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Abstract

In this study, an experimental setup was established to measure the pressure drop of flow through woven metal
screens. Four woven metal screens with different porosities of the plain-square type were tested in this study. The Rey-
nolds number based on the equivalent spherical diameter of the metal screen ranged from low Re (Re = 85) to high Re
(Re =12000). The range of porosity was 0.834-0.919. Based on the measured pressure drops of the four woven metal
screens, this study developed an empirical equation of friction characteristic of plain-square-type woven metal screens.
All experimental data for the plain-square-type screens lie within £30% of the empirical equation. Based on the fact that
the measured pressure drops of single-layer and multiple-layer woven metal screens can all be fit into a single equation,
it is noted that the velocity developing region is very short for woven metal screens. In order to obtain good agreement
between the fitted empirical equation and measured data, this study noted that an empirical equation should be devel-
oped for each type of the woven metal screen. This study developed five empirical equations respectively for the five
types of metal screens, (plain square, plain dutch, fourdrinier, full twill, and twilled dutch types) of which experimental
data were available in open literature and the present study.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The augmented heat- and mass-transfer characteris-
tics of porous media have led to numerous applications.
Kays and London [1] pointed out that an effective way
to increase the performance of a heat exchanger is to in-
crease its surface area to volume ratio. Open cell porous
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matrix such as an unconsolidated bed of small particles,
woven metal screens, or foam matrixes provides excel-
lent heat-transfer characteristics due to its large surface
area to volume ratio. Therefore, woven metal screens
have been used in solar-receiving devices [2], high-effi-
ciency heat exchangers [1], energy-storage units [1],
regenerators in Stirling cryocoolers [3], electronic coolers
[4,5], catalytic reactors [6], and others. In filtering indus-
try, woven metal screens are also widely used in the fil-
tering of fluids due to their good resistance to
chemical, thermal, and mechanical influences in compar-
ison with textile and paper made filters. Other advanta-
ges of woven metal screens include easy arrangement,
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Nomenclature

Dp equivalent spherical diameter of porous
media

T friction factor, defined in Eq. (1)

L length of the test section

P pressure

Re Reynolds number based on the equivalent
spherical diameter of porous media

Sy surface area per unit volume of solid phase
U velocity of the fluid

Greek symbols

o density
u viscosity
€ porosity

high permeability and relatively small deviation of the
pore size from the mean value.

Although woven metal screens offer the aforemen-
tioned merits, information on hydraulic resistance of
woven metal screens is required when using these types
of materials in any systems. Woven metal screens are
usually classified by weaving types; there are four com-
mon types: the plain weaves, twill weaves, fourdrinier
weaves, and dutch weaves. Plain weaves: This is the
most popular wire cloths weave. Each weft wire passes
alternately over and under each warp wire and each
warp wire passes alternately over and under each weft
wire. Warp and weft wire diameters are generally the
same. Twill weaves: Each weft wire alternately passes
over two, then under two successive warp wires and each
warp wire passes alternately over two and under two
successive weft wires, in a staggered arrangement. Four-
drinier weaves: This kind of weave is a mixture of plain
and twill weaves and is also called semi-twill weaves.
Dutch weaves: The warp wires remain straight; the weft
wires are woven to lie as close as possible against each
other in a linen weave forming a dense strong material
with small, irregular and twisting passageways that ap-
pear triangular when diagonally viewing the weave.
The schematic diagram of these four types of woven
metal screens is shown in Fig. 1.

In 1964, Kays and London [1] presented the mea-
sured friction factor of four woven metal screens (plain
square type). Armour and Cannon [7] investigated the
hydraulic resistance of five types (plain square, fourdri-
nier, full twill, plain dutch, and twilled dutch types) of
woven metal screens through experiments made in a
round channel with only a single layer of metal screen.
They provided an equation for the calculation of pres-
sure drop based on the flow velocity, the porosity, and
the geometry of the screen. Sodré and Parise [8] designed
an experimental procedure to investigate the friction fac-
tor of the plain-square woven metal screen adopted in
the Stirling engine regenerator. They developed an equa-
tion to evaluate the pressure drop in the annular bed of
screens.

Though many studies were devoted to analyzing the
pressure drop through woven screen matrices, there is

still a need to find out if there is a general empirical
equation suitable for various types of woven metal
screens. In this study, a series of experimental tests
was conducted to determine the flow friction character-
istic of woven metal screens. Four woven metal screens
(plain square type) with different porosities were tested.
A general empirical equation was developed to correlate
the dimensionless pressure drop (f;) and flow velocity
(Re) for the four woven metal screens and the empirical
equation is extended to high Re region. Comparison of
the empirical correlation with experimental data in open
literature validated the empirical correlation. Following
the form of the correlation developed in this study, an
empirical correlation is also developed for each one of
the other four types of metal screens (plain dutch, four-
drinier, full twill, and twilled dutch types).
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Fig. 1. Schematic diagram of four common types of woven
metal screens: (a) plain weaves, (b) twill weaves, (c) fourdrinier
weaves, and (d) dutch weaves.
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2. Experimental approach
2.1. Apparatus

A sketch of the experiment setup used for the mea-
surement of the pressure drop through woven metal
screens is shown in Fig. 2. A compressor supplied air
for the whole system. The compressed air was first
stored in a surge tank, and then it went through a filter
and a dehydrator in series to remove suspended parti-
cles, water, and oil before entering the test section. A
plenum chamber was used to stabilize the pressure in
the test setup. The plenum chamber was equipped with
a needle valve to fine-tune the flow rate of air. The vol-
umetric flow rate of the air was measured with a turbine
flow meter (EG&G, 0.3% accuracy). On the downstream
of the turbine flow meter, the pressure and temperature
were monitored, respectively, using a Validyne pressure
transducer (0.5% accuracy) and a thermocouple (T-type
thermocouple, calibrated to within 80 °C, 0.75% accu-
racy) for further determination of the air density.

The up- and down-streams of the test section were
both equipped with honeycomb straighteners for unifing
the flow field. The test section was 20 cm in length and
6.5 cm in diameter to reduce the entrance and wall ef-
fects [11]. The entrance and the exit of the test section
were both installed with Validyne pressure transducers
(0.5% accuracy) to measure pressure drops. Experimen-
tal data were taken by a Fluke Hydra series portable
data acquisition system with a frequency of 100 Hz.
Data were transferred to a computer through a RS-
232 interface.

Before each experiment, thermocouples and pressure
transducers were calibrated. The pipeline was tested for
leakage to ensure the accuracy of the measurements of
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flowrate. During a test, experimental data were record
for at least 20 min to ensure that a steady-state condition
was achieved. Each experimental condition was repeated
for at least 5 times. Average data of the repeated exper-
iments were used for analysis.

2.2. Geometry of woven metal screens

Present study adopted AISI 304 metal screens woven
in plain square type. Fig. 3 shows the sketch of the metal
screen. The d,, and d are the wire diameters of the warp
wire and the shut wire, respectively. The average wire
diameters and distance between wires are determined
by averaging ten randomly measured data by an optical
microscope. Metal screens cut into a circular shape with
a diameter of 6.5 cm are packed layer by layer in the
20 cm long test section.
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Fig. 3. Schematic diagram of metal screen woven in plain
square type.
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Fig. 2. Schematic diagram of screen flow apparatus.
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Table 1
Properties of AISI 304 metal screens
Woven type Plain square type
Porosity 0.919 0.876 0.866 0.834
Diameter of screen (m) 6.5x1072 6.5x 1072 6.5x1072 6.5x 1072
Mass of a single screen (kg) 3.7x1073 29%1073 1.9%x1073 22%x1073
Thickness of a single screen (m) 1.7%x1073 9.0x107* 54x107* 50x107*
Diameter of warp wire (m) 51x1074 3.0x107* 23x1074 20x107*
Dp (m) 1.33%x 1073 7.26x 1074 4.15%x 1074 3.90x 1074
Woven density (wires/in.) 4 10 17 31
i 1—¢

Table 1 shqws th'e geometric paramgters of the mc?tal £, =150 175 (3)

screens used in this study. The equivalent spherical : Re

diameter (Dp), the characteristic length, of woven metal
screens shown in Table 1 is defined as Dp=6/S,,
where S, is the surface area per unit volume of solid
phase.

The surface area is calculated from the optically mea-
sured wire diameter and the distance between wires with
the assumption of point-contact between wires. The vol-
ume of the solid metal is determined from the measured
weight of the screen and the density of the metal.

2.3. Correlation of pressure-drop characteristics

Generally speaking, there are two major theoretical
approaches for studying pressure drops of flows through
porous materials. One approach is to treat a porous
material as a bundle of tangled tubes; the theory is devel-
oped by applying flow friction characteristics for single
straight tubes to the collection of crooked tubes. The
second approach is to calculate the pressure drop by
summing up the resistances of the submerged particles.
In 1952, Ergun [9] successfully formulated a general
equation to describe the pressure-drop characteristic of
various types of granular porous materials according
tube-bundle theories. According to the characteristics
of porous materials, such as closeness, orientation of
packing, size, shape, and surface of particles, Ergun [9]
introduced the modified fanning friction factor (the ratio
of the wall shear stress at pipe/conduit to the flow kinetic
energy) and the modified Reynolds number as

AP Dp 83
_ AP 1
Ji L pU*1—¢ M)
Re DppU
— il 2
T 2)

The characteristic length in this equation is the equiv-
alent spherical diameter (Dp) of a porous media. Based
on the modified fanning friction factor and the modified
Reynolds number defined in Egs. (1) and (2), Ergun [9]
fitted the measured pressure-drop data of fluid flowing
through granular porous materials into an equation
given as below.

Base on Eq. (3), the pressure drop through a porous
material is attributed to both viscous (the first term on
the right hand side) and kinetic (the second term on
the right hand side) losses. In determining the pres-
sure-drop characteristics at high Reynolds number,
Jones et al. [10] used high-pressure air as the flow source.
They analyzed the pressure-drop characteristics of gran-
ular porous materials at high Reynolds numbers and
modified the Ergun’s equation (Eq. (3)) to include the
high-Reynolds-number effect (the second term on the
right hand side of Eq. (4)). The equation is given below.

fo— 1500 % 3g9(l =8 "
T Re ' Re

)

The objectives of the present study are to understand
better the pressure-drop characteristics of woven metal
screens and to develop a general equation of pressure
drop at an extended range of Reynolds number. This
study, therefore, adopts a general equation, in the form
of Eq. (4), given below in Eq. (5). A series of experiments
were conducted to determine the coefficients o, f5, and y
of Eq. (5).

1—¢ 1—¢\’
Ji=a Re +ﬁ( Re)

()

3. Results and discussion

3.1. Empirical equation for pressure-drop characteristic
of flow through woven metal screens

The modified fanning friction factors f; of the four
metal screens used in this study were determined follow-
ing the definition given in Eq. (1) and plotted as func-
tions of Re/(1 —¢) in Fig. 4. The uncertainties of f;
and Re are +4.8% and +1.3%, respectively, determined
by the methods suggested by Benedict [12] and Kline
et al. [13]. In Fig. 4, it is noted that f; decreases with
the increase of Re/(1 — ¢). It should also be noted that
the data for the four woven metal screens fell well into
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- 4 Present study, stainless 304, plain square, € = 0.876
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Fig. 4. Correlation between f; and Re/(1 — ¢).
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bl B » Amour et al. [7], stainless 304, plain square,e= 0.735
& Amour et al. [7], stainless 304, plain square,e= 0.706
10'|=
10"
- Empirical Equaton -30%
107 e el MREEETT EESEERTT EEETERTIT] BN |
10" 10" 10’ 10 10° 10° 10
Re/(1-£)
Fig. 5. Correlation between f; and Re/(1 — ¢) for plain square type.
a single curve. Though many studies of friction charac- extended to the high Reynolds number regime. As
teristic of woven metal screens have been conducted be- shown in Fig. 4, the correlation for the four woven metal

fore [7], this is the first time that a general correlation is screens was determined to be
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1—e¢ 1 — g\ 007
1.69 ——
o)

=250
Tx e Re

(6)

3.2. Comparison of correlation with related literature

In order to test the applicability of Eq. (6) developed
in this work, Eq. (6) is compared with the experimental
data of Kays and London [1] and Armour and Cannon
[7]. Kays and London [1] adopted stainless steel screens
of the plain square type, and the range of porosity was
0.602-0.832. They measured pressure drops of air flow-
ing through randomly packed screens. Their test appara-
tus was similar to the present study. Their test section
was made of a round pipe with an inner diameter of
7.6 cm. Armour and Cannon [7] also adopted stainless
steel screens. They adopted five different types of woven
screens, namely the plain square, full twill, fourdrinier,
plain dutch, and twilled dutch type. The range of poros-
ity was 0.35-0.759. The working fluids were nitrogen
and helium, and they only measured pressure drops in-
duced by a single layer of the screen.

Fig. 5 shows the comparison of Eq. (6) with the
experimental data of the metal screens of the plain-
square type from Refs. [1,7]. Fig. 5 shows that data from
Refs. [1,7] and the present study all fall within +30% of
Eq. (6). Table 2 shows the range of modified Reynolds
number Re/(1 —¢) in Fig. 5. The modified Reynolds
number ranges between 0.5 and 98500, which covers
from the laminar to turbulent regimes. Ref. [7] adopted

10°

L IIIITTI

£, =138x(1-5)/Re+1.95x((1-5)/Re)" ™"

10°

T

LI IWIIIII

L IIIIIIl

- wE

LI | IHIIII

®

Lol Lol

o
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Table 2
Range of modified Reynolds number for metal screens of plain
square type

Source Range of modified Layer
Reynolds number

1] 0.5 < R <1300 Single-layer

7 6 < 8¢ < 98500 Multi-layer

Present study

85 < {Re < 12000 Multi-layer

only a single layer of screen during tests, and the data
from Ref. [7] is found to be well fitted by Eq. (6). This
indicates that the flow developing region is very short
and within the thickness of one layer of metal screens.

In order to examine the universality of Eq. (5), all
experimental data for different types of metal screens
from the present study and Refs. [1,7] are fit into a single
equation in the form of Eq. (5). The fitted equation is
given below.

l—e¢ 1\
1.95| ——
R + ( Re )

e

fi =138 (7)

Fig. 6 shows the comparison of Eq. (7) with experi-
mental data. In Fig. 6, the solid line represents Eq. (7)
and dash lines represent +30% of Eq. (7), which are
taken as the upper and lower bounds. (In the empirical
correlations for granular beds [9] and foam matrixes
[14], the deviations between experimental data and the
correlations are all within +30%.) There are more than
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Fig. 6. Comparison of Eq. (7) with data of Refs. [1,7].
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42% of experimental data lie at the outside of these
bounds. It appears that a single equation fails to repre-
sent pressure-drop characteristics of flow through differ-
ent types of metal screens. There should be different
pressure-drop correlations for different types of metal
screens.
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3.3. Correlations for different types of metal screens

Fig. 7 shows correlations, in the form of Eq. (5), be-
tween fj and Re/(1 — &) for the plain dutch and fourdri-
nier types. The correlation is obtained by fitting the
experimental data form Ref. [7]. Fig. 7 shows that corre-

Armour et al. [7], stainless 304, fourdrinier,e= 0.688
Armour et al. [7], stainless 304, fourdrinier.e= 0.676
Armour et al. [7], stainless 304, fourdrinier,e= 0.634
Armour et al. [7), stainless 304, fourdrinier.e= 0.633

£ =201 x(1-)/Re+2.16x((1-5)Re)"™"

Ammour et al. [7], stainless 304, plain dutch,.e= 0.575

Armour et al. [7], stainless 304, plain dutch,e= 0.592

£, = 182.2x(1-6)/Re+3.54%((1-£)/Re)*™"

Kﬂ

1 IIII\III L IIIIIIII 1 IIIIIIIl

10

10" 10°

107 10 10 10°

Re/(1-€)

Fig. 7. Correlations between f, and Re/(1 — ¢) for plain dutch and fourdrinier type.
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lations fit experimental data very well. Fig. 8 shows cor-
relations between f; and Re/(1 — ¢) for the full twill and
twilled dutch types. Fig. 8§ shows that correlations fit
experimental data [7] very well. Table 3 lists the coeffi-
cients of these correlations. Table 4 lists the woven type,

3015

woven density, porosity, and equivalent spherical diame-
ters of different woven type adopted in the present study
and Ref. [7]. It should be noted that the coefficient, 7, is
taken to be the same as that for the metal screens of the
plain square type, due to the fact that the experimental

10° =
i < Amour et al. [7], stainless 304, full twill,e= 0.564
<4 Ammour et al. [7), stainless 304, full twill,£= 0.745
1 03 - = Amour et al, [7), stainless 304, full twill,e= 0.714
= o Amaur et al. [7], stainless 304, full twill.e= 0.712
i \ 1, = 206.5x(1-g)/Re+2.14%((1-£)/Re)*""
10°
e B
1
10
0
10°
10" L
10" =
: @ Amour et al. [7), stainless 304, twilled dutch,e= 0.425
@ Amour et al. [7], stainless 304, twilled dutch,e= 0.358
1 03 « Amour et al, [7], stainless 304, twilled dutch,e= 0.350
B £, = 111.3x(1-€)/Re+3.06x({1-e)/Re)""™"
10°
(- B
10"
C By,
- “’K
10° = B
10'1 TI IIIlHIIIJ L II[lILII1 L IIIII!II2 1 LLLII!II:3 L \\JIIIII4 | JJJIII1I=
10 10 10 10 10 10 10°
Re/(1-€)

Fig. 8. Correlation between f; and Re/(1

— ¢) for twilled dutch type and full twill type.



3016 W.T. Wu et al. | International Journal of Heat and Mass Transfer 48 (2005) 3008-3017

Table 3

Coefficients of correlations®

Woven type o p ¥y
Plain square type 250 1.69 0.071
Plain dutch type 182.2 3.54 0.071
Fourdrinier type 201 2.16 0.071
Full twill type 206.5 2.14 0.071
Twilled dutch type 111.3 3.06 0.071

o=l RO

Table 4

Equivalent spherical diameters of porous media of screens of

different woven type

Woven type Woven Porosity Dp (m) Source
density
(wires/in.)
Plain square 4x4 0919 1.33%x 107 Present
10x10 0.876 7.26x107*  study
17x17 0.866 4.15x 1074
31x31 0.834 3.90x 107
31x31 0.759 1.54x 1073
151x 151  0.740 3.72%x107%
248 x 248 0.735 2.03x107*
387 %387 0.706 1.17x 1074
Fill twill 68x77 0.564 6.76x107% [7]
142x 142 0.745 3.44x107*
297%297 0.714 1.94x 1074
406 x 406 0.712 1.65x 1074
Fourdriner 55%32  0.688 1.55x 1073
63x43 0.676 1.18x 1073
76x 60 0.634 8.13x107*
79% 62  0.633 6.46x 10~
Plain dutch 24x 113 0.575 9.08x 107
30152 0.624 7.08x107*
51%257 0.592 3.96x 107
Twilled dutch ~ 80x 736 0.425 2.05x107*
197 %1499  0.358 9.14x107°
321 %2105 0.350 6.32x107°

data at high modified Reynolds number Re/(1 — ¢) is
available only for the metal screens of the plain square

type.

4. Summary and conclusions

In this work, an experimental setup was established
to measure the pressure drop of flow through woven
metal screens. Based on the measured pressure drops
of four woven metal screens (plain square type), this
study developed an empirical equation of friction char-
acteristic for plain-square-type metal screens. The
empirical equation is

1—c¢ 1 — g\
Je=250— '+1.69<—‘>

e Re

where
AP Dp & Re DppU 6
el - and Dp = —
T L pU*1-¢" 1-¢ w an TS,

The empirical equation takes into account of the high
Reynolds number effect by the second term on the right
hand side of the equation and was developed based on
the measured pressure drops of woven metal screens
with the porosity ranging from 0.602 to 0.919 and the
Reynolds number, 85 to 12000. Based on the fact that
the pressure drop data of the single-layer [7] and
multi-layer [present study and 1] screens can be fitted
well by a single empirical correlation, it is noted that
the flow developing region is very short, less than the
thickness of a single layer of the metal screen. This study
also suggested an empirical equation should be deve-
loped for each type of the woven metal screen, so that
good agreement between the empirical equation and
experimental data could be obtained.
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