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Abstract: Sintered metal porous media currently plays an important role in air bearing
systems. When flowing through porous media, the flow properties are generally
represented by incompressible Darcy-Forchheimer regime or Ergun regime. In this study,
a modified Ergun equation, which includes air compressibility effects, is developed to
describe friction characteristic. Experimental and theoretical investigations on friction
characteristic are conducted with a series of metal-sintered porous media. Re = 10 is
selected as the boundary for a viscous drag region and a form drag region. Experimental
data are first used to determine the coefficient a in the viscous drag region, and then the
coefficient B in the form drag region, rather than both simultaneously. Also, the theoretical
mass flow rate in terms of the modified Ergun equation provides close approximations to
the experimental data. Finally, it is also known that both the air compressibility and inertial
effects can obviously enhance the pressure drop.
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1. Introduction

Air flow through porous media is universal in a broad range of industrial equipments, e.g., filters,
heat exchanges, catalytic reactors and pneumatic silencers. In such porous media the distribution of
pores with respect to shape and size is irregular [1]. Therefore, the porous media easily provide
impedance when they are connected in a pneumatic circuit. There is a crucial need for an accurate
description of the friction characteristic in order to evaluate their performance. In pneumatics, it is
generally known that flow rate characteristics of normal pneumatic components are characterized in
terms of sonic conductance and critical pressure ratio by the ISO 6358 standard [2], which is deduced
from isentropic flow through a perfect nozzle, or by an ISO expanded expression proposed by
Oneyama in 2003 [3]. Unfortunately, the flow pathway in porous media is much more complicated
than that of the ordinary pneumatic components, and there is no such a generalized specification for
characterizing the flow throughout porous medium.

A number of studies [4—7] have demonstrated the physics of flow through porous media under the
assumption that the internal structure is isotropic and homogeneous. The results revealed that the linear
Darcy regime [4] can properly predict the flow behavior when the flow velocity is sufficiently small,
or in other words, when the regime is dominated by viscous effects. However, when inertial effects
become dominant, the pressure gradient versus flow velocity exhibit a nonlinear relation. On this issue,
probably the two most known equations including the effects of viscosity and inertia should be the
Forchheimer equation and the Ergun equation [8,9]. Many researchers have attempted to correlate
experimental data to assess the flow characteristics of porous media using the two fundamental
equations. Early experimental works by Beavers et al. [10,11] indicate that the flow characteristics of
fibrous porous media can be clarified by Forchheimer equation with appropriate permeability and
inertial coefficient. Montillet et al. [12] proposed a correlating equation to predict pressure drops
through packed beds and provided experimental evidence for validation. Antohe et al. [13] presented a
study that uses the Forchheimer extended flow model to compute the permeability and inertial
coefficient for the compressed aluminum matrices. Dukhan and Minjeur [14] suggested the use of
two permeabilities, one for the Darcy regime and another for the Forchheimer regime, to depict
pressure drop properties. Moreover, Dukhan and Patel [15,16], Dukhan and Ali [17] experimentally
investigated wall, size, entrance and exit effects on permeability and form drag coefficient. In addition to
the use of Forchheimer equation, Dukhan [18] also verified the validity of the Ergun-type relationship
to characterize pressure drop with respect to flow velocity and confirmed that both permeability and
inertial coefficient correlate well with porosity. Du Plessis [19] theoretically derived a momentum
transport equation for fully-developed flow in porous media which is based on Ergun equation.
J.F. Liu [20] described the friction characteristic based on the measured pressure drop of air through
foam matrixes using an empirical equation which is similar to Ergun equation.

According to the literature survey it is noted that porous media with a high range of porosities
(over 80%) have been frequently used in earlier applications, and, existing references that use either
the Forchheimer regime or the Ergun equation, commonly neglect the velocity gradient in the flow
direction. When unidirectional airflow passes through those loose media, air compressibility is
negligible due to slight pressure drops, and velocity in the flow direction is generally considered
constant [21-23]. However, in contemporary air-bearing feeding systems, porous media fabricated by
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sintered metal that have a small porosity also receive great attention. Belforte et al. [24,25] showed a
considerable pressure drop between the upstream and downstream, and verified the capability of porous
media to eliminate pressure peak compared with the case involving an orifice. Amano et al. [26] and
Oiwa et al. [27] developed air conveyor systems that use sintered metal porous air supply pads.
In these applications, air compressibility cannot be ignored, and therefore, the conventional correlation
of friction characteristics needs to be reconstructed. The authors [28] have developed a modified
Forchheimer equation to represent the pressure drop characteristic for a series of metal sintered porous
media, but the feasibility in terms of the Ergun equation is not yet known and also needs to be confirmed.

In this study, we determined the friction characteristic in terms of a modified Ergun equation.
Several sintered metal porous resistances were tested, and the effectiveness of the proposed correlation
was experimentally verified.

2. Theoretical Section

Porous media consist of thousands of irregular pores, and its microstructure is characterized by
several factors, such as pore size, pore shape, and porosity. The physical model of airflow through
porous media is schematically shown in Figure 1, and the following assumptions are made to enable a
theoretical derivation.

(1) The flow is steady and fully developed. (2) The porous medium is isotropic and homogeneous,
so its property parameters are constant. (3) The flow is in the horizontal direction only. (4) The flow
through the porous medium remains isothermal.

Porous resistance

%

Figure 1. Schematic of flow through porous medium.

Consequently, the mean flow velocity changes with the air density along the length direction and is
written in the following form [25]

= (1)

where v is the flow velocity, G is the mass flow rate, p is the density and A4 is the cross-sectional area.
Assuming that the air is a perfect gas, density p is expressed in the following form according to the
ideal gas state equation
P
P=%7r 2)

where P is the pressure, R is the gas constant and 7 is the temperature.
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Ergun [8] published an empirical relation for describing the pressure drop through porous media
based on the porosity and a geometrical length scale as

2
P (=efu (-elp

dr ee’D; ’ e'gD, 3)
where a is a factor for the viscous drag portion of the pressure drop, B is a factor for the form
drag portion, € is the porosity and D), is the particle diameter. In addition, a coefficient of sphericity ¢,
which multiplies the particle diameter, is employed in the equation in order to correct the pressure losses.

The construction of Ergun equation was based on modeling the space between packed beds of
spheres as parallel capillaries, with the first term accounting for viscous effects and the other term for
kinetic effects. The multipliers o and B can be viewed as correction factors to account for the
geometrical difference between flow paths through packed spheres and parallel capillaries,
Dukhan et al. [29]. Substituting Equations (1) and (2) into Equation (3), the Ergun equation takes the
following form for an incompressible flow

AP a(l-g) l-¢
pT - sgA(pz)D;ll Gt gBS((prA)2 ¢ “4)

The Reynolds number based on porosity € and particle diameter D, is given by

Rezp(l—_é’). (5)

A dimensionless friction factor f'is defined as
__drPeD,( €
dx pv* | 1-¢ (0)

Substituting Equations (5) and (6) into Equation (3), we obtain the following correlation for the

friction factor as a function of the Reynolds number

(0
S e P (7)

For traditional Ergun, coefficients o and B are valued 150 and 1.75, respectively. However,
by experiments, we found that the coefficients differ from these values. Experimental method and
results will be clarified in the next two sections.

3. Experimental Section

A series of commercial porous resistances with different dimensions were selected from many
specimens, and are designated as #1 to #6 in Figure 2. Each sample was a cylinder having a length of
2,5,2,4, 10, and 3 mm and a diameter of 4, 4, 8, 8, 8, and 12 mm. All of these samples were
fabricated by sintering SUS316L powder into a cylindrical shape at a temperature above 1000 °C.
During sintering, complicated flow paths were formed by interconnected and dead-end pores, as shown
in the microscope photograph of the porous surface (Figure 2). The average particle diameter D, is
approximately 75 um for #1 and #3, approximately 90 um for #2 and #5, and approximately 50 pm for
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#4 and #6. Porosity €, defined as the fraction of the total volume that is occupied by void space,
is calculated as follows

4dm

-~ ®)

where ¥ = 8.03 x 10° kg/m® is the density of the steel alloy, m is the mass of the resistance,
L is the length, and D is the diameter. Dimensions, weights, porosities, average particle diameters,
coefficient of sphericity and hydraulic diameter of the test resistances are tabulated in Table 1.

Table 1. Dimensions, weights, porosities, average particle diameters, coefficient of
sphericity and hydraulic diameter of the test resistances.

Porous Diameter Length Weight Porosity Particle diameter Hydraulic diameter
media (mm) (mm) 63 (um) (um)

#1 4 2 0.122 0.397 75 16.5

#2 4 5 0.277 0.451 90 24.6

#3 8 2 0.494 0.388 75 15.8

#4 8 4 0.974 0.379 50 10.2

#5 8 10 2.301 0.430 90 22.6

#6 12 3 1.476 0.458 50 14.1

41 #2 43 #4

#6 .
cs008E
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Figure 2. Test porous resistances.

The arrangement of the pneumatic circuit is shown in Figure 3. The porous resistance is sealed in a
metal sleeve using a cylindrical rubber to prevent possible leakage between the side face and the sleeve.
Compressed air is supplied and regulated to the selected pressure. The buffer tank with a volume of
30 L, located after the pressure regulator, is used to stabilize the supply pressure. Two calibrated
pressure gauges are respectively placed upstream and downstream of the porous resistance, and an
adjustable valve is connected to change the downstream pressure. The upstream and downstream
pressure gauges are installed at a distance not less than three times the resistance length before and
after the medium to avoid the entrance and exit effect [16]. It should be noted that the pressure drops in
the connecting pipes are negligibly small in comparison with that in the porous media and it is
believable the pressure data can be measured with sufficient accuracy and do not need any correction.
The total air volume through the porous resistance is collected by a dry test gas meter which has a
range of 0.04~6 m?/s, with a stopwatch used to record the time and then to calculate the mean flow
rate. An attempt was also made in advance to clarify the effects of flow direction by reversing the
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resistance position relative to the flow direction. No apparent variation in flow rate measured under the
same pressure condition was observed before and after the position changed. This result validates that
the friction characteristic is independent of the flow direction.

Porous resistance Rubber

\ [
Pressure gauge Pressure gauge B Wl‘g
Air supply = Gas meter
> : . L Sy
7 P p, 7>
L——--J Metal sleeve Adjustable valve AN 5
Regulator 77N

Metal sleeve

Figure 3. Schematic of experimental setup.

During the experiments, the procedure is performed as follows: (1) maintain a steady flow rate and
keep the upstream pressure unchangeable at 584.9 kPa. (2) Use the adjustable valve to change the
pressure ratio P2/Pi1, and record the paired pressure and flow rate for more than 20 points. To reduce
the uncertainty, steady flow is maintained at least 30 s for procuring each data point, and the
measurements are repeated three times for each sample to get an average result. In the case of small
pressure drop, a differential pressure transducer (KL17 [30], Nagano Keiki Co., Tokyo, Japan), with a
measuring range of 0~2 kPa, is used to measure the pressure difference, and correspondingly, the gas
meter is replaced by a wet type one with a measuring range of 0.016~5 L/min.

4. Results and Discussion

The first term on the right-hand side of Equation (4) represents the viscous drag portion of the
pressure drop, and therefore, the coefficient o can be determined by the experimental data under small
pressure drop. The pressure drop results (<1.5 kPa) are considered negligibly small in comparison with
the supply pressure, and therefore air is treated as incompressible fluid, without density variation.
Figure 4 shows that the pressure drop (0 to 1 kPa) is in close linearity to the flow rate, a result
implying that form drag effects are negligible. If we visualize the porous medium as a bundle of tubes,
it is not difficult to understand the linear relationship with the knowledge of equivalent hydraulic
diameter. In the meantime, it should be noted that the medium size also plays an important role in the
relationship between the pressure drop and the flow rate. Therefore, a least squares straight line is
passed through the data points, with the slope proportional to the coefficient a. Then, all the data are
used to gain the coefficient p by Equation (4). The R? value for the linear fitting line exceeds 0.99 for
all the test media so that the error is thought to be acceptable for the calculation.

Figure 5 shows the relation between coefficient B and flow rate in terms of incompressible Ergun
equation. The f is not an average coefficient for all the test media, and, it is just for a specific case and
varies with the properties of the medium. The B is obtained with the resulting coefficient o using
Equation (9) with the paired pressure drop and flow rate. Observation shows that 3 is a negative value
and appears to continuously change as the flow rate increases. However, these results are theoretically
unreasonable. First, the negative value is physically meaningless because the form drag effects have



Metals 2015, 5

positive impacts on the pressure drop. Second again, in general, when form drag effects dominate the
flow pattern, B should have the tendency to be a universal constant because it is completely dependent

on the properties of the media. The

effects enhance the pressure drop and thus cannot be ignored. Actually, in theory, the coefficient
should be a constant that only depends on the internal geometry at high Reynolds number. However,
numerous studies indicate that a transitional regime exists between the viscous and inertial regimes.
The visible variations in B at small Reynolds number are mainly because the data points in the
transitional regime are mistakenly used for the calculation. As a result, the optimal B should be

negative and increasing B indicates that it is the compressibility

selected for the converged value under the maximum flow rate.
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Figure 4. Pressure difference versus flow rate.
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Figure 5. Coefficient  versus flow rate (resistance #1).

Accordingly, substituting Equations (1) and (2) into Equation (3) and integrating the pressure with
conditions P = P1 (x = 0 [m]), P = P2 (x = L [m]), obtain the

respect to length, with the boundary
following modified Ergun equation
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Equation (9) includes the contribution of air compressibility to the pressure drop. The relation of 3
with respect to flow rate in terms of the modified Ergun equation is also presented in Figure 5,
which shows that B is a positive value and indeed converges to constant as the flow rate increases.
As a result, considering compressibility effects is necessary.

According to Equation (9), the coefficients a and B are determined non-simultaneously by, a first in
viscous drag region, then B in form drag region. This method is named non-simultaneous method
hereinafter. Table 2 lists the determined coefficients for each test medium. The values of o and § were
generally thought to be universal, however some early experiments proved otherwise. In [31],
Fand et al. tested spheres of various diameters and found that o and B exhibit some variations with
diameter. Comiti and Renaud [32] obtain an average value of 141 for a and 1.63 for f for all of the
packed spheres they tested. In this work, the authors contend to first use different a and  to describe
the friction characteristic for each of the test media for a comparison. Noted that as the flow rate
increases, small changes in coefficient B will induce an obvious variation in the pressure drop, and
therefore it is corrected to the second decimal place to improve accuracy. Moreover, an alternative
method is to determine the coefficients simultaneously according to the Gauss—Newton fitting method,
which is hereinafter referred to as the simultaneous method. The simultaneous method is simple in
comparison with the non-simultaneous method. Coefficients obtained by the simultaneous method are
also listed in Table 2. Clearly, the coefficients determined by different methods have different values.

Table 2. Results of coefficients o and  using non-simultaneous and simultaneous method.

. Non-simultaneous method Simultaneous method
Porous medium
o B a p

#1 466.2 12.43 515.9 12.12
#2 458.0 12.84 550.4 12.01
#3 475.8 8.73 419.3 9.08
#4 457.9 14.82 502.4 13.73
#5 460.8 10.01 599.8 8.81
#6 468.4 14.99 332.0 18.59

A presentation of the data in the form of friction factor versus Reynolds number is given in Figure 6.
The linear dashed curve is for f'= 464.5/Re, which leaves out the second term of the Equation (4) and
serves as a reference line for medium #1. The experimental Reynolds number ranges for the
medium #1 to #6 are 0.35~154, 0.26~153, 0.28~169, 0.04~42, 0.17~118 and 0.06~67, respectively.
Dybbs and Edwards [33] reported that the boundary for viscous flow regime and inertial flow regime
is Re = 1. However, the authors contend that the region with Re from 1 to 10 would involve the
transition regime. For this class of porous resistances, the form drag effects prevail over the viscous
effects when Reynolds number is approximately beyond 10. Therefore, Re = 10 can be seen as the
boundary to distinguish the viscous drag region and the form drag region. Following Dybbs’s
classification the experimental range only cover the laminar regime. Actually, both viscous and inertial
regimes, along with transition between the two, are laminar in nature. Moreover, friction factor
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decreases with the increase of Reynolds number, and gradually converges to an asymptotic value
depended on the coefficient B as the Reynolds number becomes adequately large. The curve,
which represents the Ergun equation with coefficients a and B respectively valued 150 and 1.75, is also
given in Figure 6 for a comparison with the experimental data. Quite clearly, the traditional Ergun
equation cannot be directly used to describe the friction characteristic. Table 2 shows that the values of
a and B varies little for each of the materials by the non-simultaneous method. So, the optimal a and 3
can be obtained as the average value for all the media, and therefore, the generalized Ergun equation is
now represented by 464.5/Re + 12.30, which shows a good agreement with all of the experimental
data. However, even if the coefficients a and B are constants, Equation (9) indicates that the pressure
losses do not only depend on the particle diameter and porosity but also the diameter and length of the
medium. Taking the media #1 and #3 as an example, the two have almost the same particle diameter
and porosity, but provide totally different pressure changes under the same flow rate due to the size
difference (Figure 4). In addition to the size difference, as for media #2 and #5, the difference in
coefficient of sphericity also greatly affects the pressure changes.

10000 T ' !
: o #1 #5
T A H#) O+ #6
\ 1000 _\\ ] #3 ””” f: 464.5/Re 7]
z v #4 —f=464.5/Ret+12.30
3] N
5 .
= 100}
.2
'§ N,
S i
m ~ . ~
07 /= 150/Re+1.75 > v ]
l l l RN
E). i 1 10 100 1000

Reynolds number Re
Figure 6. Relation between friction factor and Reynolds number.

Taking the resistance #2 as an example, Figure 7 plots the experimental data and the calculated
results by the non-simultaneous method and simultaneous method. It is observed that both calculated
curves accord with the experimental data when Re > 50. However, in the viscous region, the black
curve, by the simultaneous method, shows significant departures from the experiment data. Then,
to evaluate the applicability of the two methods, flow rate satisfying Equation (9) are calculated,
and the errors E between the experimental data and theoretical results are considered as

2

G s = G

E:\/Z( (ZP)G 2‘“”’) x100% (10)
(exp)i

where Giexp)i represents the experimental data, and Gcany represents the calculated result.
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Figure 7. Relation between friction factor and Reynolds number (#2).

Table 3 lists a comparison of the errors for the two methods in different regions. It is made clear
that in the form drag region, the simultaneous method provides a slightly better accuracy. However,
in the viscous drag region, it is found that such approach is subject to considerable errors, even
sometimes over 20%, which is unacceptable in applications. That is to say, although in some parts the
simultaneous method can achieve a higher accuracy, it is just a curve fitting method, and those
determined coefficients may lose physical meanings. Inversely, the representation with coefficients by
the non-simultaneous method shows good accordance with the experimental data over the whole range.

Table 3. Errors E.
Tested Viscous region Form drag region
. Non-simultaneous Simultaneous Non-simultaneous Simultaneous
resistances
method (E) method (E) method (E) method (E)
#1 4.6% 13.3% 1.1% 0.8%
#2 5.0% 20.2% 1.0% 0.4%
#3 2.8% 11.0% 0.4% 0.4%
#4 0.8% 9.5% 1.0% 0.4%
#5 1.4% 24.1% 1.5% 0.5%
#6 0.5% 39.4% 1.1% 1.6%

Air density is variable in the porous media, and Expression (2) is another form of the continuity
equation that includes air compressibility. When flowing through the porous media, air expands,
accelerates, and the pressure decreases along the length direction. Figure 8 gives a comparison of the
experimental data and the calculated results. It can be easily figured out that the proposed modified
Ergun equation considering air compressibility accords well with the experimental data. As the
pressure drop becomes visible, air density changes greatly throught the porous media, and of course,
compressibility effects cannot be ignored. The dashed line, which depicts the incompressible case,
expresses a less conspicuous pressure drop, indicating that air compressibility can lead to a more
conspicuous pressure drop. In addition, the calculated curve for the incompressible case appears

nonlinear because the inertial effects also play an important role.
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5. Conclusions

This study provides an insight into the determination of friction characteristic for airflow through
sintered metal porous media. An experimental setup was established to measure the pressure drop
versus flow rate through porous media, and a few samples were tested within the laminar region. The
traditional Ergun equation is proven inappropriate for the description of the friction characteristic.
Therefore, a modified Ergun equation taking into account the air compressibility effects is proposed.
The coefficients o and B in the modified equation are factors for the viscous drag portion and
form drag portion of the pressure drop. Air is treated as an incompressible fluid when the pressure
drop is sufficiently small. As the pressure drop becomes visible, air density changes greatly and
the compressibility effects cannot be ignored. Two methods, the simultaneous method and the
non-simultaneous method, are respectively used to determine the coefficients. The simultaneous
method gives a perfect accordance with the experimental data when the flow rate becomes adequately
large, but brings unacceptable errors even over 30% at small flow ranges. To completely avoid the
transitional region, Re = 10 is selected as the boundary for the viscous drag region and form drag
region. The non-simultaneous method is used to determine the coefficients by, a first in the viscous
drag region, then B in the form drag region, and, the optimal f is selected for the converged value
under maximum flow rate. Moreover, theoretical mass flow rate in terms of the modified Ergun
equation can provide close approximations over the entire range within 5% uncertainty, which is
sufficient for most applications.

It should be noted that, in addition to the experimental study, the proposed modified Ergun equation
can also be of importance when dealing with numerical studies (e.g., [34,35], etc.). Efforts are needed
to develop some numerical model that incorporates the basic fluid dynamics features in porous media

in the future.
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