1200
=
o
3
% 3.54
8 =
8
E 3.0+
=

2.5

Fig. 6. Influence of theg

perimental correction [19]
bara's cell model [ 18]
==w==Happel's cell model [17]

T
0.0 0.2 04 0.6 0.8 1.0

Face velocity (m/s)

. 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 Nj,; and
Noy: 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
4.1. Analysis of variance for the whole model
The results of the CFD predictions on the pressure drop (dfz/K,

Y1) and filtration efficiency (Y-, %) are summarized in Table 3 for all
geometries studied.
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Table 3
Central composite designs of the pressure drop (d]?/K ), Y1 and filtration efficiency,
Y, (%).
L L. d
No. X (é) X, (ﬁ) X; (Re) Y (%) Y (%)
1 3.5 4.0 1.3692 5.873287 35
2 4.5 3.8 0.6846 4.375956 3.125
3 35 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 35 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 df/l(.
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
Regression 9 3.20621  3.20621 0.356246
Linear 3 2.20781 2.20781 0.735938
Square 3 038317  0.38317
Interaction 3 0.61523 0.61523
Residual Error 10 0.49613 0.49613
Lack-of-fit 5 0.49613  0.49613
Total 19 3.70234

second-order
shown in Egs.

The results of Table 3 are used tg#€sti et
models for each response. The fitte ses
(11) and (12):

Y1 = 5.2357 — 4.8376X; +7.844

).7535X3 + 0.6877X?

—0.9159X2 — 0.0734X? 0X1 X, — 0.0427X1 X3

~0.0421X,X3 (11)

Y, = —99.5136 + 16.7761X; + 36.2415X, — 1.4673X3 — 1.0455X?

~3.4091X3 + 0.6425X2 — 2.3437X1 X5 + 0.4108X1 X3
—0.3424X, X5 (12)

The analysis of variance results for the two responses are given
in Tables 4 and 5. The extremely small probability value (mostly
far smaller than 0.050 for most regression terms) indicates that the

Table 6
Estimated regression coefficients for df K.

Term Coefficient Standard error t-Ratio P-value
coefficient
Constant 4.82557 0.01762 273.866 0.000
Ly/d —0.84914 0.01621 —52.394 0.000
Ly/d —0.36888 0.01621 —22.761 0.000
Re 0.14600 0.01621 9.008 0.000
(L1/d) x (L1 /d) 0.17192 0.03091 5.563 0.000
(Lo/d) x (L»/d) —0.03664 0.03091 -1.185 0.263
Re x Re —0.03441 0.03091 —-1.113 0.292
(L1/d) x (Lo /d) 0.01812 ~3.178 0.010
(L1/d) x Re 0.01812 ~0.806 0.439
(Ly/d) x Re 812 -0318 0.757

$=0.05125; R*=99.7%

| by the quadratic model, which is
z confidence level. The statistical analysis
d quadratic model for pressure drop was
satisfactory determination coefficients

t, which implies that the model explains 97.9% and 86.6%
riability in the objection function, Y;. A comparison of
Y; CE¥calculated with Y; predicted using the model is shown in
P3 and 9. It shows that the model fits the CFD calculated data
ell 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
is lower than the 95% confidence level. For some factors, the stan-
dard error is probably even bigger than the coefficient, resultingin a
probability value approaching unity, which means the factor is very
uninfluential. It shows that the probability values for those terms

7.0

¥, CFD calculated (%)

T ‘
3.5 4.0 45 5.0 5.5 6.0 6.5
Y, predicted (%)

Fig. 8. A comparison of Y; CFD calculated with Y; predicted by Eq. (11).



564 F. Qian, H. Wang / Journal of Hazardous Materials 176 (2010) 559-568

424
4.0

3.8+ )
56]  R0866
3.4+
3.2+
3.0+

2.8

Y, CFD calculated (%)

2.6
244

224

T
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Fig. 9. A comparison of Y5 CFD calculated with Y, predicted by Eq. (12).

such as constant, three linear effects (X;, X, and X3), one quadratic
effect (X]Z) and one interaction effect (X;X5) are lower than 0.05.
This suggests that these factors have significant influences on the
objective function, Y7.

Figs. 10-12 show the relationship among L;/d, L,/dy, and d]?/K
with different face velocities (when Re are equal to 0.6846, 1.369
and 2.054, the corresponding face velocities are 0.05m/s, 0.1 m/s
and 0.15 m/s, respectively).

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

42 T A
23 4.5
4.1
Hold Values
g 404 Re 2.054
-
3.94
6.0
38+——
3.50 3.75

Fig. 10. (a) The X, v.

Table 7
Estimated regression coefficients for df /K using data in uncoded units.

Term Coefficient Term Coefficient
Constant 5.2357 (Ly/d) x (Ly/d) -0.9159
Ly/d —4.8376 Re x Re -0.0734
Ly/d 7.8443 (L1/d) x (L»/d) ~0.5759
Re 0.7535 (L1/d) x Re ~0.0427
(L1/d) x (L1 /d) 0.6877 (L»/d) x Re ~0.0421

pressure drop seems mor
decreases with the vertical
increasing. In addition, the
horizontal distance
ferent face velocity, i.e.,
the vertical distangg

ounced. And yet the pressure drop
e and the horizontal distance
e vertical distance and the
ssure drop is changed with the dif-
ace velocity is 0.15m/s, the effect of

4.3. Effect aations of the geometry parameters and
operatingpcondi Itration efficiency

ct examinations of coded and uncoded factors are tabu-
and 9, which show that the probability values for
thoSe terms s as constant, three linear effects (Xi, X, and X3),
quadratic effects (X2,X§) and one interaction effects (X1 X;) are

4.2+
Hold Values|
5 Re 1.369
4197
6 4
=
S 404
J —
- 5
3.99
4 42
5.0
38 T T A T 35 40 L2/d
350 375 400 425 450 : 4.0 38
Li/d L1/d 45
(a) (b)

Fig. 11. (a) The X; vs. X; contour plot and (b) the corresponding surface plot, under the condition of X5 =1.369.
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4.2

\
4.5 Hold Valueg
\ Re 0.6846
4.1 Hold Values &
Re 0.6846
4.0
g 4.04s -5 ]
pic| =
3.9 4 4
42
5. (l 40
38 ; 3.5 L2/d
350 375 400 425 450 4.0 45
Li/d L1/d
(a) (b)

Fig. 12. (a) The X, vs. X; contour plot and (b) the corresponding surface plot, unde of X3 =0.6846.

Table 8 see that, the effect of the horizontal dis-
Estimated regression coefficients for filtration efficiency. tration efffifiency seems more obvious at the low face
Term Coefficient Standard error t-Ratio P-value Fh face velocity comparing the effect of the
coefficient e the effect of the vertical distance on filtra-

Constant 3.35455 0.07657 43.809 0.000 tion eff ecome significant when the face velocity is high.
Ly/d —0.20000 0.07044 —-2.839 0.018 In a ct of the vertical distance and the horizontal
L2/d ~0.17500 0.07044 —2.485 0.032 disgfhce on the filtration efficiency is also changed with the differ-
:{L‘i Jd) < (Ly /d) 7832?28 8:?;2‘3“2‘ j:;gé g:ggg e velocity, i.e., the face.velocity .is 0.15 rp/s, the effect of the
(La/d) x (Lo/d) _0.16236 0.13432 _1.015 0.334 ce and the horizontal distance is stronger than the
Re x Re 030114 0.13432 2242 0.049 ith 0.05m/s and 0.1 m/s. Furthermore, Figs. 13-15
(Ly/d) x (L2 [d) -0.23438 0.07875 -2.976 0.014 so show that the filtration efficiency increases with increasing

(L1/d) x Re 0.14063 0.07875 1.786 0.104
(L2/d) x Re —0.04687 0.07875 —0.595 0.565

$=0.2227; R* =86.6%; R? (adj)="74.5%.

velocity, i.e., filtration efficiency increases with the face
increasing for larger particle (0.5 pwm), this can be inter-
at the inertia plays a greater significant role in capturing
es. Therefore, when the face velocity is high, the chance of
the particle collision with the fiber is more, which leads to a higher
ation efficiency.

Table 9
Estimated regression coefficients for filtration efficiency using data in unco

Term Coefficient Term 4.4. Modification of the response surface model

Constant -99.5136 (Ly/d) x (Lo /d)

Ly/d 16.7761 Re x Re Because some terms in the model may turn out to be less signifi-

Ly/d 36.2415 (L1/d) x (L2/d) cant, it would be adequate to dismiss those terms so that the model

RLe el ’}'gigg (tl/g) x Ee becomes more representative. In Eq. (11), 6 out 10 model terms are

(Lr/d)x (Lafd) - (E2/d) x Re regarded significant. And that in Eq. (12), 7 out 10 model terms are
regarded significant. Therefore, only these six terms (the constant,
X1, X2, X3, xlz,xlxz) and these seven terms (the constant, X1, X5, X3,

Figs. 13-15 show the relationship amondfL; and filtra-  X?X2,X1Xy) are kept to construct a new modification model as:
tion efficiency with different face velociti® (when re equal

Y1 = 17.75 — 3.5319X; + 0.4593X; + 0.2133X; + 0.5172X2

to 0.6846, 1.369 and 2.054, the correspglding face velocities are
i ~0.15759X1 X, (13)

Hold Values
Re 2.054
4.0
~
b
3.5
4.2
3.0
L2/d
33 4.0 p 38
L1/d 43
(a) (b)

Fig. 13. (a) The X; vs. X; contour plot and (b) the corresponding surface plot, under the condition of X5 =2.054.
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Table 10
Analysis of variance for df /K of the modification model.
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Table 12
Estimated regression coefficients for df /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 944  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 297930 297930  0.496549 8.93 0.001
Linear 3 2.20781 2.20781 0.735938  13.23 0.000
Square 2 033203  0.33203 0.166016 2.98 0.086
Interaction 1 043945 043945  0.439453 7.90 0.015
Residual error 13 0.72305 0.72305 0.055619
Total 19 3.70234
Y, = —48.8375 + 18.9750X; + 8.5000X; — 0.8947X3 — 1.2500X?

+0.5334X2 — 2.3437X: X, (14)

It may be also expressed using original operating parameters
as:

d2
J_ _ L L
K= 17.75 - 3.5319 d +0.4593 d
2
+0.2133 Re+0.5172(L—1) 70.5759L—1 X L—Z (
d d d
Ly Ly
n= —48.8375+18.97SE+8.5000E70.8947 Re — 1.
2 Ly L
+0.5334 (Re)’ — 2.3437 5 x =

To evaluate the performance of the new m
calculated data were regressed using Egs. (13
ceeded with the analysis of variance. The co
of variance is tabulated in Tables 10 and 1
probability value (far smaller than 0.050

Term Coefficient Standard error t-Ratio P-value
coefficient
Constant 481136 0.01676 286.992 0.000
Ly/d —0.84914 0.01676 —50.650 0.000
Ly/d —0.36888 0.01676 —22.003 0.000
Re 0.14600 0.01676 8.709 0.000
(L1/d) x (L1 /d) 0.12929 0.02371 5.453 0.000
(L1/d) x (Lo/d) ~0.05759 0.01874 -3.073 0.008

$=0.05301; R2 =99.6%; R? (adj) = 9.4%.

Table 13

Estimated regression coeffigi efficiency of the modification model.

Term Coef Standard error t-Ratio P-value
oefficient

Constant 0.07910 42.192 0.000

Ly/d 0.07458 —2.682 0.019

Ly/d 0.07458 —2.347 0.035

Re 0.07458 5.196 0.000

(Ly/d) x (Ly/d) 0.13184 -2.370 0.034
0.13184 1.896 0.080
0.08388 -2.811 0.015

coefficients for djz/K the modification model using data in

Coefficient Term Coefficient
17.75 Re 0.2133
-3.5319 (Ly/d) x (Ly/d) 0.5172

0.4593 (Ly/d) x (L2 /d) -0.5759

es that the calculation data are fitted well by the modifica-
ion quadratic model.

From Table 12, both the extremely small probability value and
the high R? value suggest a good data fit. The fact that the R? value
pproaches to the R? (adj) value is regarded as a result of dis-
missing insignificant factors in the model. Though from Table 13
the R? value is slightly low (R%=0.805), it is enough satisfactory
as a determination coefficient. Effect examinations of coded and
uncoded factors for the two modification quadratic models were
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 Y; and Y, CFD calculated with Y; and Y,
predicted by Egs. (13)and (14) are shown in Figs. 16 and 17, respec-

Re

Hold Values

1.369

Y2

(a)

Fig. 14. (a) The X; vs. X; contour plot and (b) the corresponding surface plot, under the condition of X5 =1.369.

3.25
3.00
275

2.50 42

L2/d

35

Lid

(b)



Table 15

Estimated regression coefficients for filtration efficiency the modification model
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42
32 28 24
41
2.6
- Re 0.6846
S 401
]
39
3z 3.0
38 . . .
3.50 3.75 4.00 425 4.50
L1/d
(a)

Fig. 15. (a) The X, vs. X; contour plot and (b) the corresponding surface plot,

using data in uncoded units.
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Hold Values
Re 0.6846
35 +
3.0 4
~
-~
2.5 4
42
20
35 L2/d
4.0
L1/
(b)
of X3 =0.6846

tively. It sugg
and filtrgai

. This two modification RSM models for pre-
and filtration efficiency (Eq. (13), Eq. (14),

drop

Term Coefficient Term Coefficient resp 2 =0.996 and R% =0.805 respectively are accu-
Constant _48.8375 (Ly/d) x (L1 /d) _1.2500 ratg#enough to predict the pressure drop and filtration efficiency
Li/d 18.975 Re x Re 0.5334 ne wave fabric filters with different geometry parameters
Ly/d 8.5000 (L1/d) x (L»/d) -2.3437 condition.
Re —0.8947
.5. Optimization of the process
& Figs. 10-12, we know that increasing the horizontal dis-
- d vertical distance, the pressure drop decreased gradually,
o ressure drop increased with increasing the face velocity.
& 55 R2=0.996 Therefore, there is not a maximum point within the selected range
3 he independent variables. However, from Fig. 14a, the filtration
3 504 efficiency is increased with the increase of the horizontal distance
= and vertical distance at first, but after a certain value, a station-
3 154 ary area of filtration efficiency could be noticed, and then started
g5 to decrease. The result has shown that the response surface of the
=~ 404 (] filtration efficiency has a maximum point within the experimental
range of the independent variables. The precise coordinates of opti-
35 mum, the levels for three independent variables were obtained by
: . analytical procedure. The stationary point (maximum) of the fitted
3.5 4.0 model was found by deriving first derivatives of the Eq. (12) [29] as
follows:
Fig. 16. A comparison of Y; CFD calculated w 16.7761 - 2.081X; — 2.3437X; +0.4108X3 = 0
36.2415 — 6.8182X; — 2.3437X; — 0.3424X3 =0 (17)
—1.4673 + 1.285X3 + 0.4108X; — 0.3424X, =0
404 The system of linear Eq. (17) was solved with the help of using a
o , numerical technique with the software Mathematics (v5.2) and the
E; 3.6 A650:800 accurate optimal values of the variables were obtained: X; =3.794,
2 X5 =3.962 and X3 =0.985, which are the uncoded values of the inde-
E 324 pendent factors for the maximum value of the response (filtration
5] efficiency). The optimal values and the responses (Y7, Y>) are pre-
=
O 284
oy Table 16
Optimal values of the process parameter and the responses.
2.4
Independent variables Optimal value Y: (i) Y, (%)
T T T T T
20 25 3.0 35 4.0 4.5 The dimensionless horizontal 3.8 4.670 3.289
Y, predicted (%) distance (L1 /d)
The dimensionless vertical 4.00
Fig. 17. A comparison of Y, CFD calculated with Y, predicted by Eq. (14). Redistance (L2/d) 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).

2
No. X (%) % (jﬁ) X; (Re) Y; (%) Ys (%)
1 35 40 0.985 5275 3231
2 45 38 0.985 3.885 2.920
3 35 42 0.985 4.890 3.181
4 40 40 0.985 4195 3214
5 35 38 0.985 5578 3.010
6 40 40 0.985 4195 3214
7 45 40 0.985 3.459 2,673
8 45 38 0.985 3.885 2.920
9 40 40 0.985 4195 3214
10 40 40 0.985 4195 3214
11 40 40 0.985 4195 3214
12 40 40 0.985 4195 3214
13 40 42 0.985 3.758 2.929
14 35 38 0.985 5578 3.010
15 35 42 0.985 4.890 3.181
16 45 42 0.985 2.960 2.154
17 45 42 0.985 2.960 2.154
18 40 40 0.985 4195 3214
19 40 40 0.985 4195 3214
20 40 38 0.985 4,560 3.226
21 38 4.0 0.985 4,670 3.289

sented in Table 16. It could be seen that the optimal values of the
responses Y7 and Y, are 4.67% and 3.29%, respectively.

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

5. Conclusions

sure drop were obtained based on response surface
by means of simulating gas—solid flow of plane wa
with different geometries and operating conditio
be used for optimizing the design at a given requi

fabric filters. The two modified mathemati
good fit with the predicted data, since t
indicated that 99.6% and 80.5% of the v the range

s. Addition-

the horizontal distance (3.794 time
distance (3.962 times in fiber diarg
optimal values, the val-
ues of the responses Y; and Y, are 43 d 3.29%, respectively, and
the response of the filtration efficiency e optimal conditions
is greater than any other values, while maintaining an acceptable
pressure drop.
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