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Introduction cal guide with radiug, its tension increases by an amowi in

In thi del f \vzing the traction behavi fthe moving direction of the web, due to sliding friction. In the
n this paper, a model for analyzing the traction behavior ol g@ysence of self-air lubrication, the contact pressure in the web-

permeable web moving over a cylindrical guide is presented. P@Jide interface equals the belt-wrap pressTi and the tension

per, textiles, and filters are examples of permeable materigigrease can be predicted by the well-known belt-wrap formula,
handled in thin, deformable, and continuous sheets called webs.

Most paper, textile, and filter webs have complex microstructures A_N =(e'f-1) 1)
formed by continuous or discontinuous slender fibers. Air can T

Qiffuse_through these _fibro_us web structures if a pressure gradiﬁmeref is the kinetic coefficient of friction angB is the wrap

IS applle_d across their thickness. Such pressure g_radlents O.Ccr(HéIe[Q]. However, the self-air lubrication in the interface could
due to air entrainment when a web moves over rotating or statiofl; "< o iy pressure to rise to such levels that the wphrigally or
ary guides in web handling machinery as shown in Fig. 1. Fey,

lei handli hi b | q ly supported over an air layer. In the case when the web is fully
example in paper handling machines webs travel at speeds reagil, o teq by air, traction over the guide will be lost and no ten-

ing 25 m/s. This creates a potential for self-air lubrication betweghy 1 'increase will occur over the guide. On the other hand, when
the web and the rigid guide. Based on experimental studies, Dghe \eb is only partially supported by air pressure, contact will
[1] and Ducotey and Goof?] indicate that air entrainment canqceyr in some part of the web-guide interface. In this case the
cause traction loss for paper webs that have low permeability @ntact pressure will no longer be equal to the belt-wrap pressure.
some combinations of the web handling parameters such as sp&gf tension change cannot be predicted by the belt-wrap formula,
web tension, and guide radius. _ _ _ unless arequivalent friction coefficieris measured. The experi-

This problem is similar to the classical foil bearing problemnental work of Ducotey and God@] adopts this approach.
where air entrained in the entry region of the web-guide interfacen this paper, the coefficient of frictiohis treated as a constant,
can flow out at the lateral edges and at the exit region of thgdependent of the web speed. The tension change is found from
interface[3]. In the case of a porous web, air also flows oughe in-plane force equilibrium of the web. As a result of sliding, a
through the interstices inside the wédee Fig. 2 Therefore the shear stress develops on the contacting surface of the web.
equations governing the air flow in the interface should be modsased on Amonton's law of sliding frictiof®], it is assumed that
fied to take into account the effect of airflow through the porougis shear stress is proportional to the contact presgyras
web. follows:

Hashimoto[4,5] studied the transport of an impermeable web
over an externally pressurized porous guide where the effect of
incoming air is included by modifying the Reynolds equation with
a source term. Miti and Bensoifi6] presented a modified version Web motion
of the Reynolds equation which incorporates air diffusion througtr -~
a moving web using Darcy’s law, where air in the web-guide
clearance is assumed to be compressible. This work focused ¢
the steady motion of a web wrapped over a stationary air bai
Wang|[7] considered the transient motion of a flat web traveling
between two stationary air bars that are used as flutter suppressi
devices. Permeability was incorporated into the incompressibl
version of the Reynolds equation. Ducotey and Good presente
experimental studies of factors affecting the traction loss of im-
permeabld 8] and permeabl€2] webs over rollers.

When a web under tensiohmoves over a stationary cylindri-
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from a phenomenological viewpoint. Since the geometrical details
of the anisotropic medidi.e., arrangement of the fibgrss not
considered in these models, the permeability predictions may de-
viate considerably from the results obtained by numerical simula-
tions[14]. For isotropic porous media such as granular materials,
a single permeability is defined. For such cases, the microstruc-
ture can be fully defined by simpler models using representative
pore diameter and porosifit5].

In this paper, a permeability model based on the microstructural
arrangement of the fibergl4] is implemented. As the fibers
within the web are primarily planar, effects of through-the-

Region-I: Web-guide clearance £

W thickness fiber orientation on the permeability are not considered.
It is also assumed that the fibers have uniform radius with cylin-
o drical cross sections, and either have large aspect rat®s pa-
i . u=w "\0 pen or are continuousi.e., some filters, textilgsthus neglecting
Y X _ end effects. Consequently, the local microscopic flow can be as-
Guide Surface ; '

sumed to take place across fiber bundles through the web thick-
Fig. 2 Schematic view of a porous web moving over a station- ness. Since the fiber diameter is usually much smaller than the
ary guide web thickness, a number of fiber layers with some repetitive pat-
tern exist through the web thickness. The actual description of
fiber arrangement through the web thickness is rather difficult as
~fp for V.>0 fibers are more likely to form patterns without any long range
= [ ¢ x> 2) order. Yet a hexagonal fiber arrangement may be used to represent

fpe, for V<0, the porous microstructure, as it enables to model lowest possible
where the web speelW, is positive for a web moving in the porosity fprmed by cylmdncz_al fiberg.e., 1~ 77/2‘/3:9'3%): If

ne considers that the porosity of most of the paper or textile webs

increasingx direction as shown in Fig. 1. The shear stress th . 0 )
would occur due to the interaction of air and the web is neglectey € "ather lowi.e., 10-30% the use of hexagonal packing order

In this work, the change in web tension due to sliding friction | particularly useful in such practical applications. Based on these

calculated by obtaining a simultaneous solution of the in-plarﬂaeometric considerations, the Stoke’s flow across the fiber arrays

and out-of-plane web equilibrium with contact and self-air lubrit@N be assumed at the m|cro-sc§|e. In.a.ddmon, the flow is mod-
cation through a permeable web. eled to take place through the intersticial channels of variable

The analysis performed in this paper considers two Iubricati(ﬁii(:kneSS formed by the cylindrical fibers. The pressure drop in

regimes depending on where and if the web contacts the guides flow direction is only due to viscous forces and can be ob-
Full hydrodynamic lubricatiortakes place in the interface if the ained analytically by integrating the pressure gradient over the

web is fully supported by air, or under the noncontact region if tH§"9th Of & repeating unit cell. This relation can be used to obtain
web is supported by air, only in one part of the wrap regiorf. ¢l0Sed-form permeability expression as a function of the web
Mixed lubrication takes place in the contact region where thROrosiy. In fibrous porous media, it is customary to use fiber

web-guide spacing is limited by the heights of the surface aspef@!ume fraction(¢=1-porosity instead of porosity. Following
Js convention, the nondimensional transverse permeability of a

ties. The exact value of the web-guide spacing depends on Lpbo eb can be expressed in terms of its fiber volume fractio
local equilibrium conditions, due to the compliant nature of th rous w a Xpressed in terms ot Its hiber volu raction
[1+1
1-1

asperities: Under normal operating conditions this clearance is r‘?‘&[14]

expected to close completely. It is assumed that while the surfaces -1

contact on the peak of the asperities, air can move along the 22 tan*

interface in the valleys. In this case, the Couette-flow contributes ¥ _ L (1-1%) E|2+1

to air lubrication in the contact region. In calculating the air pres- 2 3,3 I® NEE 2 '
sure, the effects of surface roughness on the airflow as described, 3
for example, by Patir and Chari@0] are not considered. In this ) 2\3

analysis the air pressure for both lubrication regimes is obtained ' :T¢-

by solving the modified Reynolds equation.
wherer is the fiber radius.

A Micromechanics Model for the Web Permeability

In order to describe the airflow through a porous web, the pe&n Air Lubrication Model with a Permeable Web
meability of the web needs to be characterized. It is possible toI th f b the air that | trained b
perform a parametric study of web dynamics within an approxj- n thé presence ot a porous web, the air that 1S entrained be-
mate permeability range without being concerned about the eff een the web and the rigid guide will flow out partly through the

of web microstructure. However, it is beneficial to develop ﬂo\%ores and partly from the lateral edges of the web. The airflow in

. o .Ihe web-guide interface is considered in two regions as depicted in
models to predict web permeability only based on the web micr gg 2. In Region-I, B=z<h, the air is between the surface of the

guide and the porous web. This flow region is referred to as the
The fibrous porous media are inherently anisotropic, thus te%eb-gwde clearance. The distance between the web and the guide

permeability is characterized by a second order tensor. Micr@-'nd'cav[ed byh. In Reglon-ll,hs_zsh+c, the air is inside the
structural considerations of the porous media are empirically iROFOUS Web, where is the web thickness. . o

cluded in the classical Kozeny-Carmen equation. In this wide For_ a typical We_b-gwde mterfac&_a_Wlth self-air Iubrlcatlon*, the
used model, one can estimate the permeability using superfici@l” 'S characterized by a modified Reynolds number® Re
microstructure descriptors such as tortuousity, shape factor, fy#Vho/#Ly [3]. This Reynolds number is at the order of
draulic radius, and specific wetted-surface. For anisotropic medi@l “—10"° for typical web handling processes. For example, us-
the use of modified Kozeny-Carmen equation has been proposiad, air densityp= 1.2 kg/n?, air viscosity x=1.82x10 ° Pas,
introducing an anisotropic Kozeny-Carmen consfdrit—13. In  bearing lengthL,,=0.25 m, web speed =10 m/s, and web-guide
this approach, the shape factor or hydraulic radius is redefineléaranceh,=5 um, the modified Reynolds number Rés 6.6

structure. Then an a priori estimate of the permeability becom
possible from the microscopic analysis of the web.
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X 105, As the modified Reynolds number is significantly smaller Equations(4)—(8) represent the airflow in the porous web in-
than one, the effect of fluid inertia is negligible. In the temperatuterface. Rather than attempting a simultaneous solution of these
range that is of practical interest, it can be assumed that the @giuations, a simplified equation, similar to the well-known Rey-
viscosity is constant and the flow is isothermal. Therefore, the aiplds equation is derived. This is achieved by assuming that the
pressure and the density are related foy Cp, where C is a fluid is incompressible inside the web, and that the fluid velocity,
constant that includes the universal gas constant and the ambight varies linearly in the direction. Assumptions similar to the
air temperature. In a web handling application, the thickness sécond one have been made by Bujurke €flal} and Tichy[16],
the air film is much smaller than the other dimensions of thand indicate that the length scales in the running direction are
problem. Therefore, it can be assumed that the air pressuremiach larger than in the thickness direction. The incompressibility
constant through the thickness of the air layer in Region-I. Theessumption is introduced in order to be able to integrate the equa-
analysis shown below will assume that the web is infinitely widgion in the z direction, and should be acceptable as a first order
Therefore, only the longitudinal and transverse components of tapproximation.
air velocity, namelyu and w, will be considered. Extension to The details of this derivation are given by ki and Benson
finite width case is straightforward and can be found infiland [6]. This derivation involves integrating the mass conservation
Benson[6]. equation for Regions-1 and -1l in thedirection, substituting Egs.

In the web-guide clearance, the fluid flow is governed by th@) and(5) and the appropriate matching and boundary conditions.
viscous stress gradients through the lubrication zone. Thus fflee modified Reynolds equation for a moving porous medium

Navier-Stokes equations simplify as then becomes
. p  Ju J h3é’p 12« b ie Pp hap

In Region-I: —=p——, (4) x| PP = | = = P(p—Pa)+6x| Cp—7+ — | ph—
wherep is the air pressure. At steady state, the airflow inside a oh dp 1 9(ph) oh
moving porous medium, such as a web, is governed by Darcy’s 2P x| TV 5 o TP ) 9
law [16],

. Note that for an impermeable webe., k=0), the classical Rey-
. e K Jp nolds equation for compressible flow is recovered.
In Region-Il:  u*=V,— — , (5a)
Mmoo OX
K p* The Web Displacement Equations
*—
wh= uw 0z’ (5b) A model for the moderately large web deformations, using a

. ) . self-adjusting reference state, has been recently presented by
whereV, is the web speed andover the variables indicates thatyfti; and Cole[18]. Their model allows keeping a constant web
they are defined for Region-Il. In E¢Ga) the airflow in the plane (ansjon when the web length changes as a result of external pres-
of the porous web is adjusted for the motion of the web. Thgjzation under the web. Here a similar model is introduced
micromechanical component of the airflow is proportional to thghere web strains are measured from the quiescent contact equi-

pressure gradient and permeability and inversely proportional jihrjym state of the web, rather than from an ideally smooth ref-
to air viscosityu. The conservation of mass in Regions-I and -l ig,;ence surface.

governed by When an initially flat web is wrapped around a guide with
apu  dpw radiusR, under tensiomN, as shown in Fig. 1, its radius of curva-
In Region-I: &_x+ ?:0, (6a) ture along a coordinate axis placed on the web is givefilBy

e—(1+(xc—x)lb), 0$X$XC
ap*u*  dp*w*
+
X Jz

1, XcSX<=Xp (10)

1

In Region-Il: —_ ==
g RX) R

e (M) -y <x<L

=0. (6b)
The edges of the lubrication zone are located=akg andXxg, v - o _

sufficiently' far away from the tangency points=xc andxp , as Where b=(D/N)™* is the characteristic bending length abd

shown in Fig. 1. The boundary conditions for the fluid flow at the= Ec*/12(1—v?) is the bending stiffness, calculated by using the

outside boundaries of the combined Regions-I and -1l are elastic modulugE, Poisson’s ratioy, and thicknesg of the web.
. The wrap region spans between the tangency paigis<p, and
At x=Xg.Xg: P=P,, (7a)  its length isL=RpA. The web curvature causés the curved part

of the web gain an additional in-plane shell stiffneds,

At z=0: u=0, (7b) =Ec/R(x)2(1—v?) and(ii) a belt-wrap pressuré/R(x), acting
At z=0: w=0, (7c) in the radially inward direction.

External forces acting on the web originate from three sources.
At z=h+c: p=P,, (7d)  These are the contact pressurg, the air pressurg, and the

&angential shear stress which are due to rigid body contact,
Self-air lubrication, and sliding, respectively. The contact and air
pressures act in the opposite direction to the belt-wrap pressure.

where P, is the ambient air pressure. At the interface of th
Regions-I and -Il(i.e., z=h), the following matching conditions

are needed: These forces are balanced by the bending resistance and in-plane
u=u*, (8a) stiffness of the web. The normal displacemuaritof a web mov-
ing with a speedVv, is obtained by solving the following differ-
w=w*, (8b)  ential equation:
p=p*. (8c) d*w’ d?w’  dNdw’

’ 2
- Ddx4 kW =(N=paVi) dx>  dx dx
1In the regular foil bearing problem, the length of the entry and exit regiops,
are on the order ofi, /(6.V/T) (Gross[3], p. 490. Using the typical web han-
dling parameters given above, with web tension75 N/m, anL, value of 0.2 mm =(p—Pa)+pc— R—, (11)
is found. The length$BC| and|DE| shown in Fig. 1 are chosen several orders of (x)
magnitude larger thah, .
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wherep, is the mass of the web per unit argi8]. The mass of Web

the web per unit arep, can be calculated from the density of the N < : s N
web materialppg;, the web thickness;, fiber volume fraction of Oy § £%%3%%%3355355%53%3%%¢%
the web, ¢, and density of air,p, by using p,=[pma?+p(1 '
—¢)]c. The inertial loads reduce the web tension by an amount 60=0W + 0y w=h> g,
paV2 as shown in Eq(11).

As it will be shown later in Eq(16), the contact pressune; 0 FEIPEEEEE§EY
acts on the web, only when the web-guide spacing falls below a e a e
specific asperity engagement height,. In this case, mixed lu- (a Guide
brication takes place in the interface and the web is supported by
the combined contact and air pressures as shown on the right-hand
side of Eq.(11). The corresponding air pressupeis calculated ] RT"WTP%I“"E ] N/Rl T
from the modified Reynolds equation. When the web-reverser N s z N
clearanceh is higher thano,, hydrodynamic lubrication takes —= : <
place. In this case, the web is supported by air pressure and con- § % % % % § § % § § § § § § §
tact pressure becomes zero. The corresponding air pressure is Guide
again calculated from the solution of the modified Reynolds

equation.

When self-air lubrication in the interface causes the contact
pressure distribution to differ from/R, the tension change due toFig. 3 Schematic view of the reference state of the web show-
sliding friction should be calculated from the in-plane stress equirg the contact and no-contact regions.  (a) Web-guide spacing
librium of the web. This equation, for an infinitely wide web, isin no-contact region. (b) Quiescent web in contact region.
given as followd18]:

dN

—=-n 12 , .

dx ‘H insures that contact pressure is not applied>fo,. Nonem-
where 7 is the external shear stress acting on the contacting s Elecgrlwsggfja(z:atngr\e/vsislllije{%;gr[gg]ogii Stugﬂtﬁéhfofggni%;'gﬁﬁ by
face of the web, given by E@2). Equation(12) assumes that the is work
only external shear stress acting on the web is due to frictid The contact pressure parametpgando, are usually obtained
caused by sliding in the contact region. . by experiments where the web-guide spacing is carefully mea-

The equilibrium Eqgs(11) and(12) are subject to the following g,re4'as a function of apparent contact presEid These pa-
boundary conditions:

rameters represent the combined measured characteristics of the

d2w’ two contacting surfaces. A recent study by Rice ef2#] shows
At x=0: w’'=0, W:O’ (13) that the combined asperity engagement height for a wide
range of webs, can be calculated based on a specific combination
d2w’ of the easily measurable surface topography parameters of aver-
At x=L,: w'=0, v =0, (1) age peak-to-valley and average peak height. This study also
showed that the magnitude of the asperity compliance parameter
At x=0: N=T. (13c) has a small influence on the final equilibrium results.

Equations (13a,b) indicate that the web is simply supported,

and Eq.(13c) indicates that the web tension is fixed on the left ratarence State Adjustment for Web Deformations in Con-

boundary. . . . . tact Problems. When a quiescent web is pulled over a cylindri-
As a result 9f choosing a coordinate axis oriented along the g ide, asperities of the two surfaces are compressed until the

web, we havev’ =h in the wrap-region, wherk s the web-guide pe|t-wrap pressurbi/R is balanced by the contact presspge At

clearance. Outside the wrap-region the clearance is measured gk state, which can be called the quiescent equilibrium state, the

pendl_cular to the surface of the guified]. In general, the clear- | o displacement is indicated by =w,, as shown in Fig. ®).

ance is calculated as Note that except for the edgesy is uniform in the wrap-region.

h=w'+3§, (14) This definition of the contact equilibrium presents a problem

) ) ) _which can be shown by substituting,, into Eq. (11),
where § is a function representing the shape of the cylindrical

guide in thex coordinate along the web. This function is given as N
que: Pc— 5 (17)
8(x) =L (X)[1-H(X=Xc) ]+ or(X)H(X=Xp),  (15)

R
whereH is the Heaviside step function, ail and 6 represent The left-hand side terkw, is due to the resistance of the web to
the normal distance between the guide surface and the ung@cumferential expansion. However, the expansion caused by set-
formed web, as shown in Fig. 1. ting the web to its equilibrium state on top of the asperities should
In practice, contact between two surfaces occurs on the aspeiét cause strains in the web, but rather should cause a slightly
ties of the surfacef20]. A simple model for the deformation of jonger web span between the supports. Therefore, the proper ref-
these asperities, in response to increasing apparent contact pgeénce for web strains in the quiescent equilibrium state, and not

sure, is a set of nonlinear springs that are attached on each surfggg,ideally smooth surfaces. This is implemented by using
as shown in Fig. 3. This empirically based model has been used

for the head-tape interface problde], W=W'"—Wge (18)

Pc=Po(1— hloo)*H, (16) in Eq. (11). For small values ofo,, such as 50-100 nm for
H=[1-H(h—0y)] magnetic tapes, the difference is negligibly small. However, for
o7 rougher surfaces such as paper, with a typieg=5um or
wherep, is the asperity compliance parameter anglis the as- higher, a significant error would be introduced into equilibrium if
perity engagement height obtained experimentally. The functitine reference state adjustment is not considered.
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Normalization of the Governing Equations

The equations for the airflow, web deformation, and tensio

variation (i.e., Eqs.(9), (11), and (12), respectively need to be

nondimensionalized to identify the relevant nondimensional Pe
rameter groups and investigate how these groups affect the wﬁlg“f
motion. In addition, nondimensionalization simplify the governin
equations by reducing the large number of independent variab

The nondimensional equation for airflow can be expressed a5

d 2

dx’

P -l - D+
dx, L

7d2§ 0o
Poe "l e
d [ -dp 2_0|de
& Pax] ~ PPax dx;
1 d(ph) _ﬂ
48(5?‘%
wherex=x/L, coordinate axis along the wep=p/P,, air pres-
sure;h=h/o,, web-guide clearance. In E¢19) the following

nondimensional parameters appear as coefficient:
=12(xY%c)?(c/L) (o, /L) "3, porosity parameterB=6uV,L/

X

(19)

whereK, K,,, andKy are the tangent stiffness matrices for Egs.
9—(21), respectively. The web tension, displacement, and air
ressure vectors afd, Aw, andAp. The residuals are given by
the vectorsry, Ar,, andAr,. The superscript is the iteration

ber. The solution algorithm is composed of two sweeps. In
irst step, the air pressure calculations are turned off and the

|%giescent equilibrium is found by solving E@4b) by itself. This

€p gives thew,. vector required for reference state adjustment.
n the second sweep, all three equation$24 are solved simul-
taneously as described by ffu and Bensoni6].

Results

Parameters Considered. The method outlined in the previ-
ous sections is used to predict the tension change for different web
handling parameters. The number of independent variables re-
quired to describe the problem reduce from fiffe&m nine as a
result of the nondimensionalization. Even nine independent, non-
dimensional parameters are too many to consider in a single ar-
ticle. Here the emphasis is given on studying the effect of the
porosity parametef and the contract pressure paramefgyand
o, /L on the tension changeN/T. The following values of these
parameters are used:

Paaﬁ, bearing number. The web thicknessand asperity height 1P<A<10®, P,=0.1,1,10, o,/L=2.5510¢10"°
o, are also scaled with the wrap-lendth Tore T e e '

The nondimensional equation for the web displacement can bge values of the remaining six nondimensional gro(®ss, V,

obtained as: c/R, c/L, C), and some of the materiélE, v, pp,q, ) @and ambient
o air properties P,, pair, #) are assumed as given in Table 1.
c\*d*w [c\2 | c)z — d?w  dN dw Then, it can be shown that while these nondimensional groups and
S((E) ﬁJf(ﬁ W)_(E (N=V )W_@_ﬁ@_ﬁ physical properties are constant, a unique relation would exist

between¢ and the nondimensional parameté&rand o, /L. The
Appendix gives the two equations which define this relation. For
the values indicated above tlevs-¢ variation is given in Fig. 4.
Note that by using the values given in Table 1 and the definition
where w=w/c, web displacement;p,=p,/P,, asperity of A, the normalized permeability corresponding to eAchalue
compliance; N=N/T, in-plane stress resultant. The followingt@n also be calculated: The'%/c values, which can be thought as
nondimensional parameters are obtained as coefficienfi@presenting the order of magnitude of the nondimensional pore

S=[E/P4(1—1?)](c/R)(P,RIT) stiffness  parameter; V  Size, are also plotted in this figure. Thus it can be seen that higher
_v /(T/ap )12, speed ratioC = P_RIT compressibility ratio.  fiber volume fraction results in lower permeability, hence smaller
X a ’ al y .

In-plane equilibrium given in Eq12) can be nondimensional- A Values.
ized as

| Hlrem= 1+ (20)

2The coefficient of frictiorf, the wrap-angles, and the fiber radius do not enter
the nondimensionalization.

—=—fBCp, 21
== [BCP (21)
wherep.=p./P,, contact pressure. Equatiofs4) and(18) are — 1.0x10°
nondimensionalized as 10" - T~el o b ]
-~ sD'\\A ]
oo\— [C\_ — - \\;’3(?:9 .
—/h=IT W +S (22) AN —8.0x10™
10° e —a= - g/L=25E6 s ]
— — — —.=t=:= g JL=5.0E-6 ) ]
W=W'—Wge (23) — 9= o JL=1.0E-5 \ 1
\ —6.0x10*
. 10° | ]
Solunoh Method . . A X ) 1 e
Equations(19)—(23) along with the appropriate boundary con- \ ]
ditions describe the mechanics of a porous web moving over a ‘\ \\ <4.0x10"
cylindrical guide. By substituting E¢23) in (20) four coupled 10’ \, ]
equations are obtained which are solved numerically. A stacked SRS - — A % .
iteration scheme where each equation is solved sequentially is ~ . \ 1o0xt0
employed. Equationg§l9) and (20) are nonlinear. They are dis- 10k S o N, 1~
cretized using standard finite-difference formulation and solved N N ]
by Newton’s method6]. After discretization and necessary Tay- Sl ]
lor series expansions, Eq4.9)—(21) can be represented as 05— 'o!s‘ — '0f7' ! 'o!a' ‘&“““09‘ —
K;)”-Ap“ t1_ —Arg“) (24a) Volume Fraction, ¢
’ : . Fig. 4 The porosity parameter A and the normalized perme-
(i), +1)— (i+1)
Kw Aw Y= Ary (24) ability «Y?/c as a function of fiber volume fraction ¢ in a web.
. The different curves for different  o,/L are calculated while all
Kn'N=ry (24c) the problem parameters are kept constant as given in Table 1.
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Table 1 The parameter ranges used in the examples. Dimen- ,_)_1’ '_) N
¢

sion_al v_alues are rgpresentative ofa paper we_b used in printing 7 0.05 =15
applications. Density of the web material is given by Prmat - E Web-Guide Clesrance, T ] ]
l Non-dimensional I Dimensional | s - Alr Pressure, p-1 _ -0.04 414
5 S ‘ = 6 - -———- %or:a.rci Pr;ssu;_‘e, P. B E
A 107-10 E (GPa) 6.65 [ s eb Tenslon, Joos 13
B 300 v 0.3 E N 3 3
S 2009 P, (kPa) 101.3 SE e Y o ooz 12
v 0.1 r (pm) 4 F 1 e Jo01 J11
c/L 3.5x107% Pmat (kg/m*) 1800 4 :'\ "_,w-" 1 1
¢/R 5.5x10~7 p (Pas) 1.82x1075 h E-dt e 000 41
P.R/T 30.7 Dair (kg/m?) 1.2 s 3 1
P,/ P, 01,1,10 [ 4-001 o
G —6 B ] ]
o,/L 2.5, 5, 10x10 2k mcﬁon J-0.02 Jo.8
f 0.23 ! 3 ]
- q-0.03 407
T 3 ]
S . . I . [ i 4-0.04 0.6
Equilibrium Solution. A typical equilibrium solution of the I As"e,;‘;‘{gﬁ',‘,g“ﬁ:}"“m ] ]
governing equations is presented in Fig. 5 for 1.65x 10°, Po olbs olo ) _0I5_ EE— - dos
=1, ando,/L=5x10"°. In this figure, web-guide clearante ) X- X, ’ a)
web tensiorN, air pressurg, and contact pressumg are plotted
along the web. The wrap region spans the>0-Xc=<1 range and 3 .
the web motion is in the increasingdirection. Figure Ea) shows i i
that interface has two distinct regions of no-contact and contac 0 -0.100
followed by an exit region. i :l ]
The no-contactregion is located on the entry side of the inter- i " .
face and spans approximately thes@—x-=<0.42 range. In this - ':i' Jooso
region, the belt-wrap pressure is balanced by the pressure of th 2| _ i.i: 1™
entrained air which has a superambient vaie, p—1>0). Due L P ____ . ,’:i,u 1
to airflow through the web thickness, the pressure drops graduall | _ v :: ] -1
along the interface untt=0.42, then it reduces to nearly ambient h }.-.-.- 2 IS PN A 1 P — 0.000 _
value atx=0.46. In the no-contact region, a linear drop of the [ ‘\n : ," 1 P,
web-guide clearance is seen frdm=5.4 to the level of asperity v : ,' .
engagement=1. T & if! J-0.050
In the contactregion, which approximately spans the 042 i 7\ i .
—Xc=<0.98 range, the web is supported by solid body contact. | ': ]
Figure 5a) shows thah varies in the range 0.84—0.87, indicating - :. .
that the asperities are compressed approximately 13—-16% due ~ | i =-0-100
belt-wrap pressure. The figure also shows that the web tefsion gl b Lo o0 1o 1]
increases linearly from 1 to 1.23 due to sliding friction. This 096 088 100 102 104
variation of the web tension causes the belt-wrap and coptact Xe b)

pressures to vary linearly in the sliding direction.

In the exitregion, shown in detail in Fig.(6), the typical sinu-
soidal pressure variation of the elastohydrodynamic lubrication $
seen. The contact pressure provides balance where air pres§
becomes subambient. Contact pressure values exceldigan
occur in this region.

_OFingJr%5 ihowrs] thﬁt tge ﬁalck:Jullated tepsionlincreasAmT permeable webs, the web-guide clearance is no longer uniform,
=0.23. On the other hand, the belt-wrap formula given in@3. 14 it |inearly decreases starting from the entry region. For ex-
predicts a higher valueAN/T=0.44. This difference in the two ample, in the case ab=0.89, the web still floats over the guide

predictedAN/T values is not surprising, as the length of the Corﬁ‘ut its clearance decreases frdm-5.6 to 3.5 over the wrap-

tact region is less than the length of the entire wrap region. . F | s the s| f the cl decli
reasonable question then becomes, if the belt-wrap formula wolf9!on: For even lowerb's, the slope of the clearance declines
n further and contact occurs.

predict the same value as the numerical procedure if the IengthetY . ; ' - .
the contact region is used. The contact region-B.56_ long as igure Gb) shows air pressure profiles. A distinct decrease in
the air pressure in the interface, even in the no-contact region, is

;R/%V;ZW /.ll.:lzg(') %)'Tizn(%ff?rlzn\ég%itwe?f tﬁgltr;\lljvrr:griiglr;ug;geen in these profiles. This decrease is due to diffusion of air
o hrough the web.

culated valugi.e., AN/T=0.23) and the modified tension changé The contact pressure distribution for different volume fractions

from the belt-wrap formula is due to the variations in contact S S .
pressure predicted by the numerical solution. The belt-wrap fdp. Presented in Fig. 8). As indicated before, in the contact-

mula does not account for these variations and underestimates ff@ion. the web equilibrium is provided by the_ baIance_betwee_n
tension change. the belt-wrap and contact pressures. A careful investigation of this

figure shows that when the web starts to contact the guide, the
Effect of Permeability. The effect of web permeability on contact pressure value is approximately equaltR. Then fur-

web-guide spacing, air pressure, and contact pressure is showthir along the contacting interfacp, linearly increases as the

Figs. Ga—c), respectively. Figure @) shows that, in the case of web tension increases due to sliding contact.

the highest fiber volume fractionp=0.9, the web-guide clear- It should also be noted that the web-guide clearance at the entry

ance is nearly uniforn(i.e., h=5.6) in the wrap-region. For more h(0) is nearly constant for all of the cases considered as shown in

Fig. 5 The steady-state equilibrium conditions in the web-
gide interface. Note that the web is in contact near the exit
{fje, of the interface  (¢=0.88, 0,/L=5%X1075, p,=1).
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Fig. 6 The web-guide clearance h_ air pressure p, and contact pressure p, variation for different values of
fiber volume fraction ¢ values are given in plots  (a—c) for o,/L=5X107%, p,=1. Plot (d) gives the detail of the
entry region for $=0.73.

Fig. 6(a). This indicates that on the entry side air entrainment isrease along the guide is inversely related to the web permeabil-
not significantly affected by diffusion through the web. ity. It is also reasonable to assume that the contact parangters
A boundary effectcan be seen near the entry region of thando,/L would affect the tension increase, since the tangential
interface for¢=0.73 and to a lesser extent fgr=0.82. Figure shear in the web is directly proportional to contact pressure. The
6(d) shows the detail of the area near the entry region dor effect of o, /L and ¢ on the tension increase is plotted in Fig. 7,
=0.73 case. The web reacts to the small air pressure in the enfjiyich shows that high fiber volume fractidtow permeability
region,x—x.=<0, with a relatively large displacement because thgauses susceptibility to flying.e., AN/T—0 as¢—1). On the
belt-Wl’ap pressure is I’elatively small in this region. As this is Bther hand, webs that have low volume fraction of f|bé‘r@h
relatively permeable web, the air pressure does not fully develﬂgrmeability contact the guide(i.e., AN/T—(e'#—1) as ¢
to provide support for the web in the wrap regior; x.=0, and  ~ ) | petween the two extreme volume fractions lies a transi-
the web contacts the guide near x;=0.01. The coupled system o1 ange This figure also shows that for a givgnthe smaller
compensates for the lack of contact pressure $x8-x,<0.01 o, /L values cause less tension increase.
by a localized increase in contact pressure between=xix, Plotting the tension increase as a function of the fiber volume
=0.018. This boundary effect is not seen for the higher VOIW}?&%ction, as in Fig. 7, indicates that the transition frarl/T=0
fraction values where the air pressure can rise to levels sufn(:l(%g AN/T—(e'#—1) occurs at differentp ranges for different

to support the web. ) .

PP o, /L values. On the other hand, wha&N/T is plotted with re-
of Permeability and Contact Parameters on spect toA, as in Fig. 8, it is seen that the effect of engagement
The previous sections suggest that the tension iheight is nearly reduced to one single curve. The transition from

Effect
Traction.
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050F based asperity compliance function. In-plane stress resultant redis-
oask ANIT = ("-1) tribution due to sliding contact is calculated by considering the
FE e in-plane stress equilibrium.
040 ""\;‘\ The effects of web porosity paramet&rand the contact pres-
i AR sure parameterg, and o,/L on the tension change are investi-
035 F \‘.‘ \i gated. The relation between the fiber volume fractpand web
- 'y permeabilityx'%/c, for the nondimensional parameter range con-
030p ' sidered, shows that highef values result in lower permeability,
5 025 iy as expected. It is found that depending on the level of permeabil-
< 3 ‘ﬂ ity, airflow through the web thickness causes reduction in the
0.20 F “l_l pressure of air entrained in the interface. For the parameters con-
3 “;H sidered in this paper, full web-guide separation is achieved only in
015F n very high fiber volume fraction caseg £ 0.89). Solid-body con-
T o /L=25E6 \'||| tact qnd inding causes increase in \(veb tension. in the runn?ng
E oolL;S:OE-G 5t direction. It is found that the change in web tension scales with
005F ———- o/L=1.0E5 \ the porosity parametek and is nearly independent of the contact
F \ parameterp, ando, /L. The transition from full web-guide con-
e e By —y tact to full separation occurs in the range$M<4x 10°.

0.7 . 08
Volume Fraction, ¢

Fig. 7 The effect of nondimensional asperity height on the
tension drop AN/T as a function of fiber volume fraction

Po=1
0.50
045 ANT = (1) N
E Og v
040F 5 G ML-25E6, pet v
035 S o/L=5.0E-6, p=1
E v o/l =1.0E-5, p=1 14
F o> p,=0.1, 6,/L = 5E-6 "
030F o p=10,0/L=5E-6 °
E 025 "
g : 2
020F
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0005 10° 160* 10° 10° 10

o, for

Fig. 8 The effect of asperity engagement height and compli-
ance on the tension drop AN/T as a function of the porosity

parameter A
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Appendix

Let the right-hand side of E¢3) be denoted by(¢). Then, if
the physical parameter&, v, pma, 1) and Pa, par, 1) are
assumed to be known, the following relations between the nondi-
mensional and these known dimensional variables can be ob-
tained:

- 3Ex?AVA(c/L)
f(p)= I’zpa(lf VZ)SBZ(UO/L)[(ﬁpmatJF (1— ) pairl’
25a)
_12rz(C/L)f(¢)
TV (250)
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