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In a companion article [1], we described a novel 
method to accurately model forming fabrics. Based 
on an analytical technique, we predicted the particle 

distribution in the flow fields. The flow nonuniformity 
and its probable effect on particles were dealt with both 
on the scale of filaments and a larger-scale, weaved-based 
non-uniformity. In this paper, we continue the studies on 
forming fabrics. 

In the papermaking process, a dilute suspension of pulp 
fibers is spread over a forming fabric to mechanically drain 
water from the suspension [2]. Good forming fabrics are char-
acterized by low running resistance, good fibers retention, 
and longer life. A single-layer fabric can enhance the water 
removal from the suspension, but at the cost of decreased re-
tention. In contrast, a multilayer fabric exhibits superior fiber 
retention and life, but an inferior drainage rate [3, 4].

The mass distribution of the fibers in the sheet, i.e., the 
formation or macroscale nonuniformity, is affected by the fab-
ric weave structure and number of layers [5]. The systematic 
variation in the distribution and orientation of the fibers, fines, 
and fillers in finished paper is known as wire mark [6]. It is 
postulated that the flow nonuniformity produced by the struc-
ture of a fabric can unevenly distribute the pulp fibers, pro-
ducing a hydrodynamic wire mark. The wire mark can be 
distinguished from random variation by examining the fre-
quency spectrum of the printed structure [6, 7].

The flow nonuniformity may occur on three different 
scales: (1) the filament diameter, (2) the weave pattern, and 

(3) the edge flow. We are concerned here with nonuniformity 
on the scale of the filament and the weave pattern, as this 
nonuniformity can have a profound effect on the quality of 
the printed end product [8, 9]. 

The fiber orientation distribution in a sheet arises from two 
sources: (1) the fiber orientation in the headbox and (2) fiber 
redistribution that occurs on and after jet impingement on the 
fabrics. Fiber orientation before and upon impingement is 
known to have a tremendous effect on the final paper proper-
ties [10, 11]. Strength, smoothness, tensile, and tear ratio prop-
erties are tightly connected with fabric characteristics such 
as air permeability, drainage capacity, and fiber support [12].

At high Reynolds numbers, the pressure drop through 
fabrics correlates with the dynamic pressure, ρV2, where V 
is the bulk flow velocity and ρ is the fluid density. In contrast, 
at low Reynolds numbers, the pressure drop correlates with 
μV/L (Darcy’s Law), where μ is the fluid viscosity and L is a 
characteristic length scale. At intermediate values of Reyn-
olds number, it is common to approximate the pressure drop 
as the sum of Darcy’s Law and dynamic pressure terms, 
ΔP=aμV +bρV2. There are some published works presenting 
pressure drop-flow rate relationships and relating the coef-
ficients a and b to the fabric geometrical properties [13–17].

The complexity of the flow and fiber/fabric interaction has 
limited much previous work to the pure water through two-
dimensional (2D) model forming fabrics. In those investiga-
tions, the forming fabrics were modeled as banks of nonuni-
form cylinders [18, 19]. It was found that if the surface spacing 
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between the two rows was greater than 0.7 d (d being the 
paper-side filament diameter), then the upstream flow field 
remained fairly unaffected by the presence of the second 
layer. Three-dimensional (3D) simulations of flow through 
single-layer fabrics have also been done [20] on the effect of 
lateral displacement of filaments on the nonuniformity of the 
flow through the adjacent unperturbed apertures.

Old single-layer forming fabrics were supplanted by a new 
generation of multilayer fabrics to meet two major require-
ments: (1) increasing mechanical stability and lifespan on the 
machine-side layer using larger cross-direction yarns and (2) 
improving formation on the top layer by using finer yarn [5]. 
Although a multilayer fabric improves fiber retention and re-
duces the flow nonuniformities, it generally leads to lower 
drainage rates. It has been postulated that machine-side fabric 
filaments may adversely affect the flow field on the paper-side 
filaments. As one part of the present study we investigate this 
effect. We simulated the flow through a real industrial fabric 
and also its machine-side and paper-side layers separately, and 
inferred from the flow field differences the effect of machine-
side on paper-side flow. We also modeled the jet-to-wire speed 
ratio by inclining the inlet volume of simulations and com-
pared the spatial distribution of velocity between normal and 
inclined incoming flow to the fabric.

NUMERICAL METHOD
Meshing and boundary conditions

In comprehensive modeling of the flow field through forming 
fabrics, the fibers suspended in the water and the free surface 
interaction between the suspension phase and the surround-
ing air must be taken into account. In this article, we do not 
discuss the water-air interface or fibers in the suspension; 
therefore, we simulate a pure water flow through forming 
fabrics, which owing to the low Reynolds number is laminar. 
Figure 1  shows these phases and a schematic of jet impinge-
ment on the fabric. 

The first stage of dewatering is conceptualized as follows: 
(1) free-jet zone in which the suspension jet travels between 
the headbox and the location where it impinges on the fabric, 
(2) oblique-dewatering zone where the jet has just impinged 
on the fabric, and (3) perpendicular-dewatering zone where 
the suspension drains in the Z-direction. In our previous ar-
ticle [1] we directed our attention only to the third region so 
the computational domain was constructed to simulate a flow 
normal to the fabric. In this paper, we compared spatial dif-
ferences in velocities and shear stresses between perpendicu-
lar and oblique dewatering.

In papermaking, the incoming jet impinges on the fabric 
with angles in the range 3° < a < 10°, as observed in the frame 
of reference of the paper machine. In terms of the fabric refer-
ence frame, this impingement angle, θ, is (Eq. 1):

	
(1)

where RJW = VJ /VW  is the jet-to-wire speed ratio, which is 

normally between 0.990 and 1.035 [21]. Therefore, for an im-
pingement angle of a = 5° with an RJW = 1.035, the correspond-
ing angle in the fabric reference frame would be θ ≈ 70°.

The 3D modeling of fabrics based on 2D X-ray microtomog-
raphy was described thoroughly in [1]. In brief, a MATLAB 
code identifies circular and elliptical cross sections, either 
isolated or blended, among the objects in each image. The 
resulting data are smoothed by generating a 3D spline through 
them. Filament volumes are then constructed by sweeping 
ellipses along each fitted spline.

When a 3D model of the fabrics is built, a yarn volume is 
created around it that contains tetrahedral elements around 
the fabric. The yarn volume is then extended downstream to 
create the outlet volume, and upstream of the yarn volume is 
an inlet volume. For simulations of oblique flow, the inlet vol-
ume is sloping. The inlet/outlet volumes are structurally 
meshed to reduce computational costs. Slip-wall boundary 
conditions are applied to inlet walls. For simulations with inlet 
flow perpendicular to the fabric, both slip-wall and periodic-
wall boundary conditions were used; the difference in com-
puted quantities between these boundary conditions was less 
than 2%. Velocity inlet and pressure outlet boundary condi-
tions were chosen to define the inlet and outlet boundaries. 
Figure 2  shows a representative cross section of the hybrid 

1. Schematic of fabric and impinging jet.

2. Hybrid computational mesh scheme.
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mesh used for simulations. Figure 3  shows a typical compu-
tational domain for inclined simulations. Table I  gives the 
general specification of Fabric A used in simulations. Mesh is 
the number of yarns in the machine direction (MD) in 1 in. or 
1 cm and knock is the number of yarns in the cross direction 
(CD) in 1 in. or 1 cm.

The meshed geometry was then imported into the compu-
tational fluid dynamic (CFD) package Fluent™ (ANSYS Inc., 
Canonsburg, PA) to create a CFD simulation of the flow-
through fabrics. The governing equations to be solved were 
the conservation of mass and momentum equations for a New-
tonian fluid. Because of the low Reynolds numbers for the 
flow, generally less than 40 based on filament diameter and 
bulk velocity, the steady laminar viscous model was used to 
specify the flow. In cases where the Reynolds number was 
higher, we ran the simulations with an unsteady solver as well. 
The discrepancy between the results of the two solvers was 
less than 2%.

Mesh independence and discretization error
Any CFD simulation should be run with meshes of different 
density to ensure that the results are independent of the mesh. 
We have conducted simulations for one fabric geometry by 
gradually refining the mesh. For a given pressure drop of a 125 
Pa across the fabric, the average velocity on a mesh with 2.5 
million cells differed by less than 0.05% from the velocity com-
puted with a mesh with 3.5 million cells. Therefore, most of 
the simulations reported here were run on a grid of approxi-
mately 2.5 million cells.

As the mesh size approaches zero, a CFD solution should 
produce a solution to the continuum partial differential equa-
tions. To quantitatively estimate the size of the discretization 
error, we followed the procedure proposed by Roache [22]. The 
maximum numerical uncertainty in the fine-grid solution for 
the velocity through the fabric was found to be 0.05%, consistent 
with 0.05% difference computed in the previous section. 

Comparison with experiment
The forming fabric manufacturer provided us with experi-
mental measurements of fabric flow for Fabric A and for Fab-
ric B, which is similar to Fabric A, but slightly different in 
mesh size and weave pattern. Air at a gauge pressure of 125 
Pa on one side of a forming fabric was supplied and the flow 
rate (in ft3/ min) through a 7 cm (2.75 in.) diam portion of the 
fabric was measured. In our companion article [1], we 
showed that the air permeability of the simulations is within 
1% of those experimental results. Table I I  shows the com-
parison. The good agreement between simulation and ex-
periments validates the CFD code and the way fabrics are 
modeled.

RESULTS AND DISCUSSION
Single layer vs. multilayer fabrics

It is worthwhile to analyze in detail the effects that a machine-
side layer produces on the flow characteristics of a single-
layer fabric. To achieve this, the computer-aided design model 
of Fabric A was cut on a plane between the layers, and CFD 
simulations were run for each layer separately. A comparison 

3. Computational geometry indicating the inlet, yarn, and outlet 
volumes.

I. General specification of Fabric A used in simulations.

Mesh/knock (1/in.)
Mesh/knock (1/cm) Air permeability

(ft3 /min) 
(m/s)

Yarn size (mm)

Paper side Machine sideTotal Paper side Machine side

146 x 186 
58 x 74

73 x 93
29 x 37

73 x 62
29 x 24

440
2.2 0.13 0.13 0.21 0.20

Simulations (ft3 /min) Experiments (ft3 /min) Difference %

Fabric A 436 440 0.9

Fabric B 354 352 0.6

II. Air permeability comparison between simulations and experimental data. The applied pressure drop across the fabric is 125 Pa.
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4. Top view of Fabric A; X and Y axes are in 
meters.

6. Point wise velocity contours of Z-direction, machine-direction, and cross-direction velocities.  
Velocities are in m/s: (a) full Fabric A, (b) paper-side layer of Fabric A. 

5. Top view of layers composing Fabric A: (a) paper-side layer, (b) machine-side 
layer. X and Y axes are in meters.

 (a)

(a.1.)

 (b)

(a.2.) (a.3.)

(b.1.) (b.2.) (b.3.)
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between the flow fields are given in the following sections. 
Figure 4  depicts the top view of Fabric A. Figure 5  shows 
the constituent layers of the fabric. The binding filaments may 
be regarded as a center layer between the paper side and ma-
chine side of the fabric [23], but here we considered them as 
part of both the top and bottom layers.

Velocity contours	
Figure 6 shows the Z-direction, machine-direction, and 
cross-directions components of fluid velocity through the 
complete Fabric A, as well as the same velocity components 
for its paper-side layer computed in isolation. The contours 
were extracted on a plane d/4 upstream away from the high-
est point of the paper-side layer (d = paper-side filament diam-
eter). There was surprisingly little difference between the 
corresponding velocity contours, which implies that the pa-
per-side layer plays a dominant role on the flow in the pulp 
suspension.

Averaged velocity contours
Typical pulp fibers are 0.3–3 mm long and should respond to 
some average velocity over their length rather than a local veloc-
ity. We followed the procedure described in our earlier work [1] 
to perform this velocity averaging. We performed elliptical av-
eraging over an area comparable to the cross-sectional area of a 
fiber for both the full Fabric A and its paper-side layer only, and 
then subtracted the resulting contours. The results of such aver-
aging for an ellipse with semimajor axis of 0.2 mm and semimi-
nor axes of 0.02 mm, are shown in Fig. 7  (ellipse major axis in 
MD) and Fig. 8  (ellipse aligned with CD). The difference be-
tween paper-side-only and full-fabric velocities is up to approx-
imately ± 15% of the mean velocity. 

Pressure drop versus flow rate
Simulations were run for a number of different inlet velocities 
for Fabric A and its layers separately. The dimensionless pres-
sure drop was thus determined as a function of the Reynolds 
number. Here, Re = VD/ν where V is the bulk velocity of the 
fluid through the fabric, D is the filament diameter for fila-
ments on the paper side (= 0.125 mm), and ν is the kinematic 
viscosity of the fluid. The static pressure drop, Δp, is made di-
mensionless in the form of a pressure drop coefficient given 
by CP = Δp/0.5ρV2, where ρ is the fluid density. The CP - Re 
curves are well described by a power law, with high coefficient 
of determination, as shown in Figure 9. Surprisingly, the 
power on the Reynolds number for all curve fits is about -0.36. 
Interestingly, the exponent on the Reynolds number is almost 
half way between the creeping flow limit (CP  ∝ Re -1) and the 

7. Spatial variation of difference between Z-direction velocities 
when averaged over an ellipse with semimajor axis = 0.2 mm 
and semiminor axis = 0.02 mm. The difference is normalized by 
the mean velocity. The ellipse is aligned with MD. 9. ￼  Cp – Re curve for full Fabric A and its layers.

8. Spatial variation of difference between Z-direction velocities 
when averaged over an ellipse with semi-major axis = 0.2mm 
and semi-minor axis = 0.02mm. The difference is normalized by 
the mean velocity. The ellipse is aligned with CD. 
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fully developed turbulence limit (CP  ∝ Re 0). As seen in Table 
I I I , the pressure drop through the entire forming fabric is 
nearly equal to the sum of the pressure drops through the two 
layers. In addition, because extra surface area is exposed when 
the binder filaments are cut through, it could be anticipated 
that the sum of the two half-fabric resistances would slightly 
exceed that of the full fabric. This effect alone may account for 
the majority of the (already small) differences seen in Table III. 

Oblique versus perpendicular dewatering
In all previous simulations, the approach flow was taken nor-
mal to the fabrics, i.e., we neglected the speed ratio between 
the jet and the fabric. In this section we consider approach 
flows 58° ≤ θ ≤ 90°, corresponding to impingement angles 
3° ≤ α ≤ 15° and 0.99 ≤ RJW ≤ 1.035. Slip walls are assumed for 
the inlet walls rather than periodic walls, as were used in pre-
vious simulations. Moreover, simulations were run on a Fabric 
C, which has the same weave pattern as Fabric A, but with 
somewhat thinner strands.

We ran simulations for different inlet velocities while chang-
ing the impingement angle. The calculated pressure drops 
across the fabric were converted into pressure coefficients. 

The pressure coefficient versus Reynolds number curve varied 
only slightly as the impingement angle was changed from 58˚ 
to 90˚ impingement. In other words, the fabric permeability 
varied only slightly between rush and drag conditions.

The most marked characteristic of rush or drag is expected 
to be observed in the shear stresses. To illustrate this, we av-
eraged the machine-direction shear stress over elliptical areas 
aligned with the MD. The results of averaging were then nor-
malized with the dynamic pressure and calculated based on 
the approach flow. 

Figure 10  shows the contours of the elliptically averaged, 
normalized shear stress for different approach flow angles. 
There is an apparent similarity between the contours, but the 
mean value of the normalized shear stress for the 58˚ case was 
0.011, whereas for 90˚ impingement it was -0.0013. As expect-
ed, the shear stress increased as the incoming flow became 
more parallel to the fabric. For flow perpendicular to an iso-
tropic medium, zero mean shear stress would be expected. 
As seen in Fig. 5, the piece of fabric chosen for the flow analy-
sis is far from isotropic, which explains why the mean shear 
stress for 90˚ impingement is not zero.

CONCLUSION
We ran simulations of flow-through 3D models of forming 
fabrics, built based on the procedure described in our earlier 
work [1]. The CFD simulations of the models were shown to 
predict the fabric permeability within 1% of experimental 
measurements. A specific fabric, Fabric A (and a variant there-
of), was used to study two quantities on the flow-through of 
real forming fabrics: (1) the influence of machine-side fila-
ments and (2) jet-to-wire speed ratio.

We found that the machine-side filaments had a small influ-
ence on the flow field upstream of the paper-side filaments 
and consequently on the initial fiber mass distribution of pulp 

Re 14 22 33 40 62 88

CP, paper 27 21 18 17 15 14

CP, machine 42 33 29 27 24 22

Σ CP 69 54 47 44 39 36

CP, both 64 52 44 42 37 34

% difference 7 2 2 2 5 3

III. Comparison of the pressure drop through a full fabric and its 
layers. 

10. Spatial variation of nondimensional shear stress when averaged over an ellipse with semi-major axis = 0.2 mm and semiminor 
axis = 0.02 mm. The ellipse is aligned with MD. Owing to the unphysical imposed zero shear stress wall condition applied to MD 2.5 
mm and MD = 1.4 mm, only the region of the fabric away from these walls is shown.

a) 58° b) 70° c) 90°
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fibers. The pressure drop of a fabric was found to be approx-
imately the sum of that through the paper-side and machine-
side layers. Therefore, we concluded that the machine-side 
layer plays only a minor role on the upstream flow although 
it does increase the overall resistance of the fabric to the flow.

When we simulated the rush or drag of the impingement 
jet by inclining the inlet volume, the air permeability varied 
only slightly from 58˚ to 90˚ impingement. Rush or drag had 
a more pronounced effect on the MD shear stress, which will 
tend to orient fibers in the machine direction. 

Flow simulations appear to be a powerful tool to character-
ize fabric resistance to flow and to predict the microscale 
nonuniform flow through multilayer forming fabrics. We aim 
to extend this work to calculate the probable fiber/fine mass 
distribution in a sheet, at the very early stage of water remov-
al from pulp suspensions. TJ
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ABOUT THE AUTHORS
Our goal was to answer some longtime questions 
from papermakers on the influence of machine-side 
filaments on the flow characteristics of forming fab-
rics. Previously, we studied the resistance of multilay-
er fabrics to the flow. In this research, we extended 
the work to investigate the effect of each forming fab-
ric layer as well as the effect of the angle of the ap-
proach flow.

Our biggest challenge was to conduct complete, 
3D, and mesh-independent CFD simulations of the 
flow through forming fabrics. We described a novel 
method to model fabrics and produced computational 
domains to simulate the flow. The most surprising 
finding was the dependence of the pressure drop on 
the Reynolds number of the flow at these moderate 
Reynolds numbers, and the serial resistance of layers 
to the flow.

Information from this study can give fabric suppli-
ers to mills some insight into the tradeoff between se-
lecting fabrics for long life and superior drainage/re-
tention characteristics. Whereas this research paper 

simulated the rush and drag of jet impingement by 
tilting the inlet volume of the simulations, a more 
comprehensive study might take into account the free 
surface interaction of the pulp suspension and the 
surrounding air.
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