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Thin, flexible, continuous structures known as webs are used in a wide range of industrial applications. These structures inter-
act with the surrounding air in beneficial or detrimental ways, depending on the application and the process parameters. A review
of the literature related to modeling and experimental work on (mostly) the steady state fluid-structure interactions is given. Equi-
librium equations of web mechanics, and the inertia dominated and viscosity dominated air flows are presented. Simulation exam-
ples from four different industrial applications; web/air-bar interactions; roller/web interactions for permeable and impermeable
webs; and the flat-top recording-head/magnetic-tape interactions, are presented.
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1. Introduction

Thin, flexible, continuous materials known as webs are
encountered in a wide range of industrial settings. Roll-to-roll
(RR) manufacturing provides a cost effective method to produce
large quantities of a product. Classically, making of paper and
photographic film, linear and helical magnetic tape recording,
processing of aluminum foils and packaging products all require
handling of these thin materials. Recently, RR methods were
introduced to manufacturing of polymer light emitting diodes
(PLEDs) and/or thin film transistors (TFTs) on thin plastic
substrates. Among the potential applications of these new
technologies are flexible computer displays, light sources,
television sets, and wearable computers with diverse civilian and
military uses. Depending on the application, webs can encounter
one or many rollers, fixed guides, coaters, driers during
manufacturing or operational handling. In this paper a literature
review of the papers related to the mechanics of some of the
challenges caused by these interactions, is presented.

Mechanics of flexible webs has received considerable
attention in the last half-century. Wickert and Mote®® review the
literature of stability of the out-of-plane vibrations of translating
continuous media. Dynamics of lateral web motion has been
analyzed by Shelton*® and Benson,2 among many others. More
recently, Taylor et al.?**! and Machida and Wickert.?” investigated
the lateral tape motion for linear tape drives. Models for the
mechanics of wound rolls have been developed by Altman,’
Hakiel,*” Benson® and more recently by Wickert et al. >%*

The fluid structure interaction between the flexible webs and
surrounding air is typically unavoidable and gives rise to
interesting problems. A flexible web drags the surrounding air into
the guide-web interface while it travels over rollers or stationary
guides. The resulting phenomenon is known as the foil bearing
problem and has been extensively studied 231" The foil bearing
problem stems from low Reynolds number effects hence the fluid
mechanics is governed by the Reynolds lubrication equation.?

Dynamic stability of a thin web traveling between rollers can
be significantly affected by the surrounding air, as the mass of air
is comparable to mass of the web 2442444 The fundamental
vibration frequencies of a traveling web attain lower values, when
the surrounding air mass is coupled to the out-of-plane vibrations
of the web.

An air-bar (Fig 1) is used in a web handling application
where the transport direction of the web needs to be reversed
without making contact with a rigid surface. In order to achieve
this goal, the web is wrapped around a cylindrical drum with holes

on its surface to provide a pressurized air layer under the web. In
general the web is wrapped around the cylinder in a helical fash-
ion with a helix angle S. This device allows the web transport
direction to be changed by an angle 24, and thus enables more
flexibility on manufacturing floor layout.

A web guided by an ideal roller (Fig. 2), with a frictionless
bearing, operating in vacuum should not experience any slip over
the roller, if the friction coefficient between the web and the roller
is greater than zero.2% However, in practice, the air entrained in the
web/roller interface causes mixed lubrication condition to develop.
In this case, the web is supported partially by the rigid body
contact of the asperities, and partially by the air layer; and,
consequently  the  effective  friction coefficient  is
reduced 891415164037.4546 At g fficiently high web transport speed
the effective friction coefficient can become zero.

The mixed lubrication is also encountered in the head-tape
interface?2%%%5% |n order to minimize the signal loss, modern
tape recording applications require the tape to be in contact with
the recording head, during the read/write operations. However,
keeping the tape in contact with the head is a challenging task
with cylindrically contoured heads, in which the mostly superam-
bient air pressure in the head-tape interface, caused by the self-
acting air bearing, tends to separate the tape from the head. It has
been shown that when a flat recording head (Fig. 3) is used instead
of a cylindrical one, reliable contact is obtained over the central
region of the flat-head, 45 18:19:29:30.38.36

In the rest of this paper the equations of static equilibrium for
web deflections, as well as the fluid mechanics equations repre-
senting the air flow under the web, for different types of fluid-
structure interactions will be introduced. Equations that represent
the contact between a web and rigid surface, such as a roller, will
not be reviewed here due to space limitations, but can be found in
many references cited here,820:242545555657 gjmjjation examples
from four different industrial applications; web/air-bar interac-
tions; roller/web interactions for permeable and impermeable
webs; and the flat-top recording-head/magnetic-tape interactions,
will be presented.

2. Governing Equations of a Flexible Web

The govering equation for a thin flexible web wrapped
around a surface, such as a turn bar, roller or tape recording head
is presented. First, the general equation of static equilibrium in the
out-of-plane direction is presented for a web wrapped around a
cylinder in a helical fashion. This equation is then reduced for
non-helical wrap and small deformations.
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2.1 Helically Wrapped Web

In order to derive the equilibrium equations for a web in an
air-bar application, the web deflections are measured with respect
to the self-adjusting reference state, which is initially unknown®.
Thus the web deflection equations become non-linear. The self-
adjusting reference state is a cylindrical surface extending from
the mid-line of the deflected web defined as w,(x) = w(x,L,/2). The
normal component of the web deflection is measured with respect

to w;, and is indicated by, W =w — W

The geometry of a web wrapped at an oblique (helix) angle g
around a cylinder of radius R is depicted in Figure la. The
governing equations for the web displacements are expressed on
the (x,y) coordinate system shown in Figure 1b.

A web wrapped around a cylindrical surface with a helix an-
gle Brepresents a developable surface.®**” Web equilibrium equa-
tions are derived in curvilinear coordinates. The equations are
written with respect to the initial reference configuration wy, for an
infinitely thin web. The curvilinear coordinates and the equilib-
rium equations with respect to this system are described by Ron-
gen’’. The equations of equilibrium are derived using the
Kirchhoff-Love assumptions, which state that: a) The shell is in a
state of plane stress, where the normal stress in the thickness di-
rection of the shell is neglected; and, b) A fiber of the shell which
is initially straight and normal to the middle surface, remains
straight and normal to the middle surface after deformation.®?

The mechanics of the web is described with respect to a set of

curvilinear coordinates located on the web (x, y,n) . By using
moment curvature relations, the curvature tensor and the

equations of equilibrium in curvilinear-coordinates, the governing
equations are found as*:

Nxx,x + ny,y +F =0,

NyX,X+Nyy,y +Fy =0,

2 .
4_ cos” pg sin cos
D,V W_(W,XX_RJNXX_Z(W,Xy_ ny

W I:{W

)
sin” g
- - Ny = p.
(,yy RWjyy P
@

where g is the helix-angle, Njj (i, j = X, y) are the in-plane stress
resultants, w is the out-of-plane web deflection, F, and F, are
external forces acting in-plane directions, p is the external
pressure, V* = (V3? is the biharmonic differential operator,
subscripted commas represent partial derivation, D, = (Ec3/12(1-
v3) is the bending rigidity of the web with elastic modulus E,
Poisson’s ratio v, and thickness ¢, and R,, = Ry,(x,y) is the radius of
curvature of the shell defined as,
0, forx+ytan f-L <0
R (xy)={R™, forx+ytanB—L >0andx+ytan—L,<0

0, forx+ytang-L,>0

@
where L, and L, are the tangency points aty = 0.

In a typical web handling application, the web is pre-
tensioned to a value T in the longitudinal direction. It is assumed
that, in the undeformed state, only T exists as in-plane stress,
when the web is wrapped around the cylinder. The in-plane stress
resultants after deformation are indicated as follows,

Nyx =T +Nyx, Ny =Ny, Ny =Ny, (3)

a) Helically wrapped web

Outer limits of the hole region
Tangency lines
4 4

W, Ts Fs W3
y=Ly T :
y y* . . . X =L*x X = Ly
Ox  F x T T F W,
L1 LZ

b) Details the air-bar model
Figure 1. The helically wrapped air-bar model

A simplified equation which represents the equilibrium of out-of-
plane force resultants and bending moments can be obtained by

considering that N, can be evaluated in terms of deformations

by using the strain-displacement relations, and the constitutive
relation. This gives the in-plane stress resultant in the longitudinal
direction as:®

W 1 W 1
Nyyx =T + Dy —coszﬁ+7v’vzx+v —sin2ﬂ+fv’vzy
Ry 2 Ry 2

O]

where D; (= Ec/(1-v?)) is the in-plane stiffness of the web. Then
the equation of equilibrium for a flexible web wrapped around a
cylindrical drum with a helix angle g becomes:

(cos4 p+v cos? ﬂsinz ﬁ)w T cos? B
DbV W+ Dt _TW,xx =p- R

®)

R&(x.Y)

Note that for £ = 0 this equation reduces to the same web equilib-
rium equation derived for the case of no helix angle.®

The web is supported by a roller on each of its two longitudi-
nal ends, where the boundary conditions are typically assumed to
be simple-support conditions; and, the web is free on its lateral
edges where free boundary conditions are applied. *®

2.2 Cylindrically Wrapped Web

In general, a web interacting with a roller is typically
wrapped with zero helix angle. The web equilibrium equations
are, then obtained by setting £ = 0. For modeling the foil bearing
problem, the reference state adjustment as described in Eqn (1)
was used by Ducotey and Good.® A fixed reference state
adjustment to account for initial straining due to contact with tall
asperities has also been utilized.**® In case rigid body contact
exists between the web and the underlying structure contact
pressure is added to the right hand side of Eqn (1), and calculated
as demonstrated in,*8202425455557 | cage the variation of web
deflection and/or air flow in the lateral direction is negligable,
then the y-coordinate dependence of Egn (1) can be omitted.
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3. Equations of Fluid Mechanics

The fluid mechanics in the web/air-bar interface is dominated
by inertial effects®*2. In contrast, the fluid mechanics in the
web/roller or head/tape interface is dominated by viscous effects.
Depending on the problem considered, both of these equations can
be considered 2D in the plane of the web, or the side flow can be
be neglected by assuming that the fluid domain is infinitely wide.

In both situations the fluid and the structure domains are
coupled through the clearance h(x,y) between the web and the air-
bar. This variable depends on the initial clearance &x,y) and the
web displacement w(x,y) as follows:

h(x,y) = w(x, y) +6(x, y) (6)

The initial clearance in the downstream and upstream sides of the
web is obtained by calculating the web-to-cylinder distance. In the
wrap region, the initial clearance is zero (Fig. 2).

3.1 Fluid Mechanics of the Air Reverser

The steady state form of the equations governing the fluid
mechanics of air, in the clearance between the web and the turn
are modeled as 2D, in the plane of the web.*"** The flow is
turbulent in the web-reverser clearance, as indicated by the
Reynolds number, Re = pVh/u ~ 5200%. The flow velocities u”
and v" in the X" and y" directions, respectively, are averaged in the
direction of the clearance height, and the flow component in the z°
direction is neglected. The effect of the air coming into the inter-
face through the holes is modeled as a distributed source, indi-
cated by o(x",y"). Velocity of air U coming through each hole is a
function of the supply pressure inside the reverser p, and the local
pressure of air p:

1/2
U =xUy@-p/p,) ™

where the reference discharge velocity is U = (pe/20)*2. 2D flow
assumption is invalid near each hole, and losses due to discharge
are represented with the discharge coefficient x, whose value lies
in the range (0,1]. The conservation of mass is given by,

ohu™ ohv’
—+t—=aU, 8)
oX oy
where the term on the right hand side represents the mass of air
coming into the interface through the air holes. The conservation
of momentum in the x* and y* directions is represented by the
following two equations,

* * 2 * 2 * 2*

* 0uU * 0U op 407u o u 1 0v
plU —%+V — |t —U| — *2 + *2 Tt
oX oy ox 3 o oy 3 0x oy

*

+2ﬂ+apU—:0
h
* * * * *
* OV * OV ap 62v 462v 1 azu

v
+apU —=0
h

9)
where, p is the mass density, « is the viscosity of air, and p
is the air pressure averaged in the normal direction. The

h

yi& x=L

\Web motion

x=L,

>

N +4N

x=L

Figure 2. Geometric depiction of a web moving over a roller

shear stresses T and rz*y* are found from the 1/7"-

power-velocity distribution law for turbulent flow in a 2D-
channel.* * The boundary condition for fluid is:

1 * *

p+—KB(u2+v 2):0 onT ¢ (10)
2

where xpg is the boundary discharge coefficient, and I't is the

boundary of the fluid solution domain. The solution of this equa-
tion is obtained numerically.®

3. 2 Reynolds Lubrication Equation

Typical value of the modified Reynolds number, Re* (=
pVh%Ly) in the interface of a roller and the web is on the order of
10, Hence the fluid mechanics of the air flow is dominated by
viscous effects. Therefore, the air flow is modeled by the
Reynolds lubrication equation.

For tape handling applications, where the tape and head
surfaces are very smooth, the effective clearance in the interface is
on the order of the molecular mean free path (1) of air. Then, the
compressible Reynolds equation with slip flow corrections is used
to model the air flow:

- 0
V-{ph'QVp} = 6x(V.V(ph) +126—(p). (1)
where V is the gradient operator, p is the air pressure, h is the

interfacial clearance, V = (V' +V,")i + (\/yt +Vy')j is the total

velocity vector representing the tape () and roller velocities ("),
with the components in the x- and y-directions, x is the dynamic
viscosity of air, t is time, and Q, is the flow rate correction coeffi-
cient due to slip-flow. This coefficient depends on the Knudsen
number Kn = A/h, and, for different slip-flow models it is defined
as follows:

Q=1 classical compressible RE™,

Q,=1+6Kn, for 1% order slip-flow correction®,

Q,=1+6Kn+6Kn% for 2" order slip-flow correction,

Q; = f(Kn), for Boltzman Reynolds equation?.
The functional dependence of the flow correction for the Boltz-
man RE is derived by Fukui and Kaneko®® and also presented by
Crone et al. " For tape handling applications, the first order slip
flow has been typically utilized.**2%%

In case the web is permeable, the entrained air can diffuse
through it. The lubrication flow can be modified to take this diffu-
sion into account by using Darcy’s law'***%". The resulting equa-
tion can be represented is follows:

v.{ph*Vp} —12% p(p—p,)=6u(VV(ph) (12
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Figure 3. The flat-recording head configuration.

where xy is the permeability of the web, and p, is the pressure of
air at standard ambient conditions.

4. Examples of Modeling Results

In this section, four steady state fluid-structure interaction
problems, which are encountered in different industrial uses of
web handling, are presented. The goal here is to give an overview
of the mechanics rather than draw conclusions based on effects of
different parameters. References, where parametric studies were
conducted, are cited as necessary.

4.1 Air-bar Applications

In both air- bar applications pressurized air is introduced be-
tween the flexible web and the rigid cylinder from the holes on the
surface of the cylinder.3**%® The air pressure and the web deflec-
tions are coupled. The air pressure is primarily balanced with re-
spect to the belt-wrap pressure T/R, acting on the web due to the
external tension. However, creating a flow pattern under the web
which will balance the belt-wrap pressure is a challenging task.
The air pressure and flow pattern primarily depends on the distri-
bution pattern of the holes on the surface of the reverser. While
the flow could stagnate in the central wrap region and provide an
air cushion with a fairly uniform pressure, along the four edges of
the wrap region air could flow from underneath the web with
speeds reaching 25 - 30 m/s. Fig. 4 shows simulation results for a
typical air-bar application. The web/air-bar clearance is found on
the order of 3 mm and air pressure and flow variation under the
web is presented.

4.2 Roller Results
4.2.1 Impermeable Webs

When a web is supported by a roller, the air entrainment
causes mixed lubrication conditions in the web/roller interface.
8914151640458 The static equilibrium of the web requires that the
belt-wrap pressure, T/R, to be balanced partially asperity contact
pressure and partially by air pressure. With increasing web speed,
the amount of entrained air and the magnitude of air pressure in-
creases. Thus at higher transport velocities the share of the contact
pressure on the equilibrium is reduced. Thus one can see, by con-
sidering Coulomb's friction law that the frictional force,

F; = u;F,, required to sustain high traction can be effectively

reduced, without altering the value of the solid-to-solid coefficient
of static friction, .. In fact, the effective friction coefficient s,
can be calculated from:

te = IN(AN /T +1) /6y (13)

where 4, is the wrap angle and AN is the slip induced tension
change.

Fig. 5 shows the contact pressure, air pressure, web/roller
clearance and tension change for a 5 um thick web traveling over
a 6 mm diameter roller at 2 m/s transport speed. In this case the
web is still in contact and the effective friction coefficient can be
calculated from the tension change using the above formula.*

4.2.2 Permeable Webs

For a permeable web-material, air diffusion through the web
reduces the amount of entrained air2°***>*%3" This phenomenon
actually works in favor of keeping the effective friction coefficient
high. Fig. 6 shows the web-roller clearance, air and contact
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Figure 4. Simulation results for a) the web deflection w(x,y)
with respect to the undeflected web, and b) airflow pattern
combined with air-pressure contours for an air-bar applica-
tion.
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pressures and tension change for a permeable web traveling over a
roller. Three distinct regions can be identified. In the entry region
air pressure is superambient and the web does not contact the
roller, but the clearance h/oy is diminishing almost linearly. In the
contact region, the web and roller asperities are in contact; the
contact pressure fully supports the web, and the air pressure is
ambient. In the exit region typical sinusoidal air pressure
distribution of the foil bearing peoblem is seen, where the air
pressure undulates between superambient and subambient levels
before finally reaching the ambient level. The contact pressure
responds to this in order to keep the static equilibrium.

4.3 Flat Tape Recording Heads

There are several technical and commercial advantages to us-
ing flat-heads.*>181929303336 | particular, faster tape speeds over
flat-heads have been shown to provide more reliable contact, in
direct contrast to tape behavior over cylindrical heads. Moreover,
the flat contour is more forgiving for tapes with different thickness,
enabling backward/forward compatibility of tapes. Finally, flat-
heads are considerably easier to manufacture as compared to con-
toured heads. Tape and head-wear at the corners of the head, and
wear of the magnetic head regions are critical issues to be consid-
ered in designing a flat-head/tape interface.

A mathematical model of the head-tape interface showes that
the contact is provided due to the self-acting, subambient foil
bearing effect.® The analysis showed that air entrained in the flat-
head/tape interface forms a subambient pressure layer, as the tape,
wrapped over a flat surface, creates a diverging channel at the
leading edge. The subambient air pressure over the flat-head re-
gion eventually pulls the tape down to contact the head.

Fig. 7 shows the tape/head clearance for indicated the opera-
tion parameters. The asperity height value of 48 nm is used in
these calculations. This figure shows that the tape is bent down
toward the head and settles near the surface. Mechanics of the tape
in such an application is explained in reference.®

5. Summary

A review of the recent developments in the area of flexible
media handling is presented, with particular emphasis to media-air
interactions at steady state. This topic is expected to remain im-
portant as media transport speeds are pushed higher for production
reasons. The general area of web handling research, is expected to
take new turns with the requirements introduced by the RR manu-
facturing techniques for flexible displays. Media planarity, ther-
mal stability, wrinkling, fatigue life of flexible displays, repeat-
ability of depostion locations, effect of surface roughness on TFT
deposition, are among the topics that are expected to be addressed.
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