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ABSTRACT

The effects of woven structures on fluid flow through the basic

weaves of multifilament woven filter cloths were studied

numerically by using the fluid-flow software FLUENTe. From

results of the numerical solution, the flow pattern and the

resistance to flow in the interstices were obtained. Results of this

work show that the construction of the fabric pores has a

significant influence on the flow pattern in the interstices and the

downstream. It is also shown that the plain weave gives

the highest fluid-flow resistance while the satin weave gives the

lowest under the same thread count. Furthermore, in the case of

tightly woven filter cloths, the flow is predominantly through the

yarns of the cloth; while the flow will generally be directed around

the yarns of a loosely woven cloth, especially if the yarns are
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ORDER                        REPRINTS

twisted tightly. A comparison of fluid flow through multifilament

woven filter cloth with that of monofilament woven filter cloth is

also discussed.

Key Words: Filter cloth; Multifilament; Flow pattern; Resistance

to flow

INTRODUCTION

Woven filter cloths play a vital role in numerous industrial solid–liquid

separation processes. In view of such a complicated geometry of the various

woven patterns of the filter cloth, shown in Fig. 1, it is crucial to examine the

effect of woven patterns and fabric yarn forms on the hydrodynamic behavior of

Figure 1. Three basic weave models of woven filter cloths. “ ” denotes interfiber

region in multifilament fabrics.
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fluid flow through woven fabrics in order to investigate the effect of the woven

structure on the flow pattern, flow resistance, filtrate clarity, and fouling

phenomena in fabric pores.

Previous investigations of fluid flow through woven fabrics and fabriclike

structures assumed diverse forms, with various forms of fabric yarn in view. For

monofilament fabric yarn, many researchers have approached the problem by

comparing the flow situation in the woven fabric (1) to: (i) an assembly of orifices

(2–4), (ii) a random packed bed, and (iii) an extension of the available analytical

solutions for creeping flow over cylinders (5). It had been shown that analysis

based on orifice flow is most successful in correlating experimental results of

monofilament woven filter fabrics (1). However, examination of experimental

data indicates serious discrepancies in the predicted and practical values for

multifilament woven filter cloths. Failure occurs when flow can take place

through and around the yarns making up the cloths. In multifilament yarns

composed of continuous or staple fibers, the number of fibers per yarn and their

twist will decide the permeability and the division of flow through and around the

yarns. For instance, Robertson (4) plotted the experimental values of log CD

against log Re for air flow through plain weave metallic meshes and obtained a

good correlation between these two dimensionless variables based on the orifice

model proposed by Backer (6). However, the technique failed when it was

applied to loosely woven multifilament cloths of different weave patterns. Backer

(6) suggested that this failure was due to the fact that the fabric pores of a

multifilament cloth are too complicated to be characterized by the simple

projected open area used in Robertson’s correlation. Backer considered that the

factor governing the flow rate to the greatest extent was the minimum pore cross-

sectional area, and showed that use of a minimum pore area reduced greatly the

scatter produced by calculations based on the projected open area. In another

extreme case, some of the cloths were woven so tightly as to prevent flow around

the yarns, and thus also resulted in a failure of orifice model (7). For multifilament

woven filter cloths, the flow division depends mainly on the size and distribution

of the interyarn and interfiber pores. McGregor (8) used an analytical solution of

the Navier–Stokes equations for flow through an assembly of spheres in

predicting the division of flow between intrayarn and interyarn zones. Van den

Brekel and de Jong (9) also proposed a simplified model to predict fabric

permeability theoretically. In their theoretical model, the interyarn and interfiber

were considered parallel regions; a local porosity model has been proposed

according to the Kozeny equation. They concluded that when fluid flows through

a fabric, the major part of the liquid will pass through the interfiber region; and

their proposed model was suitable only for tightly woven multifilament fabrics.

Rushton (10) claimed that in order to describe the specific permeability of a fabric

textile, it is necessary to consider the division of fluid flow through and around the

yarns of the filter cloth. In the case of tightly woven filter cloths, the flow is
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predominant through the yarns of the cloth and it is possible to correlate flow data

in terms of the diameter of the fibers in the yarn. On the other hand, however, the

flow will be directed generally around the yarns of a loosely woven cloth,

especially if the yarns are twisted tightly, and the yarn diameter will become

more important. Many practical cases of cloths woven from multifilament yarns

fall between these two extremes. From the previous review, one can know that

most of the available results take into account the general fluid flow far from the

filter media, and they are mainly concerned only with the pressure drop problem

without any information about the microscopic details of velocity profile and

pressure contour in the interstices. Recently, Lu et al. (11) calculated the velocity

profile and pressure contour in the interstices of monofilament filter cloth

successfully. Computational fluid dynamic (CFD) techniques provide a direct

route from the microscopic detail of velocity profile and pressure contour in the

interstices to the macroscopic property of experimental interest as the pressure

drop across the interstices. It is difficult or almost impossible to carry out

experiments in an extremely small interstice, say 10mm, while a CFD technique

would be perfectly feasible.

In this work, the flow of fluid through the three basic weaves of modeled

multifilament filter cloth is studied numerically by using the fluid-flow software

FLUENT. The results obtained by such an approach can give better understanding

of the flow pattern in the woven fabric pore and prove useful in examining the

initial stage of cake filtration as well as the effect of weaves on fouling

phenomenon within a filter cloth. A comparison of fluid flow through

multifilament woven filter cloth with that of monofilament woven filter cloth is

also discussed.

THEORETICAL MODELING

Models of Multifilament Woven Filter Cloths

For woven filter cloths, the crossing of yarns during weaving produces

various textures. The basic structures of the most common weaves are shown in

Fig. 1; they are (a) plain weave, (b) twill weave, and (c) satin weave. The basic

structures of these three most common weaves of filter cloths are a combination

of the four basic pore models, as shown in Fig. 2 (6). Each type of pore is

constructed with four fabric yarns. Figure 3 shows three widely used types of

yarn, these being monofilament, multifilament, and spun staple. Monofilament is

a single continuous filament, while multifilament is a bundle of identical

continuous filaments. Thus, although multifilament is produced in much the same

way as the monofilament, the multifilament has a multiplicity of much finer holes.

Spun staple yarn manufactured from short fibers using spinning techniques

TUNG ET AL.802
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developed considerably longer and more crimped fibers of wool. The physical

differences between these three types of yarn have a significant effect on the

filtration characteristics of cloths woven from them. In view of the complicated

geometry of the various woven patterns of filter cloth and types of fabric yarn, the

main difficulty encountered when dealing with the flow of fluid through woven

filter cloth is the highly tortuous geometry of the fibers and yarns that make up the

cloth. In a recent article by the authors (9), the effect of pore construction on the

flow field and pressure drop of the fluid flow through these four basic

monofilament fabric pores had been studied numerically by using the

commercially available software FLUENT. In this study, emphasis will be

focused on the effect of types of fabric yarn on the performance of woven filter

cloths, especially for multifilament yarns. Before the calculation, the hydraulic

radius and porosity of a woven filter medium should be defined in advance. The

crimp diagrams of pore type 1 are shown in Fig. 4. To estimate the hydraulic

Figure 2. Four types of basic woven fabric pore models. “ ” denotes interfiber

region in multifilament fabrics.
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radius and porosity of a woven filter medium, it is assumed that the fabric yarn is

made of cylindrical yarn with diameter dw in the warp direction and df in the weft

direction. The radius of the torus is equal to the arithmetic mean of the warp and

weft (filling) yarn diameters, and the greek letter a denotes the angle of

inclination of the yarn system at the central plane of the fabric. The yarn spacings

in the warp and weft directions are assumed to be lw and lf, respectively. For a

three-dimensional (3D) flow channel, the hydraulic radius rH is defined with the

Figure 3. Three types of yarn forms: (a) monofilament, (b) multifilament, and (c) spun

staple (Scapa Filtration Co.).
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volume of the void and the wetted surface of the unit pore model as follows:

rH ¼
volume of void

wetted surface
ð1Þ

Using the same definition and assuming that the yarn diameters and yarn

spacings are equal to d and l, respectively, both in the warp and weft directions,

the equivalent pore diameter De and the porosity e for type 1 pore can be obtained

as follows:

De ¼ 4rH ¼
4l2 2 pdð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l2 2 3d 2
p

þ 2adÞ

pð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l2 2 3d 2
p

þ 2adÞ
ð2Þ

and

e ¼ 1 2
pdð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l2 2 3d 2
p

þ 2adÞ

4l2
ð3Þ

Figure 4. Crimp diagram of fabric pore type 1. “ ” denotes interfiber region in

multifilament fabrics.
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Details of the derivations of these equations are presented in our previous

work (12). Furthermore, fabric constructions have two or three types of basic unit

pores, which are shown in Fig. 2. As shown in Fig. 1(a) and (b), the plain and 2/2

twill weaves consist entirely of type 1 pores (plain pores) and type 2 pores (twill

pores), respectively. The 4/1 satin, however, always contains a fifth part of type 4

pores and four parts of type 2 pores, independent of their position on the fabric.

Thus, under the same driving pressure, the approaching velocity, equivalent

diameter, effective fraction open area, and orifice perimeter of satin weaves may

be characterized by weighting the contribution of type 2 and type 4 pores as

follows:

U1 ¼
4

5
U1ð2Þ þ

1

5
U1ð4Þ ð4aÞ

De ¼
4

5
Deð2Þ þ

1

5
Deð4Þ ð4bÞ

ap ¼
4

5
apð2Þ þ

1

5
apð4Þ ð4cÞ

Wp ¼
4

5
Wpð2Þ þ

1

5
Wpð4Þ ð4dÞ

In order to calculate the flow field and flow resistance of fluid flow through

the multifilament fabric pore, the governing equations and boundary conditions

and the numerical method are defined in the next two sections, respectively,

based on the proposed models.

Governing Equations

The flow field can be obtained by solving the equation of continuity and the

momentum balance equations of the system with appropriate boundary

conditions. The major assumptions of this modeling approach are:

1. the flow of fluid in the domain of this study is assumed to be laminar,

steady state, and isothermal;

2. the upstream and downstream velocity profiles far from the inlet and

outlet of the filter pore model are uniform; and

3. the fabric yarn is regarded as a permeable object with a unidirectional

permeability. The homogeneous permeability, Ky, of fabric yarn is

defined to represent the tightness of fabric yarn.

TUNG ET AL.806
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The dimensionless equation of continuity and equation of motion for the

system are as follows:

(I) Equation of continuity

7v* ¼ 0 ð5Þ

(II) Momentum equation

v*7v* ¼ 27P* þ
1

Re
72v* þ

1

Fr
g* ð6Þ

All space variables and flow quantities are normalized with respect to the

equivalent pore diameter, De, and approach velocity, U1, far from the inlet of the

filter pore.

The boundary conditions for Eqs. (3) and (4a)–(d) are as follows, and the

system is shown in Fig. 5.

(I) Upstream inlet and downstream outlet: the upstream and downstream

velocity profiles far from the inlet and outlet of the filter pore model

are uniform. Both the inlet and outlet of the calculation domain are set

to 5(l 2 d ) from the filter pore model:

v*
z ¼ vz=u1 ¼ 1; v*

x ¼ v*
y ¼ 0 ð7Þ

(II) Symmetric y–z plane 3:

›v*
z

›x*
¼ 0; v*

x ¼ 0 ð8Þ

(III) Symmetric x–z plane 4:

›v*
z

›y*
¼ 0; v*

y ¼ 0 ð9Þ

(IV) Fabric surface:

Since the fabric is regarded as a permeable object, the fabric

surface is a porous wall and its boundary condition can be

expressed as:

7P* ¼ 2
D2

e

KyRe
v* ð10Þ

Numerical Method

A commercial CFD software package FLUENT (Version 4.5) was used

to calculate the flow field in the filter pore. About 12,000 (17 £ 17 £ 37)

CFD ANALYSIS ON FLUID FLOW 807
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ORDER                        REPRINTS

cells were used in the numerical computation. Figure 6 shows the top-

sectional views of the meshes for calculation in the x–y plane. Successive

slices of the four different fabric pores were taken at levels of d/8. The

SIMPLE algorithm (12) with the power-law difference scheme and single

direction sweep solution method were used in this study. The method

basically involves dividing the calculation domain into a number of

nonoverlapping control volumes, each containing a cell node at its center.

Then the differential equations of interest are integrated over each control

volume assuming a power-law function profile for variation of the

dependent variable between adjacent grids for evaluation of integrals. The

Figure 5. A schematic diagram for calculating domain and boundary conditions.

“ ” denotes interfiber region in multifilament fabrics.
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result corresponding to each control volume is an algebraic equation

containing unknown values of the dependent variable at the central grid and

its immediate neighboring grids. Then the algebraic equations corresponding

to all control volumes in the calculation domain are solved iteratively to

obtain discrete values of the dependent variable. The sum of normalized

residuals of all variables converge to less than 1 £ 1023 within 2000–3000

iterations.

Figure 6. Top-sectional views of successive sections taken at increasing depths of d/8

for pore type 1 with d ¼ df ¼ dw and l ¼ lf ¼ lw: “ ” denotes interfiber region in

multifilament fabrics.
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RESULTS AND DISCUSSION

In this study, the effects of the types of fabric yarn, pore constructions,

weave patterns, and upstream velocity conditions on flow pattern in multifilament

fabric pore and flow resistance of multifilament filter cloth were examined.

Figure 7. The velocity vectors and streamlines in the y–z plane of pore type 1 for

different permeability of fabric yarn under U1 ¼ 1 £ 1023 m=sec and at x ¼ lf=2:

TUNG ET AL.810
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Flow Pattern in Multifilament Fabric Pores

In order to describe the specific permeability of a multifilament woven filter

cloth, it is necessary to determine the distribution of fluid flow between the interyarn

pores, i.e., flow between the yarns of the cloth and interfiber pores, i.e., flow through

the yarns. Figure 7 shows the velocity vectors and streamlines of pore type 1 for

different permeability of fabric yarn under U1 ¼ 1 £ 1023 m=sec and at x ¼ lf=2:

Figure 7. Continued.
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The results shown in Fig. 7(a)–(d) indicate that as the permeability of fabric yarn

decreases, i.e., tightly twisted, there is a corresponding decline in the filtrate flux

through the fabric yarn under a constant operating pressure. In this study, a

homogeneous permeability, Ky, of the fabric yarn is defined to represent the tightness

of the fabric yarn. The distribution of fluid flow between the interyarn and interfiber

is characterized by a b factor defined as follows:

b ¼
Qy

Q
;

Ky

K
¼

specific permeability of yarn

overall specific permeability of fabric pore
ð11Þ

where Q and Qy are the overall volumetric flow rate through the fabric pore and

volumetric flow rate through the yarns, respectively; K and Ky are the overall

permeability of fabric pore and permeability of the yarns, respectively. A larger

value of b factor indicates a loosely twisted yarn or a tightly woven fabric while a

smaller value of b factor indicates a tightly twisted yarn or a loosely woven fabric.

Tables 1 and 2 list typical values of b factor for various flow rates through

multifilament fabric pore and various pore types, respectively. The values ofb factor

listed in Table 1 indicate that under a specified operating pressure, increase of the

permeability of fabric yarns will result in a corresponding increase of the value of b

factor. That means much of the fluid will pass around the yarn as increasing of flow

rate under the same operating pressure. Table 2 lists the typical values ofb factor for

fluid flow through various types of woven fabric pore. The sequence of the value ofb

factor is: pore type 4 . pore type 3 ø pore type 2 . pore type 1. From a two-

dimensional (2D) top view, all of the four kinds of fabric pore have the same cross-

Table 2.

Types of Fabric Pore Pore Type 1 Pore Type 2 Pore Type 3 Pore Type 4

b values 0.270 0.469 0.460 0.654

Note: Ky ¼ 5:0 £ 10211 and U1 ¼ 0:05 m=sec:

Table 1.

Ky Values

Ky ¼

1.0 £ 10212
Ky ¼

1.0 £ 10211
Ky ¼

5.0 £ 10211
Ky ¼

5.0 £ 10210

b values

U1 ¼ 0:001 m=sec 0.260 0.307 0.424 0.513

U1 ¼ 0:05 m=sec 0.103 0.181 0.270 0.392

Note: Pore type 1.
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sectional area. However, in a 3-D progressive horizontal sectional view as shown in

Fig. 6, it is evident that the interstice with the greatest number of yarn interlacings,

type 1, has the smallest minimum cross-sectional area for relatively open fabrics

while the pores with no interlacings, type 4, have the largest minimum cross-

sectional area. From the observation of the flow pattern and comparison of the values

of b factor among various permeabilities of fabric yarns under various operating

conditions, it can be concluded that in the case of tightly woven filter cloths, i.e., a

larger value of b, the flow is predominant through the yarns of the cloth and it is

possible to correlate flow data in terms of the diameter of the fibers in the yarn. On the

other hand, however, flow will generally be directed around the yarns of a loosely

woven cloth, especially if the yarns are tightly twisted, i.e., a smaller value ofb, and

the yarn diameter will become more important. Many practical cases of cloths

woven from multifilament yarns fall between these two extremes. Figure 7 also

shows that as the permeability of fabric yarn decreases, there is a corresponding

decrease in the size of the minimum cross-sectional area of streamtubes

downstream. The contraction of streamtubes approach a minimum cross-sectional

area as the number is increased to be zero, since in such a circumstance all of the fluid

passes around the yarn and the flow rate in the interstices reaches a maximum value

under a specified operating condition.

Figure 8 shows the velocity vectors and streamlines of four different fabric

pores under U1 ¼ 1 £ 1023 m=sec and at x ¼ lf=2: Comparison of the flow

patterns between pore type 1 and pore type 3 shows the average velocity of pore

type 1 is larger than that of pore type 3 though they have the same 2D sectional

geometry. It is mainly due to the woven structure of pore type 1 being more

compact than that of pore type 3, thus yielding a smaller pore area for fluid flow.

Further, since the 2D sectional geometry of pore type 1, pore type 3, and pore

type 4 are all in symmetry, the profiles of velocity distribution of these three pore

types are all in symmetry, too. In the unsymmetrical case of pore type 2, however,

the symmetrical velocity profile is not observed. The velocity above the weft yarn

on the right-hand side is smaller than that of the weft yarn on the left. In other

words, the surface of low-lying fabrics will be fouled first in the initial stage of

cake filtration. The velocity vectors and streamlines in Figs. 7 and 8 show that the

highly tortuous walls of fabrics noticeably affect the flow pattern in the interstices

and the streamlines downstream, and that the surface of low-lying fabrics will be

fouled first in the initial stage of cake filtration.

Flow Resistance Through Multifilament Fabric Pores

The results shown in Fig. 9 indicate that as the permeability of fabric yarn

decreases, i.e., tightly twisted, there is a corresponding decline in the filtrate flux

under a constant operating pressure. It is mainly due to the decrease of total

CFD ANALYSIS ON FLUID FLOW 813
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available area for fluid flow as the fabric yarn twisted tightly. Further, increasing

the flow rate will result in the increase of pressure drop as well. In practice,

relatively little data about flow regimes for fluid flow through filter cloths have

been given in the literature for filter cloth, the major source being Heertjes’ work

on woven fabrics (5). Using a definition of the Reynolds number based on the

pore diameter and the velocity through the pore, he reported a transition zone in

Figure 8. The velocity vectors and streamlines in the y–z plane of the four different pore

types under U1 ¼ 1 £ 1023 m=sec and Ky ¼ 5:0 £ 10211 m2 at x ¼ lf=2:

TUNG ET AL.814
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the range 3 , Re , 7 separating the laminar and turbulent regions. In Fig. 10,

showing plots of the friction factor vs. Reynolds number, all the curves have

slopes of 21 in the region Re , 3 (based on equivalent diameter and superficial

velocity) and therefore obey the viscous flow equations. The initiation of a

transition from viscous to turbulent flow with an increase in Reynolds number is

seen as a change in the slope at ca. Re ¼ 3:

Figure 8. Continued.
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Figure 11 shows how the pressure drop of fluid flow through

multifilament woven fabric will be affected by the woven structures of the

fabric pore. From the progressive horizontal sections of the four fabric pore

models shown by Backer (6), it is evident that the interstice with the greatest

number of yarn interlacings, type 1, has the smallest minimum cross-sectional

area for relatively open fabrics while the pores with no interlacings, type 4,

have the largest minimum cross-sectional area. On the basis of pore-sectional

area, the numerical results shown in Fig. 11 indicate that among the fabric

pore models having the same yarn diameters and spacings, type 1 pores offer

the highest resistance to the passage of fluid compared to the others.

Flow Resistance of Multifilament Filter Cloths

Some commercial fabric constructions have two or three types of basic

unit pores beyond the plain and 2/2 twill weaves, such as the satin weave

shown in Fig. 2. As shown in Fig. 1(a) and (b), the plain and 2/2 twill weaves

Figure 9. Pressure drop vs. superficial velocity of pore type 1 for different permeability

of fabric yarn under U1 ¼ 1 £ 1023 m=sec:
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consist entirely of type 1 pores and type 2 pores, respectively. The 4/1 satin,

however, always contains two kinds of fabric pores, a fifth part of type 4

pores and four parts of type 2 pores, independent of their position on the

fabric. Thus, under the same driving pressure, the approaching velocity,

equivalent diameter, effective fraction open area, and orifice perimeter of

satin weaves may be characterized by weighting the contribution of type 2

and type 4 pores through Eqs. 4(a)–(d). The results shown in Fig. 12 indicate

that a multifilament fabric with plain weave will be more resistant to the

passage of a fluid. Long-float 4/1 satin weaved multifilament fabric, on the

other hand, with the greatest number of type 4 pores, shows the maximum

permeability. This tendency is consistent with that of monofilament filter

fabrics.

CONCLUSION

Fluid flow through multifilament woven filter cloths has been studied

numerically by using the fluid-flow software FLUENT. The effects of types of

fabric yarn and woven structures on fluid flow through the basic weaves of

Figure 10. Dimensionless pressure drop vs. Re for water flow through pore type 1 for

different permeability of fabric yarn under U1 ¼ 1 £ 1023 m=sec:
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Figure 11. Pressure drop vs. superficial velocity for water flow through four different

pore types under U1 ¼ 1 £ 1023 m=sec and Ky ¼ 5:0 £ 10211 m2:

Figure 12. Dimensionless pressure drop vs. Re for water flow through three different

weave types of multifilament filter cloth.
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multifilament woven filter cloths were discussed. The flow pattern and the

resistance to flow in the interstices were obtained as results of the numerical

solution. Results of this work show that the construction of the fabric pores

has a significant influence on the flow pattern in the interstices and the

downstream. It is also shown that the plain weave gives the highest fluid-

flow resistance while the satin weave has the lowest under the same thread

count. Furthermore, in the case of tightly woven filter cloths, the flow is

predominant through the yarns of the cloth; while flow will generally be

directed around the yarns of a loosely woven cloth, especially if the yarns

are twisted tightly.

NOMENCLATURE

Ap area available for flow where the flow is most constricted (m2)

CD discharge coefficient

Cf weft count (1/m)

Cw warp count (1/m)

Do effective orifice diameter (m)

De equivalent diameter (m)

df weft yarn diameter (m)

dw warp yarn diameter (m)

gi gravitational acceleration in the i direction (m\/sec2)

g*
i dimensionless gravitational acceleration in the i direction

K overall permeability of filter cloth (m2)

Ky permeability of the yarns (m2)

lf weft yarns distance (m)

lw warp yarns distance (m)

P* dimensionless pressure

DP pressure difference over filter cloth (Pa)

Q overall volumetric flow rate through the fabric pore (m3/sec)

Qy volumetric flow rate through the yarns (m3/sec)

rH hydraulic radius (m)

Re Reynolds number

U1 superficial velocity (m/sec)

up true velocity in the fabric (m/sec)

vj fluid velocity in the j direction (m\/sec)

v*
i dimensionless velocity ð¼ vi=u1Þ in the i direction

v*
j dimensionless velocity ð¼ vi=u1Þ in the j direction

Wp wetted perimeter of the orifice where the flow is most constricted (m)

xi coordinate in the i direction (m)

xj coordinate in the j direction (m)
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x*
i dimensionless coordinate ð¼ xiDeÞ in the i direction

x*
j dimensionless coordinate ð¼ xjDeÞ in the j direction

Greek Letters

ap effective fraction open area

a angle of inclination of the yarn fabric (8)

e porosity

r fluid density (kg/m3)

m fluid viscosity (kg/m sec)
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