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Abstract The airflow through the wire-mesh screen inside the circular pipe was
experimented with to investigate the permeability (K) and the inertia coefficient (F))
based on Darcy—Forchheimer’s principle. Five pores per inch (PPI) of the SUS304
stainless wire-mesh (i.e., 6, 8, 10, 12, and 14) were examined with the wire diameter
(dy,) that was kept at 0.36 mm. From such PPIs, the porosity (¢) yielded 0.866, 0.822,
0.777, 0.733, and 0.688, respectively. Five different stacked thicknesses (H) were
conducted in the range of 1.44—7.20 mm. The linear formulation adapted from the
Darcy—Forchheimer equation was employed, with AP = a + bu denoting the
relationship between pressure drop (AP) and velocity (#). The AP was measured
using a digital manometer by changing u between 0.262 and 1.833 m/s. The
experiment revealed that when ¢ rose, K grew and F dropped. With the impact of
H, the opposite situation was obtained—K dropped and F rose. The correlations of
K and F were proposed by K = (1.3425 + 6.2161¢ — 0.4977H) x 10 — 7 and
F = 0.6296 — 0.7524¢ + 0.0653H. To validate the proposed correlations, two
available models, consisting of the equation of Gebart and Koponen, were examined
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for K, and Du Plessis’s equation was adopted for F. In comparison, a favorable
agreement was reached. As a result, the proposed models were very credible and
straightforward to apply.

Keywords Permeability - Darcy—Forchheimer equation - Wire-mesh porous media

1 Introduction

The fluid flow in porous media has received considerable attention because of its
importance in the areas of pneumatic—hydraulic applications [1]. The principle of
fluid transport within porous media is used in many works—for example, petroleum
technology [2, 3], groundwater hydrology [4, 5], micromachining work [6, 7], and
fuel cells [8]. For fluid moving at a sufficiently high velocity through porous media,
the pressure drop (AP) versus flow velocity is given by the Forchheimer equation

[9]:

AP = (M?LO>M+ (pj%‘))uz (1)

where u, p, Ly, K, and F are fluid viscosity, fluid density, testing length, permeability,
and inertia coefficient (or Ergun coefficient) [10], respectively. The Forchheimer
equation (Eq. 1) modified from the Darcy law [11] has, generally, two terms
expressing the viscous and the inertial effects, respectively.

Permeability (K) and the inertia coefficient (F) estimated from the Forchheimer
equation are the key to the transmitted ability of structure. For macroscopic phe-
nomena of fluid flow through the porous matrix, the quantity of K and F have
perhaps the most important property to describe and to thoroughly understand the
flow phenomena. Traditionally, the void structure in a porous matrix, as defined by
the porosity (&), becomes complex, resulting in a convoluted flow pattern inside and
across the void [12].

The Kozeny—Carman equation [13, 14] was the most classical equation explained
in the relationship between K and porosity (¢). The measurement of K and F for the
foam and fibrous structure were conducted by many works [15-17]. In addition,
several experimental investigations and numerous numerical analytical details using
the lattice Boltzmann technique [18-20] have been undertaken during the previous
few decades. Gebart [21] investigated K with a combination method of theoretical,
numerical, and experimental studies for which he proposed the functional form of
K to & (porosity). A good application of his function was obtained for € > 0.65. Du
Plessis et al. [22] presented a correlation for predicting the F. This equation gave
good application in the high porosity range. Koponen et al. [23] applied the lattice
Boltzmann method to establish an empirical relationship of K for € in the range of
04 <e<0.95.
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Recently, the corresponding author and coworker performed experimentally to
measure the K of the stainless wire-mesh screen with the porosity range of
0.794-0.943 [24]. The SUS304 stainless wire-mesh screen was tested at four
different pores per inch (PPI) (i.e., 4, 8, 10, and 12). The wire diameter did not use
the same size. A correlation of K was only proposed but F was not discussed.

Based on previous work [24], this chapter wants to extend the boundary of the
investigation. Two PPIs (6 and 14) were added experimentally, but PPI = 4 did not
charge because the enhancement performance was insignificant [25, 26]. The wire
diameter (d,,) was used with the size kept at 0.36 mm. Thus, five PPIs of the SUS304
stainless wire-mesh (i.e., 6, 8, 10, 12, and 14) were tested by which the porosity (¢)
became 0.866, 0.822, 0.777, 0.733, and 0.688, respectively. The wire-mesh screen
was prepared as six stacked wire-mesh bundles for which a distance between two
adjacent stacked wire-meshes (L) was 80 mm. The stacked thicknesses (H) of wire-
mesh porous media organized with five Hs was: 1.44, 2.88, 4.32, 5.76, and 7.20 mm.
Finally, two correlations of K and F on ¢ and H were reported, and the comparison
results of a present correlation with available functions were discussed.

Nomenclature
The following nomenclature is used in this chapter:

a Slope of the line
b y-axis (AP/u) intercept

d,,  Wire diameter, m

F Inertia coefficient

H Porous thickness, m

K Permeability, m?

Ly  Testing length, m

PPI  Pores per inch

0 Volumetric flow rate, m>/s

r Material diameter, m

R*>  Determination coefficient

T;, Inlet air temperature, °C

u Fluid velocity, m/s

AP Pressure drop across testing pipe, N/m?
€ porosity

p Fluid density, kg/m’

u Fluid viscosity, Pa-s

2 Experimental Setup

2.1 Experimental Diagram

Figure 13.1 shows a schematic diagram of the experiment to evaluate the perme-
ability (K) and the inertia coefficient (F') of wire-mesh porous media attached inside
the circular pipe based on the same experimental system of Huchaiyaphum et al.
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Fig. 13.1 Schematic diagram of the experimental setup [24]
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Fig. 13.2 A testing pipe with the installation of wire-mesh porous media [24]

[24]. This test rig is a good general way for monitoring the pressure drop (P) through
the pipe because it is a straightforward procedure for determining K and F [27, 28].

To understand in the test section, a testing pipe made of SUS304 stainless steel
with an inner diameter of 90 mm and a length of 500 mm is presented by Fig. 13.2,
which is like that of Ref. [24]. The stainless wire-mesh screen with a diameter (dw)
of 0.36 mm was employed as porous media, and it was provided as six bundles to
attach inside the pipe. The distance between two adjacent porous bundles (L) was
kept at 80 mm. In the experiment, there were two interesting parameters: porosity (&)
converted from PP, and porous thickness (H). Table 13.1 summarizes the 25 cases,
constructed from five ¢ and five H, for measuring the pressure drop (AP) and
evaluating K and F.

As shown in Fig. 13.1, an experimental procedure was the same as in a previous
work [24]. To get the understanding again, however, the experimental procedure was
represented. In the beginning, the fresh air at the ambient condition (i.e., inlet air
temperature, T;,, of 27 °C) was supplied by an air blower into the system. Then, the
airflow rate (Q) controlled with a valve was monitored by Rotameter.

The Q was changing at the range of 0.00167 m®/s (100 LPM)-0.01167 m?/s
(700 LPM). The fresh air flowed past the setting pipe to provide a uniform streamline
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T:}ble 13.1 Testing ca.ses of Case PPI Porosity (¢) H (mm)

wire-mesh porous media 6 0.866 1.44 (4 screen)
2 6 0.866 2.88 (8 screen)
3 6 0.866 4.32 (12 screen)
4 6 0.866 5.76 (16 screen)
5 6 0.866 7.20 (20 screen)
6 8 0.822 1.44 (4 screen)
7 8 0.822 2.88 (8 screen)
8 8 0.822 4.32 (12 screen)
9 8 0.822 5.76 (16 screen)
10 8 0.822 7.20 (20 screen)
11 10 0.777 1.44 (4 screen)
12 10 0.777 2.88 (8 screen)
13 10 0.777 4.32 (12 screen)
14 10 0.777 5.76 (16 screen)
15 10 0.777 7.20 (20 screen)
16 12 0.733 1.44 (4 screen)
17 12 0.733 2.88 (8 screen)
18 12 0.733 4.32 (12 screen)
19 12 0.733 5.76 (16 screen)
20 12 0.733 7.20 (20 screen)
21 14 0.688 1.44 (4 screen)
22 14 0.688 2.88 (8 screen)
23 14 0.688 4.32 (12 screen)
24 14 0.688 5.76 (16 screen)
25 14 0.688 7.20 (20 screen)

and the uniform flow of air was completely obtained while passing the straightened
pipe. In addition, to generate the full developing flow in a pipe, its length of 900 mm
(10D) [29] was aligned horizontally in front of a testing pipe. Finally, the pressure
drop (AP) across the testing pipe was measured by a digital manometer with an

accuracy of +0.3%.

2.2 Estimated Equation of Permeability (K) and Inertia

Coefficient (F)

In evaluation of permeability (K) from the data accumulated by the experimental
procedure, the Forcheimer equation [9] or Eq. (1) can be calculated by:

AP = au + b

(2)
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Here, u is air velocity with the range of 0.262 m/s—1.833 m/s, which is calculated by
u = Q/A (A is the cross-section area of a testing pipe). For the value of Ly, H is
applied.

Based on Ref. [24], Eq. (2) was transformed into a linear equation as follows:

B —atbu 5)

where variable a is the slope of the line and b is the y-axis (AP/u) intercept. Eq. (5)
was fitted by the linear regression method [30]. Such two variables (a and b) were
easiest to obtained. Thus, after K was estimated by uLy/a, F' was automatically given
by bK'?IpL,.

3 Results and Discussion

3.1 Effect of e on K and F

Figure 13.3a presents the relationship between the ratio of pressure drop to air
velocity (AP/u), and air velocity (u) for the effect of porosity (¢) at the experimental
condition of porous thickness (H) of 7.2 mm. From the experiment, it was found that
the AP/u was increased as rising u owing to the nature of fluid flow in the pipe
[24, 31, 32]. As a constant of u, the pressure drop (AP/u) was reduced as increasing &
(PPI reduce) because of the difficult flow that occurred at a lower porosity (g) [32—
35]. In the figure, the solid lines indicate the fitted curves across the experimental
points (symbols) based on regression analysis. The coefficients of determination (R)
between the solid line and the symbols were all more than 0.98, indicating that this
regression was credible [30].

In Table 13.2, the solid lines (linear equations) are summarized. The coefficients a
and b specified in Eq. (5) may be found by fitting a linear equation across these
points. By substituting the a and b from this figure into Egs. (5) and (6), the K and the
F were obtained. The relationship of K and F on ¢ at the H = 7.2 mm is illustrated in
Fig. 13.3b. As ¢ increased, the K was decreased but the F' grew. This was described
by the effect of a raiser pressure drop (AP) similar with the result in Fig. 13.3a. The
trend of K and F of the present study was consistent to the available works
[28, 36, 37].
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Fig. 13.3 Effect of € on AP/u, K and F. (a) Relationship between AP/u and u. (b) Relationship of
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Table 13.2 Linear equation  “porogity (¢) Linear equation R?

of AP/u for effect of ¢ 0.866 (PPI = 6) APlu = 0.386 + 34.142u 0.986
0.822 (PPI = 8) APlu = 0.411 + 41.996u 0.993
0.777 (PPI = 10) AP/u = 0.486 + 47.439u 0.995
0.733 (PPI = 12) APlu = 0.543 + 55.252u 0.997
0.688 (PPI = 14) APlu = 0.614 + 61.086u 0.996

3.2 Effectof Hon K and F

Figure 13.4a presents the relationship between the AP/u and u at the porosity (g) of
0.688 (PPI = 14) for the effect of porous thickness (H). The AP/u was increased
with u, which was the same trend in effect for € (see Fig. 13.3a). For constant of u,
the trend of pressure drop (AP/u) was raised as increasing H because it was the effect
of a thicker porous media, resulting in a more difficult flow of air through the porous
media had occurred [24, 31, 32].

In considering the fitting curves, the solid lines gave good agreement to the
experiments (symbols). The determination coefficients (R?) of the developed equa-
tions became higher than 0.96, and they were summarized in Table 13.3.
Figure 13.4b illustrates the relationship between the K and the F on the impact of
H. As H increases, the trend of K was decreased, but the F was rose. This can be
explained by the same reason shown in Fig. 13.4a.

3.3 Regression Analysis of K and F to € and H

From the 25 cases of the present experiment based on the range of 0.733 < ¢ < 0.866
and 1.44 < H <7.20 mm, two equations of K and F generated by the multiregression
method are given as follows:

K = (1.3425 + 6.2161¢ — 0.4977H) x 10~ (6)
F = 0.6296 — 0.7524¢ + 0.0653H 7)

To validate both equations, the comparison results of equations (Egs. (6) and (7))
to available empirical equations are reported by Fig. 13.5. The equation proposed by
Gebart [21] and Koponen et al. [23] were employed to validate the K (see
Fig. 13.5a), while the validation of F' was compared with Du Plessis’s equation
alone (see Fig. 13.5b) [22].

As seen in Fig. 13.5a, the solutions from the present equation of K at the
H = 7.20 mm gave good agreement with both available works [21, 23]. For
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Tfazl;;/nf'?’ IEfinear ;:(};ation Porous thickness (H) Linear equation R?
of Al/u for effect o 1.44 mm (4 screen) APlu= 0243 + 11288u | 0.965
2.88 mm (8 screen) AP/u = 0.328 + 23.802u 0.994

4.32 mm (12 screen) AP/u = 0.428 + 36.657u 0.992
5.76 mm (16 screen) AP/u = 0.543 + 48.838u 0.996
7.20 mm (20 screen) AP/u = 0.614 + 64.086u 0.996

comparison of F at H = 7.20 mm, as shown in Fig. 13.5b, the same trend of the
previous equation and Du Plessis’ s model [22] was achieved. A higher level from
that equation, however, appeared. Thus, it can be said that the accuracy of the
proposed correlation was practical use in the examined range.

4 Conclusion

An experimental and analytical study investigating the permeability (K) and the
inertia coefficient (F) of wire-mesh porous media, based on Forchheimer principle,
was proposed. Stainless SUS304 with different porosity (e or PPI) and thicknesses
(H) were examined. The trend of K increased and F decreased when & was raised.
The opposite result was obtained by increasing H: K decreased and F increased.
From the fitting process, equation of K and F, estimated by multi-regression method,
can be shown by

K = (1.3425 +6.2161e — 0.4977H) x 10”7 and
F = 0.6296 — 0.7524¢ + 0.0653H

For which the accuracy was in the range of 0.733 < & < 0.866 and
1.44 < H < 7.20 mm. Good agreement between this chapter’s equations and other
available works [21-23] was obtained.
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