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Abstract: In this work, the fundamentals of upstream flow
over cylinders and forming fabrics are investigated, and
measures for characterization of fabrics are proposed.
Two-dimensional flow over one cylinder, two cylinders,
and one and two rows of cylinders, are analysed numer-
ically. By studying different configurations and various
Reynolds numbers, the upstream flow features are char-
acterized. It is concluded that cylinders have a short range
of upstream flow impact, shortest for rows of cylinders
with small spacings. For Re ∈ [10, 80], the Reynolds num-
ber dependency is weak. It is shown that a downstream
rowpositioned in tandemhas negligible impact on the up-
stream flow, while a displaced second row influences the
upstream flow if the spacing in the first row is larger than
one diameter. The pressure drop required to drive the flow
over the cylinders depends non-linearly on the porosity of
the configuration. Flowmeasures of the upstream flow are
proposed, which in addition to the volume flow per area
are used to characterize fabric flow properties. The con-
clusions from the cylinder study also hold for industrial
fabrics, and it can be explained how properties of the fab-
ric influence the final paper. The wave-length of flow pe-
riodicity is studied in relation to drainage marking. This
study demonstrates that simulations can greatly improve
pure experimental-based fabric characterization.

Keywords: drainage marking; flow uniformity; forming
fabrics; forming fabric parameters; upstream cylinder
flow.
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Introduction

In the forming section of a paper machine, the basic struc-
ture of paper is formed. The formation ensues when pulp
fibers, diluted in water, are released from the head-box
and flow down onto the forming fabric. Finally, the fibers
lay down on the fabric and the paper structure is built up
while much of the water passes through the openings of
the fabric at speeds about 0.05–0.5m/s (Green et al. 2008).
The formation is a complex process, governed by the fab-
ric structure, the rheology of the suspension, and the ac-
cumulation of fibers. During the dewatering, the flow is
initially dominated by the fabric structure. When fibers
accumulate, the flow field changes, re-directing incoming
fibers to areas with higher flow rate.

It is desirable to control the mechanical properties of
paper products, and one way would be by controlling the
flow conditions during forming, with an aim of reaching
a desired paper structure. Both the mass distribution and
the fiber orientation are affected by the fabric structure
(Danby 1986, Helle 1978), and both obviously impact the
paper properties. Increasing the understanding of how the
fabric geometry influences the flow, and in turn the lay
down process, is an important step towards a more exten-
sive control of the paper forming process. If fabrics can be
tailored to fulfil certain demands on the resulting paper,
such as uniform density, or a specific orientation of fibers,
product development would be significantly enhanced.

A wide variety of forming fabrics are used in differ-
ent paper machines, depending on which type of paper
product that is produced. To be able to classify proper-
ties of different fabrics, and their influence on the prop-
erties of the end-product, it is necessary to have measures
which capture the characteristics well enough. One mea-
sure is the CFM-value, defined as the volume flowof air per
area through a fabric for a certain applied pressure drop,
measured in feet per minute. However, this measure alone
does not describe the fabric properties well enough (Ko-
rtelainen et al. 2008). Therefore, other measures, describ-
ing a wider range of characteristics of fabrics, are needed.
Moreover, due to lack of measuring methods (Kortelainen
et al. 2008), experimental investigations of fabrics are dif-
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ficult, making simulation tools important for further anal-
ysis. Frameworks for simulation of fiber lay down, for ex-
ample the works of Mark et al. 2011a, Svenning et al. 2012,
and Kettil 2016, also benefit from a more throughout un-
derstanding of fabric flow characteristics.

Forming fabrics are woven materials with complex
structure. However, their basic building blocks, threads
with different diameters, have a simple geometry. By
studying simplified structures, built up of cylinders, fun-
damental understanding can be attained, necessary to
later understand the features of the complex flow over in-
dustrial fabrics. Investigationof different two-dimensional
configurations of cylinders, each cylinder representing a
fabric thread, is a first step towards such a fundamental
understanding of how flows over fabrics behave, and in-
fluence the paper forming process.

Flow over one cylinder has been a research topic for
a long time, and profound development, such as the first
studies of vortex streets (Benard 1908, Von Karman and
Rubach 1912) were elaborated already over hundred years
ago. Zdravkovich (1997) states that the Reynolds num-
ber is the governing parameter for disturbance-free two-
dimensional flow over one cylinder. Moreover, the flow
features can be divided into main categories based on
whether the flow is steady and symmetric, steady and
asymmetric, unsteady and laminar, or unsteady and tur-
bulent. Roshko’s (1954) experiments show that transition
from steady to unsteady flow occurs around Re = 40, and
that turbulence arises around Re = 150. The transition
from symmetric to asymmetric flow occurs around Re = 5
(Zdravkovich 1997).

Studies of the flow over two cylinders also have a long
history. Due to infinitely many possible different config-
urations of two parallel cylinders, two main cases, tan-
dem and side-by-side with uniform diameters, have at-
tainedmost attention. In addition to theReynoldsnumber,
which is the main parameter when investigating flow over
one cylinder, the spacing is an additional main parameter
when studying two cylinders. Zdravkovich (1977) has re-
viewed different studies of two-cylinder flow, and the ma-
jority focuses on high Reynolds number regimes and pri-
marily on the downstream features.

Flows over more than two cylinders or rows of cylin-
ders have not been studied as extensively as flows over one
and two cylinders. The existing studies mostly cover high
Reynolds numbers and focus on the downstreamwake be-
haviour.

Relatively few studies of flow over forming fabrics ex-
ist in the literature. Huang et al. (2006) simplified the fab-
ric structure and simulated the flow over one and two
cylinder rows for Reynolds numbers from 30 to 100. They

analysed the wake behaviour for some different displace-
ments between the cylinders. Some preliminary results re-
garding the upstream featureswere presented, concluding
that if the row spacing is larger than one diameter, the up-
stream effects from the second row are negligible.

Gilchrist and Green (2009) experimentally investi-
gated the flow through a bank of cylinders representing
a simplified forming fabric for Re = 65. The results indi-
cate that displacing the second row such that its cylinders
are below the holes of the first row has an impact on the
upstream flow. They concluded, similarly as Huang et al.
(2006), that for spacings between the two rows larger than
0.7 diameters, the second row did not affect the upstream
flow.

Green et al. (2008) simulated the flow through fabric-
like structures with one layer of sinusoidal woven cylin-
ders. They investigated howmuch the displacement of sin-
gle filaments affected flow rate through the woven struc-
ture and found that the effect is highly localized. Later,
Vakil et al. (2009) developed a method to create CAD ge-
ometries of real forming fabrics and used these to perform
forming fabric flow simulations. The simulations showed
that the maximum upstream velocity component perpen-
dicular to the fabric plane could be three times higher
than the minimum, stating that up to three times more
fiberswill accumulate in certain areas during the initial lay
down.

The aim of this work is to clarify the upstream features
of theflowover oneand two rowsof cylinderswithuniform
diameters, by focusing on the dependency on Reynolds
number, steady versus unsteady flow, and investigating
howdifferent spacings between cylinders in each row, and
also between rows, as well as how displacing the second
row, affect the upstream flow. Additionally, measures of
the upstream flow impact are proposed, to enable com-
parison of different cylinder structures and how they influ-
ence the upstream flow. The purpose of introducing these
measures is to be able to apply them to real forming fab-
rics, enabling comparison of flow characteristics. Further-
more, the observations from the cylinder study, together
with the measures of flow impact are applied to three in-
dustrial fabrics, demonstrating how different types of fab-
rics can be compared. Moreover, fabric flow patterns in-
creasing the risk of drainage marking are investigated and
the simulations help to clarify its causes.

In the Method section, the numerical flow solver,
IBOFlow, is described. In the same section, the different
simulation setups are specified, and the validation of the
numericalmethod is shown.Moreover, the three industrial
forming fabrics are presented. In the Results and discus-
sion section, the results of the cylinder study are presented
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and discussed. Results for the three-dimensional flowover
the three industrial fabrics are shown and compared with
the cylinder study. In the last section, the conclusions and
summary of the main results are stated.

Method
The fluid flow is described by the Navier Stokes equations,
and the coupling between object and fluid is treated by an
immersed boundarymethod. The Navier-Stokes equations
for an incompressible fluid read

ρàu
àt
+ ρu ⋅ ∇u − μ∇2u = −∇p, (1)

∇ ⋅ u = 0, (2)

where u is the fluid velocity, p is the pressure, and ρ and μ
are the density and dynamic viscosity of the fluid, respec-
tively.

Fluid solver

The flow is solved using IBOFlow® (Immersed Boundary
Octree Flow Solver) (Mark et al. 2011b), which is an in-
house multi-phase flow solver for incompressible fluids.
The equations, Equations (1)–(2), are discretized using
the finite volume method and solved separately. The SIM-
PLEC method, developed by van Doormaal and Raithby
(1984), is used to couple the segregated pressure and ve-
locity fields. A Cartesian octree grid is used, enabling ef-
ficient dynamical refinements. The solution variables are
co-located, and to suppress pressure oscillations the Rhie-
Chow interpolation (Rhie and Chow 1983) is adopted.

Themirroring immersed boundary method developed
by Mark and van Wachem (2008), and extended by Mark
et al. (2011b), constrains the velocity at the boundary sur-
face of the immersed object by an implicit condition at-
tainedbymirroringor extrapolating theprescribed surface
velocity to nearby fluid cells. The fictitious velocity field
arsing at the inside of the immersed boundary is excluded
from the continuity equation ensuring zeromass flow over
the surface.

Simulation setups

Four main cases of two-dimensional cylinder flow are in-
vestigated: the flow over one and two cylinders, and the
flow over one and two rows of cylinders. Two different
types of domains are used, one type for the flow over one

and two cylinders, and one type for the row configura-
tions. In both types, the cylinders are positioned paral-
lel to the z-axis, leading to a two-dimensional setup in
the x-y plane. Since Reynolds numbers Re ∈ [10, 80] are
considered in this work, and turbulence usually occurs
for higher Reynolds numbers (Roshko 1954), it is assumed
that the two-dimensional simplification holds true. The
flow is driven by a fixed inlet velocity at the upper hori-
zontal boundary. See Figure 1 for an illustration of the do-
main for two cylinders. The x-velocity is denoted u and
the y-velocity is denoted v. Note that the v-velocity is de-
fined to be positive in the negative y-direction. The cylin-
der diameter is denoted d and the surface spacing is de-
noted S.

Figure 1: Simulation domain for two cylinders side-by-side.

For the case of two cylinders, two different configu-
rations are studied, tandem and side-by-side, depicted in
Figure 2. Likewise, for two rows of cylinders, two types of
configurations are examined, tandemanddisplaced, illus-
trated in Figure 2. In the displaced configuration, the same
displacement is used for all cases, corresponding to a shift
of the downstream row equal to half the x-distance be-
tween cylinder centers.

Figure 2: The four main configurations of cylinders: two cylinders
side-by-side, two cylinders tandem, two rows displaced, and two
rows tandem.

The notation Smay denote the surface spacing in both
x- or y-directionwhile thenotation Sx and Sy is used to clar-
ify which direction that is regarded. Using these notations,
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the normalized surface spacings in horizontal and vertical
direction are defined according to

g = Sx
d
, l =

Sy
d
. (3)

Next, the size of the rectangular simulation domain is
specified. For all cases, the vertical distance from the up-
per boundary to the uppermost cylinder is LI = 70d. The
vertical distance from the lowermost cylinder to the bot-
tom boundary is LO = 50d. For the simulations with one
and two cylinders, the horizontal distance from the ver-
tical boundaries to the outermost cylinder is LB = 70d.
These are relatively large values compared to other nu-
merical studies, and the blockage effect with this setup is
small. See the work of Pozdziech and Grundmann (2007)
for a comprehensive study of the domain size for one-
cylinder flow. For the simulations with one or two rows of
cylinders, the horizontal setup of the domain differs com-
pared to the case of one and two cylinders, as a cyclic
boundary condition is utilized, as indicated in Figure 2.

Thefluiddomain is representedby aquadtree grid, en-
abling straightforward refinement. For the cylinder simu-
lations, the base cell size is equal to the cylinder diameter.
A refinement level corresponds to dividing a squared cell
into four equally sized squares. Seven refinement levels
are used around the cylinder surfaces ranging seven diam-
eters out from the surface, resulting in 27 = 128 cells over
the cylinderdiameter. Grid convergence is assuredbyalter-
ing the number of refinements and the distance of refine-
ments away from the cylinder while comparing values of
drag, pressure and velocity. For example, the two cases of
one row of cylinders with g = 1, and two rows of cylinders
with g = 3, l = 0.5 and the second row displaced, are com-
pared. For the v- and u-velocity profiles at 0.25d upstream,
the relative L2-differences between the given grid and one
with one additional refinement, are less than 3 ⋅ 10−3. For
the unsteady cases, thewake is refined five levels (25 = 32).
For further analysis of the grid convergence of the well-
validated simulation framework, see (Mark et al. 2011b).

The flow is driven by an inlet velocity at the upper
horizontal boundary, where the v-velocity is imposed as
v = V0, where V0 is a constant. At the same boundary,
the pressure is prescribed with a Neumann condition. At
the lower horizontal boundary, an outlet condition is spec-
ified by setting the pressure to zero while the velocity is re-
strained by a Neumann condition. In the simulations with
one or two cylinders, symmetry conditions are imposed
at the vertical boundaries, with Neumann conditions for
pressure and velocity. For simulations with rows of cylin-
ders, cyclic boundary conditions are used at the vertical
boundaries.

Simulations are performed with Reynolds numbers in
the range 1–100, with emphasis on 10–80. Around Re = 40
the transition from steady to unsteady flow occurs. For the
steadyflowsimulations, a steady state solver is used,while
a transient solver is used otherwise.

In addition to the two-dimensional simulations of the
flow over cylinders, three-dimensional simulations of the
flowover forming fabrics are performed. A rectangular box
is used as simulation domain and the fabric is positioned
in the x-y-plane, perpendicular to the z-axis. The flow is
driven either by a fixed inlet velocity or a pressure drop, re-
sulting in aflow in thenegative z-direction. The z-direction
is positive out from the paper side of the fabric. As for the
cylinder flows, the z-velocity is defined to be positive in the
negative z-direction. The x-y dimensions of the domain is
equal to the size of thepiece of a forming fabric used.At the
boundaries surrounding the domain, symmetry boundary
conditions are imposed.

In Figure 3, triangulations generated from tomogra-
phy images of the three different forming fabrics studied
in this work are shown. Fabric A is a conventional double
layer fabric. Fabric B is a warp bound triple layer fabric.
Fabric C is a fine sheet support binder fabric. Fabric A and
Fabric C are mainly used on graphical papers (newsprint,
LWC- and SC-paper), but also for the printing ply on high
quality board (LPB and FBB). Fabric C is newer and has
in many cases replaced Fabric A, due to its better reten-
tion andwear resistance. Fabric B is mainly used on differ-
ent packaging applications, as on filler plies on multi-ply
board machines and on liner and fluting machines.

Air with density ρ = 1.2 kg/m3, and with viscosity
μ = 18.1 ⋅ 10−6 kg/ms is used in the fabric simulations. Air
is normally usedwhenmeasuring the CFM-value of fabrics
and when investigating flow properties of fabrics experi-
mentally. In this work, we restrict our simulations of the
flow over fabrics to the case of air. The base grid cell size is
0.1mmwith three refinement levels around the fabric sur-
face ranging 0.5mm out from the surface. The total height
of the domain is 6mm and the distance from the bottom of
the fabric to the outlet boundary is 3mm.

Validation

To demonstrate the accuracy of the numerical method, a
validation for flow over one cylinder is presented in Fig-
ure 4, where the drag force coefficients from Tritton’s ex-
periments (Tritton 1959) for different Reynolds numbers
are comparedwith simulated values. The drag force coeffi-
cient is calculated as CD =

F
2ρV 2

0d
, where F is themagnitude

of the force acting on the cylinder.



G. Kettil et al.: Investigation of upstream cylinder and forming fabric flow | 375

Figure 3: Triangulations of the three forming fabrics studied in this work, generated from tomography images. The snapshots are from above
(paper side) and from below (wear side). The dimensions are approximately 3mm × 2.8mm (x × y).

Figure 4: Experimental and simulated values of the drag force coeffi-
cient CD =

F
2ρV20d

for flow over one cylinder.

Further, three-dimensional simulations of the air flow
over the three forming fabrics are performed and com-
pared with experimental values. In Figure 5, the volume
flow of air per area is shown for different applied pressure
drops. The volume flow per area is given in the unit CFM,
corresponding to feet per minute, which is common when
characterising forming fabrics. In the same plot, the cor-
responding experimental results are shown and it can be
seen that the simulations give excellent agreement.

Figure 5: Experimental and simulated values of the volume flow of
air per area through the three forming fabrics.

Results and discussion

In this section, the simulation results are presented and
discussed. Emphasis is on upstream flow features. First,
one cylinder is examined to obtain an understanding of
the basics of upstream cylinder flow. Thereafter aspects
of two cylinders are presented before the setups with one
and two rows of cylinders are analysed in detail. The cylin-
der results are concluded with an overview using various
general measures. Finally, the flow over three industrial
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forming fabrics is investigated and compared with the
cylinder study.

Flow over one cylinder

In Figure 6, the v-velocity field of the flowover one cylinder
is plotted forRe = 20. Theflow is normalizedwith themain
stream velocity V0.

Figure 6: Normalized v/V0-velocity field for flow over one cylinder at
Re = 20.

In Figures 7–8, the v- and u-velocity profiles are
shown. The profiles are extracted at three different dis-
tances upstream, y/d ∈ {0.25, 0.5, 1}.

Figure 7: Normalized velocity profiles v/V0 for flow over one cylinder
at Re = 20, extracted at three different positions upstream, y/d = 1,
y/d = 0.5 and y/d = 0.25.

At each y/d-position vertically upstream, the maxi-
mumandminimumvalue of the velocity profile at that par-

Figure 8: Normalized velocity profiles u/V0 for flow over one cylinder
at Re = 20, extracted at three different positions upstream, y/d = 1,
y/d = 0.5 and y/d = 0.25.

ticular position are extracted, resulting in extreme value
functions defined as

Mv (
y
d
) = max

x∈W

v(x, y)
V0
, (4)

mv (
y
d
) = min

x∈W

v(x, y)
V0
, (5)

Mu (
y
d
) = max

x∈W

|u(x, y)|
V0
, (6)

whereW = [−w,w] for some large valuew. In Figure 9, the
extreme value functions for the flow over one cylinder are
plotted.

Figure 9: Extreme value functions for v (left) and u (right) for the flow
over one cylinder at Re = 20.

Level curves for the v- and u-velocities are plotted
in Figures 10–11. The level curves are extracted at differ-
ent percent values of the main stream velocity, enclos-
ing regions where the velocity is influenced more than a
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given percent value of themain streamvelocity. The region
where the reduction of the v-velocity is more than 30% is
only about the same size as the cylinder itself. The region
with impact less than 10% is much larger, almost 3d in di-
ameter. This indicates that the impact on the cylinder is
large close to the cylinder but decays rapidly away from
the surface.

Figure 10: Level curves for v/V0 at 0.9, 0.8 and 0.7 for the flow over
one cylinder at Re = 20.

Figure 11: Level curves for |u|/V0 at 0.05, 0.1 and 0.15 for the flow
over one cylinder at Re = 20.

The preceding results are all forRe = 20. The Reynolds
number dependency on the upstream flow features is dis-
cussed next. In this work, emphasis is on Reynolds num-
bers in the range 10–80. Around Re = 40, the transition
from steady to unsteady occurs, leading to an essential
change in behaviour of the downstream flow. However,
varying the Reynolds number in the range 10–80 has re-
markably small impact on the upstream flow character-
istics, as will be seen next. In Figures 12–13, the veloc-
ity profiles for v and u at y/d = 0.5 are shown for Re ∈
{1, 5, 10, 15, 20, 30, 40, 60, 80}.

The shapes of the velocity profiles are similar, with an
upward translation for increasing Reynolds number. The
profile for Re = 1 stands out. This case of creeping flow
is however outside the scope of interest. Any effect of the
transition from steady to unsteady, around Re = 40, can-
not be seen in the velocity profiles. This indicates that in
the Reynolds number range 10–80, it is sufficient to study

Figure 12: The v/V0-velocity profiles at y/d = 0.5 for Re ∈
{1, 5, 10, 15, 20, 30, 40, 60, 80} for the flow over one cylinder. The
lowest curve is for Re = 1 and each increment in Reynolds number
corresponds to moving up one curve in the plot. The case of Re = 20
is marked with thick blue line and Re = 60 with thick red line.

Figure 13: The u/V0-velocity profiles at y/d = 0.5 for Re ∈
{1, 5, 10, 15, 20, 30, 40, 60, 80} for the flow over one cylinder. The
curve with smallest deviation from 0 is for Re = 80, and next curve
corresponds to 60 and so one, except for one profile, the case of
Re = 1, which intersects all other curves. The case of Re = 20 is
marked with thick blue line and Re = 60 with thick red line.

one case, for example Re = 20, which is fast to simulate
due to its steady features. Hence the results in the follow-
ing text are extracted for Re = 20.

Flow over two cylinders

The flow over two cylinders is simulated with two configu-
rations, tandem and side-by-side, illustrated in Figure 2.
For the tandem configuration, the downstream cylinder
has negligible effects on the upstream flow, resulting in
similar upstreamflowfield as for one cylinder. The side-by-
side configuration leads to new features, presented next.

The side-by-side configuration is studied by chang-
ing the surface spacing S. The normalized spacing is al-
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tered among g ∈ {0.25, 0.5, 1, 3, 5, 10}. In Figure 15, the
v-velocity profiles for the different spacings are shown.
The profiles are plotted together with the sum of two one-
cylinder profiles. For g = 0.25, the velocity profile resem-
bles the form of the profile for one cylinder with larger
diameter, however with some deviations at the center of
the profile due to the hole between the cylinders. When
the surface spacing increases, the profile starts to divide
into two profiles, each increasingly resembling the shape
of one cylinder with diameter d. For g ≥ 5, the difference
compared to the one-cylinder case is negligible. The same
behaviour holds for the u-velocity.

The sum of the velocity fields of two single cylinders,
where one field is translated such that the two cylinders
are positioned with a spacing g, does not in general agree
with the field of the corresponding two-cylinder configu-
ration. This is clearly seen for small g = 0.25, 0.5, 1. For
larger g, the summation is a reasonable approximation.
This is however due to the fact that the behaviour of each
of the two cylinders tends to the behaviour of one cylin-
der, together with the rapid decay of the impact from each
cylinder away from the surface.

In Figure 14, the extreme value functions are plotted
for g = 0.5. In general, the maximum value function of v,
Mv, is similar to the one-cylinder case. Theminimumvalue
function, mv, has however smaller values for the side-by-
side configuration compared to the case for one cylinder,
with decreasing discrepancies for increasing g. Already at
g = 3, the difference is negligible.

Figure 14: Extreme value functions for the flow over two cylinders
side-by-side at Re = 20 and spacing g = 0.5. The dashed lines
correspond to the case of one cylinder.

ForMu, the values are higher for the side-by-side con-
figuration compared to the one-cylinder case for smaller g,
this is seen in Figure 14 for g = 0.5. The curve tends to
the one-cylinder case when g increases, however slower

than for the v-velocity. Still at g = 10 there are small dif-
ferences between the curves. This is due to the fact that
the u-profile has a small asymmetry at each cylinder still
present at large g, so the deviation from 0 is larger on the
outside of the cylinders compared to in-between the two
cylinders.

Flow over one row of cylinders

In Figure 16, the v-velocity profiles for different spacings
g ∈ {0.25, 0.5, 1, 3, 5, 10} are shown for the flow over one
row of cylinders. Compared to the cases of one and two
cylinders, the influence of a cylinder row leads to a max-
imum velocity clearly higher than the main stream veloc-
ity. This is logical since the total flow through the cylin-
der row is constant because of the fixed inlet velocity, re-
quiring that the flow which is slowed down in front of the
cylinders has to compensate by a larger velocity through
the holes in between. Moreover, the reduction of the flow
velocity away from the cylinders is not as strong as for the
one-cylinder case. For instance with g = 1, the minimum
v-value at y/d = 0.25 is about 0.55V0, compared to 0.3V0
for the one-cylinder case.

For small spacings g = 0.25, 0.5, 1, the reduction dip
over each cylinder has a similar form as the magnified dip
between the cylinders, but mirrored. This symmetry how-
ever disappears when the spacing increases (g = 3, 5, 10).
Instead the increase in velocity between the cylinders,
with a maximum value of almost 1.4V0 for g = 0.25, 0.5, 1,
is reduced and smoothed out evenly over the gap. For
g = 3, the maximum value at y/d = 0.25 is approximately
1.24V0, for g = 5 and g = 10 it is 1.17V0 and 1.07V0,
respectively. When g increases, the reduction in front of
the cylinders is increased. In Figure 17, the corresponding
u-velocity profiles are shown.

An important difference between the row configura-
tion and the one- and two-cylinder cases is seen when
comparing the profiles for g ≤ 1 at y/d = 1. The veloc-
ity profiles show that the flow is almost not affected at all
at this short distance upstream. This implies that rows of
cylinders have a shorter range of impact on the upstream
flow field compared to one and two cylinders alone. Fur-
ther, the amplitude of the impact depends on how close
the cylinders are positioned. As for the case of two cylin-
ders side-by-side, the profiles increasingly resemble the
one-cylinder case when the spacing increases. However,
for the v-velocity the resembling feature is slower com-
pared to two cylinders. The same features are seen for the
u-velocity, with the difference that the profiles gets similar
to the one-cylinder case faster when g increases.
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Figure 15: Normalized velocity profiles v/V0 for two cylinders side-by-side for different surface spacings g at Re = 20. Profiles are plotted
at three different positions upstream, y/d = 1, y/d = 0.5 and y/d = 0.25. The dashed lines correspond to the sum of profiles of two single
cylinders, positioned as two side-by-side cylinders.
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Figure 16: Normalized velocity profiles v/V0 for the flow over one row of cylinders at Re = 20 for spacings g ∈ {0.25, 0.5, 1, 3, 5, 10}. The
profiles are plotted at three different positions upstream, y/d = 1, y/d = 0.5 and y/d = 0.25. The dashed curves are the profiles for the
one-cylinder case.
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Figure 17: Normalized velocity profiles u/V0 for the flow over one row of cylinders at Re = 20 for spacings g ∈ {0.25, 0.5, 1, 3, 5, 10}. The
profiles are plotted at three different positions upstream, y/d = 1, y/d = 0.5 and y/d = 0.25. The dashed curves are the profiles for one
cylinder.
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Figure 18: Level curves for the flow over one row of cylinders at Re = 20 for two different spacings g = 0.25 and g = 3. The dashed lines
correspond to the case of one cylinder.

In Figures 19–20, the extreme value functions of v and
u are plotted for g = 0.25 and g = 3, together with the ex-
treme value functions for one cylinder.

Figure 19: Extreme value functions for v for the flow over one row of
cylinders at Re = 20 for two different spacings g = 0.25 and g = 3.
The dashed lines correspond to the case of one cylinder.

In the case of v with g = 0.25, it is seen that the func-
tions differ compared to the one-cylinder case. When g in-
creases the functions increasingly resemble the one cylin-
der case, indicated by the plot for g = 3. For u, the max-
imum value is higher compared to the one-cylinder case
close to the cylinder and decreases faster compared to the
one-cylinder case when y/d increases.

Figure 20: Extreme value function for u for the flow over one row of
cylinders at Re = 20 for two different spacings g = 0.25 and g = 3.
The dashed lines correspond to the case of one cylinder.

In Figure 18, the level curves for v and u at spacings
g = 0.25 and g = 3 are plotted together with the one-
cylinder case. Compared to the level curves for the one-
cylinder case, it is a significant difference in size of the re-
gions affected.

As for the one-cylinder case, the Reynolds number de-
pendency is investigated for the row case. The conclusion
is the same. There is a change in the velocity profiles when
the Reynolds number is changed but the profiles keep the
similar shape in the range Re ∈ [10, 80], with smaller de-
viations from the main stream velocity for larger Reynolds
numbers. The effect from the unsteady flow is small, less
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than 2%point-wise deviations from themean velocity pro-
file for Re = 60.

Flow over two rows of cylinders

The flow over two rows of cylinders is investigated for two
configurations, tandem and displaced. Two surface spac-
ings are varied, the spacing g = Sx/d, between the cylin-
ders in each row, and the spacing l = Sy/d, between the two
rows. The value of g is chosen as g ∈ {0.25, 0.5, 1, 3, 5, 10},
and l ∈ {0.1, 0.5, 1, 3, 5}. The upstream differences be-
tween two rows tandem and one row are negligible, as
was the case when comparing one cylinder to two tandem
cylinders. However, for the displaced configuration, new
features occur.

In Table 1, an overview of all different displaced se-
tups for two rowsof cylinders is shown, indicatingwhether
the velocity profiles differ compared to the one-row case
or not. The differences from the visual comparison is ex-
pressed by three different abbreviations, S, MD, or D,
where S indicates that the profiles are verymuch the same,
MD indicates a minor difference, and D indicates that the
profiles are clearly different.

Table 1: Results of visual comparison of the v-velocity profiles (dif-
ferences for u indicated in parenthesis) for the flow over two rows
of cylinders in the displaced configuration at Re = 20 for different
values of g and l. The profiles are compared with the one-row case
and visual differences are indicated in three ways: D - difference,
MD - minor difference, S - similar.

l\g 0.25 0.5 1 3 5 10

0.1 S S S D D D
0.5 S S S D (MD) D D
1 S S S MD (S) D (MD) D
3 S S S S MD (S) D (MD)
5 S S S S S MD (S)

In Figures 21–22, the v- and u-velocity profiles for spac-
ings g = 5 and l = 0.1, 1, 3 are shown. By observing the
table and the profiles, it can for example be seen that for
v with g = 5 and l = 1, there is a difference (D) compared
to the one-row case, but for u the difference is only minor
(MD).

There are no differences for the smallest spacings, g =
0.25, 0.5, 1, compared to the one-row case. This implies
that when the cylinders in each row are positioned close
together, the second row has no effect on the upstream ve-
locity profile, no matter the spacing between the rows, or

Figure 21: Normalized velocity profiles for v/V0 for the flow at Re =
20 over two rows of cylinders where the second row is displaced.
Three setups are shown, g = 5 and l ∈ {0.1, 1, 3}. The dotted lines
show the profile for the flow over one row of cylinders.
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Figure 22: The normalized velocity profiles for u/V0 for the flow
at Re = 20 over two rows of cylinders where the second row is
displaced. Three setups are shown, g = 5 and l ∈ {0.1, 1, 3}. The
dotted lines show the profile for the flow over one row of cylinders.

if the second row is displaced. Between g = 1 and g = 3
the second row starts to influence the upstream flow. This
impact however decreases when the spacing between the
rows, l, increases.

In Figure 21, the v-velocity profiles for g = 5 and l =
0.1, 1, 3 showhow the typical influenceon the velocity pro-
file is manifested. There are dips in the profile from the re-
duced velocity due to the cylinders in the second row. For
l = 0.1 and l = 1, the second row reduces the impact of the
flow at y/d = 1, implying that a second row can be used
to reduce the upstream range of impact. When l increases,
the profiles increasingly resemble the case of one row of
cylinders.

The differences between the displaced two-row config-
uration and the one-row configurationwhich is seen in the
velocity profiles, cannot be seenwhenplotting the extreme
value functions. This is due to the fact that the maximum
andminimum values of the velocity profiles are not differ-
ing much compared to the one row case, even though the
shapes differ. This can be seen by comparing the profiles
in Figures 21–22.

For the level curve analysis, the results resemble in
much accordance the results seen in Table 1 for the veloc-
ity profiles. This is exemplified in Figure 23 for the v- and
u-velocity at g = 3. For v it can be seen that the regions
where the velocity is decreased are similar to the corre-
sponding regions for the one-row cylinder configuration.
The largest difference is instead observed for the regions
where the main stream velocity is reduced.

Measures of upstream flow impact

In this section, all three configurations of rows: one row,
two rows tandem, and two rowsdisplaced, andall their dif-
ferent subsetups, are compared together. This overall com-
parison is accomplished by analysing the pressure drop
and three upstream impact measures: a length-measure,
an area-measure and a variation-measure. The length-
measure is the length upstream for which the velocity
field is deviating more than a certain threshold. The area-
measure is the area upstream where the velocity is de-
viating from the main stream velocity more than a cer-
tain threshold, given per cylinder, only counting cylinders
in the first row. Lastly, the variation-measure is the dif-
ference between the maximum and minimum velocity. In
the following paragraphs these measures are defined pre-
cisely.

To define the area- and length-measures, the follow-
ing two indicator functions are introduced, one for each
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Figure 23: Level curves for the flow over two rows of cylinders with one row displaced at Re = 20. Two setups are shown, with spacings g = 3
and l ∈ {0.1, 0.5}. The dotted lines correspond to the one-row case.
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where a is the threshold value. The area-measure AΓa,
where Γ ∈ {u, v}, is defined as

AΓa =
1
n
∬
ℝ×ℝ+ I

Γ
a (s, t) dsdt, (9)

where n is the number of cylinders in the first row. For the
row configurations, the integral will be finite because of
periodicity of the flow field.

The length-measure LΓa, Γ ∈ {u, v}, is defined as

LΓa = sup {
y
d
: IΓa (

x
d
,
y
d
) = 1 for some x ∈ ℝ+} . (10)

To measure the variation of the flow field, the difference
between the maximum and minimum value of a veloc-
ity component is investigated. For this purpose, variation
functions Dv(⋅) and Du(⋅), are defined according to

Dv (
y
d
) = max

x∈ℝ

v(x, y)
V0
−min

x∈ℝ

v(x, y)
V0
, (11)

Du (
y
d
) = max

x∈ℝ

|u(x, y)|
V0
. (12)

For the v-velocity, the variation functions can be related
to the length-measure by considering the variation at the
upstream position Lva, denoted by

Dv
a = D

v(Lva). (13)

Next, the different measures are calculated and compared
for different cylinder configurations.

In Figure 24, the pressure drops for the different row
cylinder configurations are shown at Re = 20. A dashed
line corresponding to slope k = −1.5 is included to indicate
the rate of decrease of the pressure drop when the surface
spacing g increases.

Figure 24: Pressure drop for the different cylinder configurations at
Re = 20. The dashed red line corresponds to a slope of k = −1.5.

These results show that for Re = 20, the pressure drop
depends non-linearly on g. Hence, Darcy’s law (Bird et al.
2002) is not valid for our application. Darcy’s law is some-
times used to model the flow through paper, but as the
pressure drop plot shows, the zero inertia approximation
is not valid. Therefore, for fabric flow, Navier-Stokes based
simulations are required. Moreover, cylinder configura-
tions and forming fabrics may not necessary be regarded
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Figure 25: The length-measure LΓa for the flow over different cylinder configurations at Re = 20. Only one row spacing for two rows in tandem
is included, l = 1.

as a continuum, which is the assumption that Darcy’s law
is based on. Regardless, the factor k = −1.5 shows what
rate of decrease of the pressure drop that can be expected
when varying the surface spacing for these cylinder con-
figurations.

In Figure 25, the different configurations are compared
using the length-measure LΓa. There are six plots, three
for v and three for u. For v, the thresholds are chosen as
a = 0.3, 0.2, 0.1 and for u, the corresponding values are
a = 0.25, 0.15, 0.1. In all plots, the different row configura-
tions and their subsetups are included, also the value for
one cylinder is included.

The row configurations give up to 65%, 71% and 82%
shorter impact range for the v-velocity compared to one
cylinder for threshold value a = 0.3, a = 0.2 and a = 0.1,
respectively. Smaller surface spacing g leads to shorter im-
pact range. For g = 0.25, 0.5, 1, the different row configu-

rations do not depend on the spacing l between the rows.
Somewhere between g = 1 and g = 3, the displaced config-
uration starts to depend on l, and the difference between
different l-values increases with g. This result indicates
that a displaced second row reduces the upstream impact,
but only for g larger than one diameter.

In Figure 26, the area-measure AΓa is plotted for a =
0.25, 0.15, 0.10. For spacings g = 0.25, 0.5, 1, the area-
measure for the row configurations is over 50% smaller
compared to the one-cylinder configuration. Similarly as
for the length-measure, there is no dependency on l for
g = 0.25, 0.5, 1. For larger spacings g > 1, the dependency
on l is different for different a-values.

In Figure 27, the variation-measure DΓ(y/d) is shown
for three different positions upstream, y/d = 0.25, 0.5, 1.
For y/d = 0.25 the variation-values are larger compared
to the one-cylinder case, while for y/d = 1, the values are
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Figure 26: The area-measure AΓa for the flow over different cylinder configurations at Re = 20. Only one row spacing for two rows in tandem is
included, l = 1.

smaller for almost all setups. For y/d = 1, the dependency
on l is negligible for g = 0.25, 0.5, 1. However, there is a
weak dependency on l for y/d = 0.25 and y/d = 0.5.

Fabric flow characteristics

The air flow over three different forming fabrics and the
resulting volume flow per area is presented in the Vali-
dation section, showing excellent agreement with exper-
iments. The volume flow per area is expressed in the unit
CFM, which is common when comparing flow character-
istics of fabrics. However, as is suggested next, the CFM-
measure alone is not sufficient todescribe fabric flowprop-
erties. Therefore additional measures, such as the ones in-
troduced in the previous section, are needed.

The fabrics in this study have the following CFM-
values at a pressure drop of 125 Pa: Fabric A, 388 CFM, Fab-
ric B, 388 CFM, and Fabric C, 352 CFM. The values are listed
in Table 2. The CFM-measure indicates that Fabric A and
Fabric B have similar flow characteristics while Fabric C
differs 10%. If the pressure drop is varied the mutual dif-
ference is similar (see Figure 5).

In Figure 28, snapshots of the top layer of the three
fabrics are shown. The area void fraction ϕ, defined as
the percentage empty space, is calculated from the snap-
shots using image analysis tools. The resulting values are:
ϕA = 0.16, ϕB = 0.27, and ϕC = 0.28. The indication based
on the CFM-measure, that Fabric A and Fabric B are simi-
lar, is not strengthened through the visual comparison of
the top layers of the fabrics. The difficulty of character-
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Figure 27: The variation-measure DΓ(y/d) for the flow over different cylinder configurations at Re = 20. Only one row spacing for two rows in
tandem is included, l = 1.

ising flow properties of fabrics, by only considering the
CFM-measure, is thereby demonstrated. To broaden the
characterization, the length-measure Lva and the variation-
measure Dv, introduced in the previous section, are em-
ployed.

To compare the fabrics based on the length- and
variation-measure, the air flow is simulated using fixed in-
let velocity, with Re = 20, calculated from the top layer
diameter. The top layer threads of Fabric A have diame-
ters 0.15mm and 0.17mm. For Fabric B, the diameters are
0.12mm and 0.13mm, and for Fabric C, the diameter is
0.11mm. For the fabrics with two different diameters, the
mean value is used to calculate the Reynolds number.

The length-measure Lva is calculated for a = 0.1,
0.2,0.3, and the variation-measureDv(y/d) for y/d = 1, 0.5,

0.25. The results are presented in Table 2. Note that the val-
ues are calculated with normalization based on the mean
diameter and themain stream velocity, which both are dif-
ferent for the three fabrics.

The Lv0.1-values for Fabric B and Fabric C differs less
than 2%. However, a larger difference occur for a = 0.2,
and themutual order of increase between all three fabrics,
which are the same for a = 0.1 and a = 0.2, changes for
a = 0.3. For the variation-measure, the values of Fabric B
and Fabric C at y/d = 1 differ less than 2%. For y/d = 0.5,
the difference is over 10%. At y/d = 0.25, the values for
Fabric A and Fabric C are similar. These tendencies indi-
cate that the length-measure and the variation-measure
describemore aspects than the CFM-measure. However, at
this point the reasons behind are unclear. To understand
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Figure 28: The top layer for each of the three fabrics. Size is 2.9mm × 2.7mm (x × y).

Table 2: A list of different measures of the three forming fabrics. The
measures are in the following order: the CFM-measure, the approx-
imated g-value, the length-measure Lva for three different a-values
and the corresponding variation-measure Dva at these positions
upstream, and the variation-measure Dv (y/d) for three different dis-
tances upstream. All values are normalized with V0 and the mean
diameter. The flow is simulated at Re = 20.

(Normalized) Fabric A Fabric B Fabric C

CFM (125Pa) 388 388 352
g 0.67 1.08 1.12
Lv0.1 2.28 2.99 3.05
Lv0.2 1.30 1.52 1.75
Lv0.3 0.84 1.14 1.00
Dv0.1 0.15 0.17 0.18
Dv0.2 0.32 0.34 0.35
Dv0.3 0.54 0.48 0.57
Dv (1) 0.45 0.58 0.57
Dv (0.5) 0.85 1.03 0.89
Dv (0.25) 1.24 1.35 1.26

some of the differences, the resulting values of Lva and Dv

are related to the results of the cylinder study.
Before comparing the results of the cylinder study and

the fabric results, it should be stressed that the cylinder
configurations considered in this work are not only a sim-
plificationof a forming fabric to twodimensions, butmore-
over the study was restricted to uniform diameter of the
cylinders, uniform displacements between the cylinders,
and regular configurations. Forming fabrics violate these
conditions to various extent: they are three-dimensional
with varying thread diameters and a complex weaving
pattern resulting in non-uniform spacings and displace-
ments. In the following discussion, the results from the
cylinder study are extrapolated to the three fabrics.

Using the area void fraction ϕ, and the following ge-
ometrical argument, approximative values of g can be at-
tained for the three forming fabrics. For a fabric with a uni-
form grid pattern as in Figure 29, with cylinder diameter d
and normalized spacing between the cylinders denoted g
(defined as before), the void fraction is given by the for-
mula

ϕ = g2

g2 + 2g + 1
. (14)

By inverting this formula, the g-values for the three fab-
rics are calculated, with values gA = 0.67, gB = 1.08, and
gC = 1.12. Based on what was concluded from the cylinder
study, this implies that the effects from the second row are
very small, nomatter the row spacing l or the displacement
of the second row. Hence only the top layer is considered
when analysing the relation between the fabric structure
and the length-measure and variation-measure. It should
be remembered that the diameters of the threads in the
second layer are different to the threads in the first layer,
which can give effects not captured by the cylinder study.

Figure 29: Illustration of a simple regular weaving pattern.

For all three values of a, the length-measure is higher
than what was seen in the cylinder study (compare Fig-
ure 25). If this if due to three dimensions, or related to
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some of the other violating conditions of the fabrics is un-
clear and an open question. However, for the small im-
pact threshold a = 0.1, Fabric A has about 26% smaller
value compared to Fabric B and Fabric C. From the cylin-
der study it was concluded that when g is smaller, the im-
pact range decreases. Accordingly, this is likewise true for
the different fabrics. Based on this, low impact range can
be achieved by constructing fabrics with small value of g.

For Fabric B and Fabric C, whose g-values only dif-
fer about 4%, the length-measure shows interesting ten-
dencies. For a = 0.1 and a = 0.2, Fabric C has the
highest length-measure values, which corresponds to its
marginally higher g-value. However, for the high impact
value a = 0.3, Fabric B has a higher length-measure value.
The reason for this is unclear and difficult to explain based
on the two-dimensional cylinder study. This feature may
be related to the irregularity of the threads of Fabric C, or
to that Fabric B has varying thread diameters in the top
layer.

Considering the variation-measure Dv, all values are
higher for the forming fabrics compared to the cylinder
configurations, similarly as was the case for the length-
measure. This is likely due to the same reasons, whichwas
discussed for the length-measure. Aswas seen in the cylin-
der study, a smaller g-value gives smaller variation, which
holds true for the forming fabrics. Fabric A, which has
the smallest g-value, has the smallest variation-measure
for all three positions upstream y/d. Similarly as for the
length-measure analysis, the variation-measure shows in-
teresting trends for smaller y/d. For instance, Fabric A and
Fabric C have similar values for y/d = 0.5 and y/d = 0.25,
while Fabric B and Fabric C, whose values are similar for
y/d = 1, differs for y/d = 0.5 and y/d = 0.25.

The preceding discussion is based on analysing the
normalized values of the measures, which is appropriate
when comparing the fabric results to the cylinder results.
However, since the diameters are different for the three
fabrics, absolute values give a different view, which is
equally relevant. Next, the absolute values are discussed.

Using an inlet velocity of 2m/s for all three fabrics, the
flows are simulated, and the measures are calculated with
absolute values. The results are presented in Table 3. The
absolute values of themeasures are now discussed in rela-
tion to the description of the fabrics, given in the Method
section.

Comparing the values of Fabric Awith Fabric C, where
Fabric C in many cases has replaced Fabric A in produc-
tion, it is seen that Fabric C has marginally shorter impact
range and smaller variation values. This shows that Fabric
C gives slightly better flow properties than Fabric A, with
increased uniformity of the flow field. The advantage of

Table 3: A list of different measures of the three forming fabrics. The
measures are in the following order: the CFM-measure, the approx-
imated g-value, the length-measure Lva for three different a-values
and the corresponding variation-measure Dva at these positions
upstream, and the variation-measure Dv (y/d) for three different dis-
tances upstream. Absolute values for the measures are given in mm
and m/s. The flow is simulated with an inlet velocity V0 = 2m/s for
all three fabrics.

(Absolute) Fabric A Fabric B Fabric C

CFM (125Pa) 388 388 352
gD 0.11mm 0.14mm 0.12mm
Lv0.1 0.36mm 0.39mm 0.35mm
Lv0.2 0.21mm 0.20mm 0.21mm
Lv0.3 0.13mm 0.15mm 0.12mm
Dv0.1 0.30m/s 0.34m/s 0.35m/s
Dv0.2 0.64m/s 0.68m/s 0.69m/s
Dv0.3 1.07m/s 0.98m/s 1.12m/s
Dv (0.15mm) 0.96m/s 0.94m/s 0.93m/s
Dv (0.075mm) 1.76m/s 1.90m/s 1.58m/s
Dv (0.0375mm) 2.50m/s 2.66m/s 2.28m/s

Fabric C compared to Fabric A, its longer wear resistance,
is not part of this study.

Fabric B has up to 10–20% higher values compared
to Fabric C, especially for the variation-measure. This in-
dicates that Fabric B gives a higher impact range and less
uniform flow field compared to the other two fabrics. This
is in accordance with the fact that Fabric B is used for
coarser packaging boards, while Fabric A and Fabric C are
used for finer paper.

Finally, flow patterns which lead to a risk of drainage
marking is investigated. In Figure 30, the z-velocity fields
at an upstream position of z = 0.15mm from the fabric sur-
face are shown for the three forming fabrics. In Figure 31,
the z-velocity profiles for the three fabrics are plotted. The
z-direction is perpendicular to the fabric plane and simi-
larly as for the cylinder flows the z-velocity is defined to be
positive in the negative z-direction.

Wire marks are often divided into two types, those
caused directly by the threads of the fabric, and those
caused indirectly by the drainage channels of the fab-
ric flow field. The second type is what is referred to as
drainagemarking. To reduce the risk of drainagemarking,
a periodicity of the flow with high wave length is unde-
sirable, which often leads to design of fabrics with small
threads in the top layer. However, as is discussed below,
this does not necessarily lead to a reduced wave-length,
since the second layer is also important.

In the field plots, it can be seen that the fabrics have
different periodic flow patterns. The periodic pattern of
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Figure 30: Upstream z-velocity field at position z = 0.15mm over
the fabric surface. Inlet speed is 2m/s in negative z-direction. The
dimension is 5.2 × 2.6mm2. The black dashed lines indicate where
the velocity profiles in Figure 31 are extracted.

Fabric B has a higher wave-length, which is seen in Fig-
ure 31. By comparing the wear side of Fabric B in Figure 3
with the flow field in Figure 30, it is seen that the diag-
onal reduction of the z-velocity coincides with the posi-
tionswhere the thick threads of the bottom layer go up and
touch the top layer. Apparently the second layer affects the
upstream flow. If this is due to the larger thread diameter,
or that the spacing to the top layer at these points actually
is zero, or a combination of these two, is an open question.
Neither of these properties were investigated in the cylin-
der study. Moreover, this study shows that wave-length is
another feature which is important to consider when con-
structing fabrics, since a high wave-length may increase
the risk of drainage marking.

Conclusions

The objective of this work is to increase the understand-
ing of the fundamentals of forming fabric flow. This is

Figure 31: Upstream z-velocity profile extracted in a line parallel
to the x-axis at position z = 0.15mm over the fabric surface. Inlet
speed is 2m/s in negative z-direction. In Figure 30, it is indicated
where in the x-y-plane the profiles are extracted.

achieved by numerical investigation of the upstream flow
over different cylinder configurations in the Reynolds
number range typical for the forming process in a pa-
per machine. Uniform cylinder diameter and uniform dis-
placement between cylinders are assumed.Moreover, new
measures for characterization of the upstreamflow impact
are proposed. Three industrial forming fabrics are studied
and the results are comparedwith the cylinder study using
the new impact measures.

The major conclusions of the cylinder study can be di-
vided into three issues. Firstly, how far upstream the flow
is affected due to the cylinders. Secondly, how variations
in Reynolds number in the investigated range, 10–80, af-
fect the upstream characteristics, and lastly, how the dif-
ferent configurations, and the surface spacings between
cylinders, influence the flow features.

As is demonstrated in the result section, the upstream
range of impact of the flow over cylinders is short. For ex-
ample, the v-velocity upstream of the flow over one cylin-
der is reduced more than 30% of the main stream veloc-
ity only in a region with a size approximately the same as
the cylinder. Rows of cylinders, lead to an even further re-
duced range of impact, and with small spacings g ≤ 1 be-
tween the cylinders in each row, the corresponding 30%
reduction region only ranges less than 0.4 cylinder diame-
ters upstream.

Regarding the Reynolds number dependency, the sim-
ulation results show that for Re ∈ [10, 80], the upstream
characteristics are not changed when the Reynolds num-
ber is varied. This is surprising since the flow features
downstream are changed essentially when the flow goes
fromsteady tounsteady aroundRe = 40. Theunsteadiness
is merely observed upstream with deviations from the av-
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erage velocity less than 2%. The velocity profiles upstream
are changed when the Reynolds number is increased, fol-
lowing the trend seen in Figure 12, with a shift upwards.
However, the characteristic shape of the curve is the same
for all Reynolds number in the interval 10–80, leading to
a conclusion that it is enough to study upstream features
at one single Reynolds number in the range 10–80, for ex-
ample Re = 20, as in this paper.

The cylinder configurations studied are one cylinder,
two cylinders tandem and side-by-side, one row, and two
rows tandem and displaced. For the cases with multiple
cylinders, the surface spacing is altered to investigate the
influence on the upstream features. A main conclusion is
that the tandem configurations do not introduce any dis-
tinct effect on the upstream flow features. However, a dis-
placed second row may for certain configurations have an
impact upstream. For small g (= 0.25, 0.5, 0.1), the second
row does not influence the upstream flow, not even if dis-
placed. For larger g, the range of impact upstream is de-
creased with a closely located second row.When the spac-
ing l is increased, the influence from the second row is
reduced. In general, for all multiple cylinder cases, when
the spacing g increases, the flow tends to the one-cylinder
case.

Investigation of the pressure drop for the row configu-
rations leads to the conclusion that the pressure drop de-
pendency on the porosity as well as the spacing g is non-
linear. The required pressure drop for the displaced two-
row configurations is about twice the value for one row.
The same is true for two rows tandem but only for small
g = 0.25, 0.5, 1. The pressure dropdependency on l isweak
compared to g. The non-linear finding is important and
could be used in forming fabric design.

In addition to the cylinder study, the flow characteris-
tics of three different industrial forming fabrics are stud-
ied. The impact measures defined in this work are calcu-
lated and the fabric results are comparedwith the cylinder
study. The results show that the fabrics follow the trends of
the cylinders for medium range impact, that is for Lv0.1 and
Dv(1). It is seen that smaller g-values result in shorter range
of impact and a more uniform flow field. The comparison
shows that the length-measure and variation-measure de-
fined in this work can improve the characterization of fab-
rics compared to the CFM-measure alone. Further, the new
measures show additional features when characterizing
fabrics, which has to be further understood. Some open
questions remain.Why is themeasured valueshigher com-
pared to the cylinder study, and what effects are the rea-
sons behind the discrepancies for a = 0.2,0.3 and y/d =
0.5,0.25 for the length- and variation-measure? The fea-

ture of non-uniform cylinder diameters has to be consid-
ered.

Moreover, the absolute values of the measures for the
fabrics are compared. The results agree with the industrial
applications of the fabrics. Also in this regard, the effect
from different diameters of threads has to be further stud-
ied, since the simulations clearly demonstrate that for Fab-
ric B, the large threads of the second layer lead to flowfield
patterns which could result in drainagemarking. It is indi-
cated that the wave-length of the flow periodicity is impor-
tant as a fabric design parameter.

In this work, the flow over cylinders and fabrics is in-
vestigated, without the presence of any fibers. The results
indicate what happens during the initial forming process,
when the fabric structure governs the flow. Later during
forming, when more fibers accumulate, the flow field will
change. The effect of this change is a relevant topic for
future research. As was seen for Fabric B (Figure 30), the
larger threads in the second layer have a striking impact on
the upstream flow. This could equally well be true for the
flow in the later part of the lay down, that the fabric struc-
ture still have an important impact on the flow since the
diameter of the threads are much larger compared to the
thickness of the fibers. These effects could be studied in
the two-dimensional setup by letting small cylinders flow
down onto the fabric and investigate how the flow field
changes, but also by positioning a large number of small
cylinders on top of the larger cylinders investigating the
resulting flow field.

Finally, the results in this paper showhow themost el-
ementary cylinder configurations affect the upstream flow
features, information necessary to further understand the
flow over industrial fabrics. The upstream flow measures
defined in this work can be used to characterize forming
fabrics, and the fundamental conclusions from the cylin-
der study hold true also for forming fabrics. The additional
parameters of the forming fabric geometry, which are ne-
glected in the cylinder study, seem to introduce additional
features, which have to be studied further to clarify all
aspects of the new measures. A natural next step would
be to investigate how non-uniform cylinder diameters and
non-uniform spacings in the two-row configurations affect
the upstream flow. Thereafter, three-dimensional cylinder
configurations would be useful to study. To further under-
stand the paper formation, the interaction between fluid
and fibers, and the later stage of the lay down, are impor-
tant topics for future research. As is shown in this work,
simulations of the flow over industrial forming fabrics are
fully possible with the presented numerical method, with
excellent agreement with experimental data. Therefore,
simulations together with the proposed impact measures
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enable characterization of fabrics that is not possible with
experimental investigation alone.
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