Modeling Air Entrainment and
Temperature Effects in Winding

Rolls of films and paper are routinely stored under varying conditions before being un-
wound into downstream operations. During storage, interlayer pressures can change
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o such as film/paper blocking (increased interlayer pressure) and roll shifting/cinching
S. J. Weinstein (decreased interlayer pressure). To study the storage effect, a nonlinear wound roll stress

model including air entrainment is first developed and applied to predict the in-roll
stresses during film/paper winding. Thereafter, a thermal stress model is used to study the
temperature effect on wound roll stresses. Key inputs to the models are the stack modulus,
contact clearance, and air film reference clearance. A method is developed to measure
these key model inputs. Results of a parametric study show that among the processing
conditions, storage temperature and thermal expansion coefficients of the core and the
film/paper are key factors that affect in-roll stresses during storage. Limitations of the
models will also be discussed along with recommendations for future modeling
development[DOI: 10.1115/1.1629758
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1 Introduction Good et al[5] further extended Hakiel's formulation to include
the effect of an idling pressure rolFig. 1). Pressure rolling is

o e v vt a4 to mniize i entaiment and Good shwed . o ow
P 9 inding speeds, a simple modification to the outer lap pressure

‘lljvr']réde'rnsggén%?ﬁaugf VS;J::&S rr;:agtc:gzgéps‘ ﬁgge:ﬁstlgﬁcgﬁl 'rggézvt oundary condition is required to model the effect. Good and
main driver ir? the development of wound roll models yIt is wel Imberg[6] were the first to add air entrainment o the center-
P ’ inding model. Foil bearing theory was used to estimate the

known that wound roll stresses are influenced by many faCt.c’é?nount of entrained air while the in-roll problem was treated by
including process parameters, product parameters, and envirgps

al dit owing to the | ing desire 1o st i difying the Hakiel formulation to include an additional com-
mental condiions. Ywing 1o the increasing desire 1o streamiihe o ne of ragial compressive modulus because of isothermal com-
process and product design, the complexity of wound roll mod

- . ession of air. Side leakage was not considered in their formula-
has increased over the last few years. In particular, researc

h ht to includ f the factors infl . q . Good and Covell[7] examined air entrainment in the
ave sougnht to inciude more ot the factors Infiueéncing wound rayesence of an idling pressure roll. A simple hydrodynamic model

stresses into the moc_iels. The_ wound roll model presented in_ Whout compressibility was used to estimate the magnitude of
paper seeks to combine physical effects that have been studied di5ineq ajr. The in-roll problem was treated as in Good and
the past. In addition, a discussion is presented noting the limitgz) hergi6]. A more detailed theoretical study of air entrainment
tions of the model along with recommendations for future modq- the presence of a nip roller was performed by Chang €&l
'ngl;h . ich hist f literature devoted to th d his work showed that air compressibility has a significant impact
ere 1s a rich history of litérature devoted 10 thé wound ro, the amount of air that passes through the nip. An experimental

problem. We will cite only a few selected papers here. One of tré?udy was performed by Taylor and Gof@] which showed that

earliest works was f[hat of Altmar{i] who idealized the Winding Cpang’s work accurately predicts the magnitude of entrained air.
process as the addition of a sequence of stretched hoops shrink &orrest[lo,lﬂ formulated a more complete air entrainment

onto the roll. This idealization has been employed ever since. He P o :

. nterwinding model by considering roughness and air pressure
further assumed that the roll could be modeled as a linear orthas jing under the idling pressure roll. The in-roll problem was
tropic material enabling an analytic solution to the winding probs yyeq ysing a plane-strain formulation. A buckling analysis was
lem. Connolly and WinarsKiz] built on Altmann’s work by add- also presented enabling prediction of machine and cross direction

ing temperature and humidity effects. They formulated thg,jes Bouquerel and Bourg[i2] presented a similar model,
problem in terms of radial displacements and obtained solutloBat like Good and Covel[7], they used an air entrainment nip

procedure. Quall§4] extended the work of HakigB] by includ-
ing the thermoelastic effect into the winding model. The proble
was formulated in terms of radial stress and verification expelt
ments were presented. Results indicated that the thermoelastic
havior could have a significant impact on wound roll stress lev

state of art in winding models and included in their discussions air
ntrainment, side leakage, and wound roll defect prediction. It was
oted that the time scale of side leakage was highly dependent on
Efors such as initial lap-to-lap clearance and web width. Finally,
everal papers, Pfeiff¢i5,16 and Forresf17], provided discus-
Comributed by the Abpiied Mechanics Division ofiE A . sions and work directed toward the measurement of the radial
ontripute: Yy the Applie echanics Division O MERICAN CIETY OF H H
MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF APPLIED ME- compressive mOdu“'.ls' It is clear from these rEferen(.:es that the
CHANICS. Manuscript received by the ASME Applied Mechanics Division, Octobefn€asuUrement Of. this property requires care. Details such as
15, 2002; final revision, June 4, 2003. Associate Editor: R. C. Benson. Discussion®@mple preparation, test equipment, test procedures, and data
the paper should be addressed to the Editor, Prof. Robert M. McMeeking, Dep%ha|ysis can all have a major impact on experimenta| results.
ment of Mechanical and Environmental Engineering University of California—Santa ; ; ; :
Barbara, Santa Barbara, CA 93106-5070, and will be accepted until four monthsThe mal.n ObJeCtlve of the pr_esent S.tUdy IS to _present a model
after final publication of the paper itself in the ASMBURNAL OF AppLiEp  that combines the effects of air entrainment during pressure roll
MECHANICS. centerwinding with the thermoelastic effect after winding. Meth-
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Fig. 1 Center winding with an idling pressure roll. Center of
the winding roll is driven by a motor. (c) Web roughness at air film support.

Fig. 2 Web roughness model

ods to measure the inputs to the model are discussed. Experimen-

tal results validating the winding model are also presented. Apart(b) and(c) in Fig. 2 show the geometry for two cases that
parametric study is presented that indicates the mitigating effectg@f possible once air entrainment occurs. Farshows the cor-

air entrainment on the impact of thermoelastic expansion @Bsponding contact clearanceg,(i), and air film clearance,
wound roll stresses. It is finally noted that side leakage is ngh (i), under the outer lap away from the web/pressure roller nip
considered in the model. A detailed analysis is presented justifyifg winding conditions where roughness contact occurs. The vari-
this approach. This analysis provides quantitative guidance asgi§le | indicates the lap number. Note that the clearacegi),
when side leakage must be considered and further provides insigifween two webs is reduced relative to the contact reference

into future model extensions. clearancecc, . This will occur under low speed winding where
. . - the air entrainment effect is minimal. On the other hand, for high-
2 Air Entrainment Winding Model speed winding when the pressure roller load is not sufficiently

In this section, the air entrainment winding model is developetirge, the air film clearance will be increased from the reference
First, a model for web roughness is presented. This model, alocigarance as the outer lap winds onto the roll because of air en-
with the theoretical results from Chang et (8] is then used to trainment(Part(c)). In this case all the belt wrap loading will be
analyze the amount of air entrained into the wound roll as the wely supported.
passes between the pressure roll and the winding roll. Finally, theln addition to the clearance definitions under the outer lap, the
in-roll model is derived and includes the combined effects afontact clearancec(i), and the air film clearancea(i), within
roughness contact and air pressure. the wound roll are also defined. These additional variables are

. needed to enable the model to track clearance and interlayer pres-
2.1 Web Roughness Model. In order to determine the g .o as the roll winds.

amount of air entrainment during winding, a simple model for

web roughness is first presented. The roughness parameters us@®2 Pressure Roller Nip Analysis. From the above discus-

in the air entrainment model are defined in Fig. 2. Rartof the sion, it is clear that for a nonzero winding speed under nonvacuum
figure shows a cross section of two webs at incipient contact @onditions, air will always contribute to the interlayer pressure. In
vacuum conditions. As compressive loading is applied to thwder to determine the magnitude of this contribution during pres-
webs, displacements will occur in the roughness interface aadre roller winding, the air entrained in the outer lap must first be
within the support. The contact reference clearamag, is de- determined.

fined as the combined height of the roughness over which inter-Consider a winding roll with widthwise invariant web and core
facial displacements occur. The air film reference cleararag, properties. Under the pressure roller, the nip force per web width,
is the average of void spa¢gap between two webs at the incipi- f(i), is comprised of an air forcd,(i), and/or a contact force,
ent contact condition. Contact and air film reference clearancggi):

are determined from Wyko® surface roughness measurements of

both the front and backside of the web. Two of the key parameters foi)="fa(i)+fe(i). Q)

from the Wyko® measurements are the peak-to-valley surface

roughnes®R, and mean-peak-roughness,,,. In the model, the The air force arises because of entraining of air and the contact
root-mean-square of the front and backsRlgare used as the force arises if the web wrapping the pressure roller is in physical
contact reference clearanceg,. The root-mean-square of thecontact to the roll through its rough surface. From Chang et al.
engagement heights of the front and back surfddé, is used as [8], the air film clearance beneath the pressure roller ceg(i),

an approximation to the air film reference cleararcs, . can be expressed as a function of the developed air fiy@g:

0.65/ ; -0.28 SN\ —0.44
6'5< “Vi)) ( fa(l))) (E(I)) for 0.69<E<4.84 MPa

can(i) PaR( PaR( Pa 5
R(I) - 7( wV )0.72( fa(l) )70.49( E(i))0'48 ( )
8. - - — for 4.84<E<34.5 MPa
PaR(i) PaR(i) . Pa
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whereV is the winding speedp, is atmospheric pressure, and E E. *

R(i) andE(i) are the equivalent radius and equivalent modulus of P+dP’ y“l *

the pressure roller/winding roll. \ h
The air film clearance is related to the contact clearance if it is

assumed that under loading, the reduction in contact clearance i

equivalent to the reduction in air clearance:

ccy(i)—ccy,=cay(i)—ca,. 3)

This assumption is not rigorously justified; however for typical
loads and for webs dominated by very fine roughness with a ran-
dom distribution of sparse high roughness, this would seem to be
a reasonable assumption since the interfacial displacements woul
occur mainly in these high roughness areas.

From the Hertzian contact theofy,9], the contact forcef (i),
in terms of the contact clearanags,(i), is found to be

7R(i dae '

ol = T Py i), ) \KW E,
E(i) o/

whereP,(cc,) is the contact pressure under the nip and is related .

to the contact clearance via a look up table generated from the

stack modulus measurement:

. . Fig. 3 Continuum differential force element in the wound roll
f*(ccy(i)) for cc,=<cc,

Pn(cen(i))=f(cen(i))=

0 for cc,>cc,’
®)
The above equations are well posed to solve for the unknowns (i)
under the nipec, (i), ca,(i), f.(i), andf(i). oo)=n @

2.3 Internal Outer Lap Analysis. The analysis of this sec-

tion uses the results of the pressure roller nip analysis to detghereh, is the load sharing web thickne&Sig. 3). The belt wrap

under the outer lap away from the nip. _ _ pressure and possibly contact pressure:
Empirical studies[7], have shown that the effective winding

tension(wound-in-tensiop in pressure roller windingt,(i), can
be expressed as L hjoy(i) B ta(i)

ta(i)=t(i)+ muwic(i), (6) VT i)

whereu,, is the front-to-back friction coefficient of the wel,is _ _
the width of the web and(i) is the upstream winding tension. The contact pressure is related to the contact clearance in the same

This expression indicates that an additional component, knownfashion as Eq(5). The air pressure under the outer lap away from
the nip-induced tension, arises during winding when a pressute nip,P(i), is related to the air film clearance by a sequence of

=Pg()+P(D). (8)

roller is added. two equations. The first, according to Chang ef &), relates the
The winding tension stress under the outer lap away from tloéearance adjusted to atmospheric pressure to the pressure roller
nip is related to the effective winding tension by air load, f4(i),

0.66 1)\ —0.21/ £ oiy\ —0.33
7.4( nY% ) ( fa(')) (E(')) for 0.69<E<4.84 MPa

ca(i) PR/ PR/ [ pa @)
Y 0.71 H —0.20/ H —-0.23 !
R 2_5( rV ) ( fall) ) (@) for 4.84<E<34.5 MPa
PaR(i)/ | paR(i) Pa

whereca,(i) is the air film clearance under the outer lap away 2.4 In-Roll Analysis. Prior to the addition of the next lap,
from the nip adjusted to atmospheric pressure. The second relatag theith, the roll will have a radius;4(i). Assume that the next
the air pressure to the air film clearance using the perfect gas ldap under wound-in-tensiorig(i), is added to the roll. The roll
profile after the addition of théh lap,ry4(i+1) is

PaCaa(i)=(patPg(i))cay(i). (10)
By using the relation betweers,, (i) andcc,(i) (the same fash- rq(i+1)=rq(i)+U’'(i)+hym(i), 12)
ion as in Eq.(3)), the above becomes
p.cay(i) whereU’ (i) is the radial displacement of the roll due to the force
Pé(i): Tara Pa.- (11) exerted by thdth lap andh,(i) is the reference web thickness
cCy(i)—ccotcay added to the roll profile accounting for air entrainment and contact

Once the pressure roller air load is determined, the above eqifseresent
tions can be solved for contact clearance and air pressure under
the outer lap away from the nip. ham(i)=ha+cc,(i)—cc,. (13)

904 / Vol. 70, NOVEMBER 2003 Transactions of the ASME



The derivation of in-roll analysis begins by considering th&his is a second-order ordinary differential equation and its solu-
forces that act on a differential element located in the wound rdibn requires that two boundary conditions be specified. At the
at a nominal wound roll radius. Figure 3 shows such an elemegperiphery of the winding roll, a single winding lap exerts a pres-
that can be thought of as a continuum equivalent of the actualre on the roll that is given by the wound in tension as
situation where the load sharing web thickndss, will be less 0
than the reference web thicknesg(i). . ta(l .

To accommodate this difference, two in-roll tension stress pa- P'(i)= wriy & the periphery. (21)
rameters are defined. The firgt,*, is the continuum approxima-
tion to the actual incremental in-roll stresg,, which is distrib- At the periphery of the core, since the radial displacement of the
uted over the load sharing thickness. The apostrophe is added¢@e must equal that of the roll, a boundary condition can be
denote that the stresses are incremental due to the addition ofrgten
single lap. In addition, anisotropic constitutive properties are de-
fined for the continuum approximatioef , v7y, andvg). d_P:E Edv lv P’ at the core/roll interface.

To simplify the development of the remaining equations in this dr ¢ | Echay Nam
section, explicit reference to lap number will be excluded from the (22)
model variables. It is understood that the stresses are evaluated
each lap.

Consider first the continuum approximation. A fundamental r
lationship between the continuum in-roll tension stréss,, and P=P.+P (23)
the interlayer pressure stre$®,, can be obtained by force equi- ¢ 9
librium: As the total pressure increases, when more laps are wound, the air

dp’ pressure, contact pressure, and thus the contact clearance will
P'+T'*4+r—=0. (14) change as well. Within the roll, the contact pressure and contact
dr clearancecc are related by Eq(5). On the other hand, the air

The continuum in-roll tension stress is related to the actual in-rdlf€Ssure in roll is related, by the ideal gas law, to the amount of air
tension stress by considering a balance of total tension within tRBtrained while the local lap was being wound:
circumferential load carrying thickness and total web thickness:

T*ham=hT", (15) o :
When winding more laps, the contact clearance between laps in

which reflects the fact that the actual in-roll tension stress agige existing roll can then be updated according to E38) and
over a proportionally smaller radial differential than the congpg),

tinuum in-roll tension stress.
The strain-displacement and constitutive relationships for the
continuum approximation are given by

&Fhe total pressure in-roll is the sum of total air pressure and
égtal contact pressure if the neighboring layers are in contact:

(Pg+pa)(cc—ccotcag) =(Py+pa)cay . (24)

3 Thermal Stress After Winding

_Ur T/*+V§rp/

el=— = LA N Roll winding usually takes place in a temperature-controlled
0y E* E 00 or . L . .

X ya environment where the temperature variation is minimal. After

being wound, the rolls are often stored in facilities where the

, du’ P vf T temperature can be significantly different from the winding tem-

!

" dr  E,. E* =entery, (16) perature. In the following we model the effect of temperature
e x changes after winding to in-roll stresses.

where v}, and v}, are the two components of Poisson’s ratio After winding, the force equilibrium Eq14) still governs the

relating strain in one direction to strain in the other. In Exf), it ~ Stress distribution in roll. The constitutive relations, including the

has been assumed that the strains from the continuum model rgfject of temperature, are

resent the actual strains whénp+h,,,. This will be true when

&

these strains equal the following alternate expressions: . _U' _ 1 T Vi P4 aF’
0 . T & = t ’
’ T ’ Vﬁfp/ ’ P ’ _h|VI'ﬁT/ ' E: ya
& ==, Epp ==, Ep—m/7—, Epy=F—
66 Ex or Eya rr Eya re hamEX U’ 1 V*a
a7 o= =~ P - T e, (25)
From Egs.(15—(17), the continuum constitutive properties are r ya EX

related to the physical properties of the w , and . .
phy prop vy Vor) whereP’ andT'* are the increments of in-roll pressure and ten-

b
y sion stress due to the temperature chaRgg).
< h * . h For simplicity, the material properties such as web moduli ex-
Ex *EEX’ Vor=Ver VrFE] Vrg- (18) cluding air and Poisson’s ratio are assumed independent of tem-

. ) . . . ) . perature. From Egg18) and (25)
Strain energy consideratiof3], gives the following relationship

between the constitutive properties: dey  hgm dT'* v, dP’ dF’
—= +— ——ta—.
dr hE, dr E, dr *dr

. . (26)
Yor _Vro (19)
Eya E} ' To arrive the above equation, we have assumed the load sharing
thickness, web circumferential modulus, coefficient of thermal ex-
pansion, and Poissons ratio are invariant with the radius. The
variation ofh,,, with radius is typically very small, and therefore

is neglected here. Combining Eq44), (25), and(26) gives the

"= differential equation for the increment in interlayer pressure due to
P’'=0. (20)

a temperature change

Combining Egs.(14) to (19 yields the following differential
equation for the incremental interlayer pressure:

r

, d%P’ dpP’ (1_ h E,

+3r——+
dl’2 dr hamEya
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2d2P'+3 olP'+ L h Ex o hy £ »
T T = L e Ll E, hy
h
h dF’ “

_ E}atExr W =0. (27) E" cc,
The boundary conditions for the second order ordinary differential
Eq. (27) are the following. At the periphery of the wound roll, (a) Excluding air effect.
there is no pressure increment

P’=0 at the periphery. (28)
At the surface of the corer &c/2) the radial displacement conti-
nuity due to the local pressure and core temperature change E,
(P1,F7) yields Ram
, Pic  accF; E, ca, E, cc,
UC(C/Z)__Z_EC+ 5 (29)
where «. is an equivalent thermal expansion coefficient of the . .
core, andE, is the core modulus evaluated at initial temperature (b) Including air effect.
and assumed not varying with temperature. _
Equation(29) is based on the assumption that the temperature Fig. 4 Stack modulus
increase within the core is uniform. This is a valid assumption
only if heat transfer in the core is much faster than that in the
wound roll so that the core reaches thermal equilibrium much h,E, Eg
faster than the roll. Ey:—ccoESJr hE," (32)
When Eq.(29) is combined with Eq(25), it yields the second ] )

boundary condition The above equation can be solved for the roughness moBuylifis

the stack modulug, , bulk modulusEg, and reference thickness
dpP’ of each layer are available.

2
dr c

r=cl/2 ¢

E,h, hy

N 2h,
Echam hamv

P+ EEX(Q{*%)FL

4.2 Stack Modulus Including Air Entrainment. Next,
(30)  consider partgb) and(c) of Fig. 2 that shows the relative position
Temperature variations after winding change the in-roll pressuf¥, the outermost two laps after the outer lap has passed onto the
and thus the air pressure, contact pressure, and contact cleard¥énd roll. In this figure, the reference web thicknelsg,,, is
change as well. These in-roll variables can be updated by the safq&/ the total web thickness |rjclud|ng the effect of air entrainment
routine as that in the in-roll analysis, except when the temperati#ad the effect of roughness if contact occurs under the outer lap

effect on air pressure is included, E§4) becomes such as shown in Patb) of Fig. 2. The contact reference clear-
ance is nowcc,, and air film reference isa,,. These quantities
(Pg+pa)ca,  (Pg+py)(cc—ccy+cag) (31) are computed in the outer lap analysis.

= E ' The air trapped in the roughness area between two laps will

) affect the compressibility of the roll. When air is included, the

V\{hereFS is the roll temperature at the start of the thermal a”aWoughness area is modeled as two springs in paréfigl. 4(b);

sis. Temperatureb and F are absolute in reference t6273°C  gne represents the roughness surface with reference thickagss

(—460°P. and modulusE, , and the other represents the air film reference
thicknessca,, and modulus€, . The total web is modeled as this
roughness layer and the support lageference thickneds, and

4 Modified Stack Modulus to Include Air and Tem- F”'k modulusEs) connected in series. The air film modulus is
rom the compressibility of the air. When air leakage through the

perature Effects sidewall is excluded and the air follows the ideal gas law, the air

In Eq. (19) the stack modulus with the air effedg,,, is a film modulus is,[6],

modified version of the stack modul&s without air entrainment.

The purpose of this section is to develop an expressiokfgin

terms ofE, and the thickness variables of the model. The analysis

first establishes basic definitions where air entrainment is

glected. This is followed by a derivation for the stack modulu

where air entrainment between the laps is considered. Finally, a (

Qerivation is presented for the stack modulus which additionally m when the laps are not in contact

includes the temperature effect. = + =

4.1 Stack Modulus Excluding Air Entrainment. Consider ° :

part(a) of Fig. 2, which shows incipient contact of two webs in aEya= Nam

vacuum. In this figure, the reference web thickness is the total h 1

web thicknes#, , and the contact reference clearancedg. The E + E. E,

total web thicknessh,, can be broken into two layers, one of —

which is the support with reference thicknéssand bulk modulus \ Caw

Es, and the other is the layer consisting of surface roughness with (34)

reference thicknessc, and modulusE, . When air is excluded, In the in-roll stress analysis, before ti lap is added, the

these two layers are modeled as elastic springs linearly connecséatk modulus is computed along the radius in the winding roll.

in series(Fig. 4(a)). The stack modulus of the total web excludingThis is done at each radial location as follows. First, the roughness

air is interface modulus is computed using E§2). Then Eq.(34) is

£ _(Pgt Pa)’
* (Py+pa)
he stack modulus of the total web is then

(33)

ham

when the laps are in contact

CcC
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Table 1 Winding conditions and results from experiments and model predictions

Start Finish Nip Torque  Contact Contact
tension tension force per  Accel at per pressure pressure at
Test Speed, per width, per width, width, cinching, width at at core, core from
# m/s N/m N/m N/m m/s core, N kPa model, kPa
1 4.3 622 263 263 0.76 572 73 97
2 4.3 727 306 263 >1.02 >762 >97 104
3 4.3 832 350 263 >1.02 >762 >97 108
4 5.1 727 306 263 1.02 762 97 102
5 5.1 766 766 263 1.02 762 97 103
6 5.1 832 350 263 >1.02 >762 >97 106

used to evaluate the stack modulus with the air entrainment effecfFinally, the roughness modulus is computed by inverting Eq.
included. Once the stack modulus is known, the incremental i(82) once the contact reference clearance is known. As previously
roll solution for theith lap can be found. Finally, the cumulativementioned, the contact reference clearance is determined from the
in-roll solution is determined. root-mean-square of the front and backsRle(measured via the

4.3 Stack Modulus Including Air Entrainment and Ther- Wyko®).
mal Effect._ We assumed t_he support and roughness m(_)duli @ Numerical Solution
not vary with temperature in the temperature range of interest. _ _ _
With this assumption, the effect of temperature on stack modulus!he solution of the above model was obtained numerically. The
depends solely o&,, the modulus of the air film. Using the idea|‘r‘1ume”r|cal_ algorithm “winds” one lap after another onto the
gas law under isothermal expansion, the air film modulus is ¢ore” until the last lap is wound. During winding of each indi-
vidual lap, the algorithm is as follows:

2
E _M (35) 1. Pressure roller nip analysisGiven the nip load, winding

& (Pé+ pa)F speed, web reference clearances, and roll/pressure roller ge-
ometry, the equivalent radius and equivalent modulus of the
roll/pressure roller are evaluated. Then E@b. to (5) are
solved by Newton’s iterative method for the contact force
f.(i), air forcef,(i), contact clearancec,(i), and air film
] clearanceca,(i) under the nip.

4.4 Stack Modulus Measurement and Data Reduction. 2 |nternal outer lap analysisThe contact force from the step 1
In order to perform numerical simulations using the winding s used to obtain the nip induced tension and wound-in-
model, several material properties and geometric parameters must tensjon. Then Eq9) is used to evaluatea,(i), the air film
be measured empirically. Some of these are measured COnVentiOn‘ Clearance under the outer |ap away from the n|p adjusted to

Then the stack modulus, including air entrainment and tempera-
ture effect, is available by substituting the above equation into Eq.
(34).

a”y (e.g., YOUI’Ig'S m_Odulus of the nghOWeVe.r, SeV.eral new the atmospheric pressure. Equaﬂc{ﬁs (10), and (11) are
variables have been introduced and so some discussion on how to splved afterwards to obtain the contact clearancgi), the
measure them is now provided. contact pressurd((i), and air pressurd,(i) under the

The new material properties required of the model include the
underlying support modulus and the roughness modulus as de
fined in Eqg.(32). To obtain these parameters, the circumferential
load carrying thickness and the total web thickness must be ference method is then applied to solve the ordinary differ-
known as well. The total web thickness is the sum of the load 4. iiq Eq.(20) with the boundary condition€21) and (22).
sharing thickness and the contact reference clearance. It is deter

ined f X | K aul ¢ |4. Roll profile and stress updat®esults from step 3 are used
mined from experimental stack modulus measurements as fol- ", \sqate the roll profile and in-roll stress distribution.

lows. First, three stacks of support are constructed from individualg  rapeat Stens 1 to 4 are repeated until all laps are wound
plies having an area of 1.27 cm by 5.08 cm. The number of plies ontrc)n the roIFI) P P
within each stack is chosen such that the height is 0.51 cm. Eacty Tharmal stréss analysis after windirighe nonlinear bound-

of the three stacks is sequentially placed between two parallel” 5./ \alue problem of the thermal stress analVEis. (27)) is
plates and compressed to a small preload of 103 Kpa. The load is so)llved bypNeWton’s iterative method. VB, (27)

then reduced to 13.8 KPa and the height of each stack noted via
the average output from three LVDT's located at 120° incremengs  Experimental Verification and Parametric Study
around the perimeter of the upper and lower platens. The total
stack height is divided by the number of individual plies and the 6.1 Experiments. Experiments are conducted in the Kodak
resulting thickness is averaged from the three separate measemiveyance and winding laboratory. The experiments consisted of
ments to yield the total web thickness. winding a sequence of polymer-coated paf##4 um thick and
Following this measurement, each stack is then compressed &925 m long, roll OD 1.5 monto 0.127 m(5 inch) outer diameter
constant strain rate of 0.51 mm/min up to a final stress of 12cé&rdboard cores. Test rolls are wound with a pressure roller force
MPa. Displacements are measured as the average output of dh@63 N/m (1.5 pli) contact force under two levels of speed, 4.3
three LVDTs and stress is measured using a load cell. From tlaisd 5.1 m/$850 and 1000 fpr and five levels of tension profile,
data, the radial compressive modulus excluding air is computad detailed in Table 1. The tension profiles, with the exception of
since the stack area is sufficiently small enough to mitigate the &bst 5, which is at constant tension, are linearly tapered with the
effect during compression. The bulk modulus is determined Ibgngth of the web wound onto the roll.
computing the tangent modulus from the stress-strain data neaAfter winding, the rolls are tested to evaluate the torque trans-
the upper end of the stress range. Presumably, at the high@ssion capability. Before testing, straight lines are drawn on both
stresses, the roughness interface has been significantly caides of every test roll. Then the rolls are repeatedly accelerated
pressed and the stress-strain behavior is predominately goveropdo 5.1 m/91000 fpm) using incremental acceleration rates and
by the bulk modulus. then stopped. The acceleration rate starts at 0.25 (&0 fpm/

outer lap away from the nip.
3. In-roll analysis The stack moduli including the air effect are
first evaluated using the in-roll conditions. Central finite dif-
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Table 2 Material properties used in modeling

c(m) 0.127  E,(MPa) 5720 v 0.02 Es (MPa) 179
cay (um) 8.387 h, (um) 235 E, (MPa) 2 density, kg/m 1107
CCy (um) 10.64 hy (um) 224 rp(m) 0.0762 roll OD, m 15
E. (MPa) 410 Mo 0.31 Up 0.495 lap number 3089

seq, and then increases up to 1.02 M(&00 fpm/seg in 0.25 from the non-air entrainment model is included for comparison
m/s increments. The rolls are then decelerated at a much gentierposes. Because of the low core modulus when the air effect is
deceleration rate of 0.05 n¥/s(10 fpm/seg. After rolls are included, the interlayer tension stress near the core is highly nega-
stopped, they are checked for cincHescumferential breaks of tive, which could potentially cause local buckling. The wound-in-
the straight lines on both endsResults are shown in Table 1,tension(tension in the outer lap downstream of the pressure joller
from which half of the six rolls do not cinch at 1.02 f/she is higher than the machine tensiension upstream of the pres-
maximum acceleration capability of the lab equizpment. Amongure rollej due to the friction force induced by the pressure load
the three rolls that cinched, one cinched at 0.76°rt160 fpm/ underneath the pressure roller nip. The interlayer tension stress
se0, and two cinched at 1.02 nf/sFor all of these three rolls, cin from the nonair entrainment model is different than that from the
ching takes place near the core. The acceleration rate when cinain-entrainment model, and in this example does not show a region
ing starts can be used to estimate the contact pressure at the aofrgsharp change near the core.

In this calculation, it is assumed that it is the contact pressure thafThe contact clearances under the pressure roller, under the outer
provides the roll with torque transmission capability. The contatdp away from the nip, and after winding are shown in Fig. 7. All
pressures at the core from the cinch tests are shown in Table tlearances are lower than the reference contact cleacaigcand

- . ir fil f | . This indicates that th hout
6.2 Model Predictions. The computer program descrlbedalr im reference clearanced, 's indicates that throughou

above is used to predict the in-roll stress distribution of rolls
wound at the winding conditions listed in Table 1. Key inputs to
the model are summarized in Table 2, and the relationship amo
contact clearance, contact pressure, and roughness modulus fi =~ 4 Total pressure w/ air
testing of the same polymer coated paper is listed in Table 3. Fro
the model prediction, the contact pressures at the core at differe %35
winding conditions are listed in Table 1, and they agree fairly welz
with the respective contact pressures from the torque transmissi=
tests. 0.25
When using the winding conditions of test 1 in Table 1, the tote:
interlayer pressure, contact pressure, and air gage pressure dicz "]
bution after winding are shown in Fig. 5. For comparison pur#
poses, the interlayer pressure from a nonair entrainment modelF
also included. With the air entrainment effect, the total pressure 2 0.1 |
the sum of contact pressure and air pressure, the former of whi=
is supported by roughness contact of two neighboring laps and t
later from air gage pressure. The result indicates the existence ¢ o
core zone where the total pressure and gage pressure start at
values and then rapidly increase to peak pressures. Further our -5, o 0z 03 04 05 06 07 08
the roll, the total pressure and gage pressure fall and become clt Beoll Radius {m)
to zero at the finished roll surface. The presence of the core zone
is mostly due to the soft cardboard core, which results in a loRig. 5 In-roll pressure stresses right after winding from both
core modulus, thus resulting in a sharp drop in the pressures at éiveentrainment model and nonair entrainment model. The gage
core. In winding and in downstream unwinding, the torque frorressure is the air pressure above the ambient pressure.
the core is transmitted from the inner laps to the outer laps by a ) -
friction force induced by direct contact pressure. The contact pre : P Rl
sure at the core therefore determines the local torque transmiss 1 5 =
capability. The interlayer pressure from the non-air entrainme
model is higher than the contact pressure but lower than the to i _
interlayer pressure from the air entrainment model. 5 T, T
Figure 6 shows the interlayer tension, wound-in-tension, arz m‘.ﬂm”n'ﬂm, v i
machine tension stress distributions. Again, the interlayer tensiz Bachin ic

0.45

.15

005

ension stress w/ uir

g ln lension streas W/ air ;
N P
Table 3 Roughness modulus of the polymer coated paper ex- g
cluding air effect 3 "
-
Contact Clearanceum  Contact Pressure, MPa  Stack Modulus, MPaP Rl
10.640 0.000 0.021 l
4.933 0.014 0.083
3.896 0.028 0.227 1.3
3.416 0.041 0.396
2 i i i
%%%8 8%22 }1222 "o 01 02 03 04 05 06 0T 0E
0.798 0.689 8.887 Roll Radios (m)
0.282 1.379 20.057
0.016 2.413 69.154 Fig. 6 In-roll tension stresses right after winding from both air

entrainment model and nonair entrainment model
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Fig. 7 Contact clearances under the pressure roller, under the

outer lap away from the nip, and after winding Fig. 8 The effect of roll radial CTE on total interlayer pressure

right after winding at 70°F and after heated to 100°F. Results are

from the air entrainment model. The radial CTE of the roll is

indicated in the figure. Other CTEs are  a,=10"%°F and a,

=10"%°F.

the winding process, no laps are floating or are purely supported

by air pressure. The contact clearance under the outer lap is below

the contact reference clearance due to the existence of the presgy{g.; of temperature change on interlayer pressure is similar to

roller, which squeezes out most of the air under the nip and onlg (ot interlayer pressure when the air effect is included.

lets a small amount of entrapped air into the roll. Contact clear- gasides the thermal expansion coefficients of the web, the

ance under the outer lap away from the nip is higher than thah g roll stress is also affected by the thermal expansion coef-

under the pressure roller, which suggests that right after beifgian of the core. At a temperature change from 70°F to 100°F,

compressed by the pressure roller nip, the air under the outer %s. 11 and 12 give the model predictions of the total interlayer

?thandS' dD_eptendl_ng Otrl]’] how much air passesldthtl)rough trf[_e NIP #Bssure and contact pressure at three levels of core coefficient of
e wound-in-tension, the gage pressure could be negative u rmal expansionz, =105, 104, and 10°3 (1/°F). Web coef-

the outer lap away from the pressure roller nip, resulting in sub-: . : PN ;
ambient air pressure locally. icients of thermal expansion are fixed @t=10"" 1/°F radially

and a,= 10 % 1/°F tangentially. When using the nonair entrain-

6.3 Thermoelastic Effect. After winding, the rolls are usu- ment model, the results are shown in Fig. 13. From the predic-
ally put into storage before unwinding. The typical storage timgons, the core effect is only localized to the laps close to the core.
varies from hours to years. Often, rolls are stored in nontempera-higher core thermal expansion coefficient than the web would
ture controlled warehouses where the roll temperature varies wihhance the thermal stress effect, and make the local in-roll pres-
the season. In some manufacturing processes, rolls are intentisure even higher when heated, and even lower when cooled.
ally stored at elevated temperatures for a specific time to control
certain web propertiegsuch as core set corlIn-roll stress
changes with roll temperature mostly because the coefficient ~f
thermal expansiofCTE) of the web is anisotropic, and the core
CTE is different than that of the web. The interlayer pressur
increases at elevated temperature when the CTE along the ra¢ .12
direction is higher than that of the circumferential direction be
cause the roll expands more along the radial direction than tl g
hoop direction.

In the following, the temperature effect on wound roll stress i
studied by assuming the roll is wound using te¢Tadble 1 wind-
ing conditions at an ambient temperature of 70°F, and after winiZ
ing there is a step change in roll temperature from 70°F to 100° .06
After the temperature change, the total interlayer pressure az
contact pressure from the air entrainment model are shown & 004
Figs. 8 and 9 at three levels of radial coefficient of thermal ex
pansion,a,=10"°, 10 %4, and 103 (1/°F). Other coefficients of

4 ——— '

ure [MPa)
=

thermal expansion are fixed at,= 10" ° 1/°F tangentially for the |

web, andac=10’4 1/°F for the core. As shown in Figs. 8 and 9,

the total interlayer pressure is much more sensitive to the rad % Y FE— 04 05 08 07 0.8
CTE than the contact pressure. This indicates that the increase Roll Radiss {m}

total interlayer pressure is mostly from the increase in gage pres-

sure(the difference between the total interlayer pressure and Cgflg. 9 The effect of roll radial CTE on contact pressure right

tact pressurg which is due to both a higher temperature and after winding at 70°F and after heated to 100°F. Results are from

lower air gap. the air entrainment model. The radial CTE of the roll is indi-
When using the non-air entrainment model, the temperatweted in the figure. Other CTEs are  a,=10"%°F and a,

effect to interlayer pressure is given in Fig. 10, which shows the10~*/°F.
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Fig. 12 The effect of roll core CTE on contact pressure right
after winding at 70°F and after heated to 100°F. Results are from
the air entrainment model. The core CTE of the roll is indicated
in the figure. Other CTEs are  a,=10"%°F and a,=10"%°F.

Fig. 10 The effect of roll radial CTE on interlayer pressure
right after winding at 70°F and after heated to 100°F. Results are
from the nonair entrainment model. The radial CTE of the roll is
indicated in the figure. Other CTEs are  a,=10"5%°F and a,
=10"%°F.

initial clearance and the web width. The results are computed at
A the completion of winding and indicate that wider webs with
7 Model Limitations smaller initial clearances have smaller air leakage and that less air

The model presented in this paper neglects the effect of sid@kage occurs at higher winding speeds. For example, as indi-
leakage both during and after winding. As the experimental resuisted in the Appendix, the initial clearance under the lap nearest
indicate, reasonable agreement is obtained for a specific test case.core after the 4th lap of the roll is added is equal 1.46#%
However, as process conditions are changed, it is expected thhais corresponds to results from test 1 from Table 1. Using these
this assumption will no longer be valid. For example, as welmlues and the web width in test 1, the percentage of air mass lost
width is decreased, the air under the outer lap will be more signder the lap nearest the core at the completion of winding is
nificantly affected by the atmospheric boundary conditions at gietween 25 and 40%. While this magnitude of air loss is signifi-
ther end of the roll. To further investigate the quantitative impacfant, it is cumulative over the winding duration and therefore
of this limitation, a simple theory was developed to establish timgrobably does not invalidate the winding model since the impact
scales for air leakage from a wound roll and is presented in thé added laps to interlayer pressure is localized to laps in the
Appendix. vicinity of the radial location of interest.

Results from the analysis are presented in Figs. 14 and 15However, since even more air will leak out of the roll after
These figures give a plot of the percentage of original air mass laghding, the subsequent assumption of no side leakage during the
from the first lap of the rol(nearest the cojeas a function of the thermoelastic portion of the analysis is probably invalid. This sug-
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Fig. 11 The effect of roll core CTE on total interlayer pressure
right after winding at 70°F and after heated to 100°F. Results are
from the air entrainment model. The core CTE of the roll is
indicated in the figure. Other CTEs are  @,=10"%°F and a,
=10"%/°F.
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Roll Radius (m)

Fig. 13 The effect of roll core CTE on interlayer pressure right
after winding at 70°F and after heated to 100°F. Results are from

the nonair entrainment model. The core CTE of the roll is indi-
cated in the figure. Other CTEs are a,=10"%°F and a,
=10"%/°F.
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) . ) Fig. 16 Geometry for lubrication analysis of squeezing flow
Fig. 14 Total mass of air lost from the first lap of a roll after

winding 3089 laps at 2.54 m /s (500 ft/min), expressed as a per-
centage of the original mass in the lap. The half-width of the
roller in centimeters, L, is indicated on the figure. Data are pre-
sented here for a core having outer diameter of 0.127 m 5
inches ), and for a web thickness of 224 um. Air Leakage in Winding. The purpose of this appendix is to
set forth a simple theory that establishes time scales for air leak-
age from a wound roll under a tensile load. The results of this
gests that for the range of speeds and for the web width consileory may be used to demonstrate the validity of various assump-
ered in this study that the no side leakage assumption is not réans used in winding models, which often involve issues regard-
sonable. However, as the web width is increased, the assumptiog air leakage out of the widthwise edges of a roll while winding
is better met and in the limit for a very wide web, our thermoelass occurring. The incorporation of air leakage into a winding
tic results will be accurate. Therefore, for many practical wetmodel introduces much complexity and is numerically intensive;
winding simulations, side leakage needs to be incorporated irae such, the subsequent analysis can justify when the added com-
the winding model. However, this will introduce much more complexity is necessary, and when a simpler nonleakage model is
plexity into the model and will be expected to be numericallpdequate.
intensive.

Appendix

—_~

Theory of Air Loss. We first consider a simple one-
) dimensional lubrication model for the “squeezing” of air out of a
8 Conclusions gap as it closes under a constant external load. This is to model

An air entrainment model was developed. The model includedf @pproximate air loss occurring on any single lap of the roll.
web roughness model, a pressure roller nip analysis, an outer then provide some Ilmltlng.cases of the Iuprlcatlon model.
analysis, and an in-roll analysis. In addition, the effect of temperk@Stly, we show how the model is used to approximate the cumu-
ture on thermoelastic stresses after winding is included. The wingtiVe &ir 10ss in a given lap as more laps are added to a roll.
ing model gives reasonable predictions compared with winding €onsider the configuration shown in Fig. 16 in which walls
experiments on polymer coated paper. The parametric study shd{pund a region containing air. They coordinate system is as
ing the effect of CTEs on in-roll stress is also presented. Corffidicated, and the-direction extends out of the figure. The do-
parison to previous models excluding air entrainment indicated 3N has lengttL; we assume that the flow is invariant in the
very significant reduction in contact interlayer pressure caused Fiirection. At the locatiorx=0, we assume that there can be no
the trapped air. The model does not include side leakage durity¥: @nd ax=L, we assume that the air pressure is atmospheric,
and after winding. An analysis was developed indicating the ranfle We assume that the top wall of the domain is entirely flat and

over which this assumption is valid. Future modeling will be exS set in motion due to a pressure difference between an external

tended to include the effect of side leakage. pressure loadP, , and an initial air pressure in the gap,, . We
parameterize the moving top wall location s h(t), while the

bottom wall aty=0 remains stationary. As a result, the internal air
generates a pressure fidgx,t) that opposes this load, and there

100 1 is a resulting air flow exiting from the domain at=L. We as-
sume that the air obeys a polytropic relation between the local
] densityp and pressure, i.e.,
L=0 1/
p=cPY, (A1)

wherec and y are constants. For isothermal compressipa,1,

while for adiabatic compression,=C,/C,, whereC, andC,

are the respective heat capacities at constant pressure and volume
(y~1.4 for ain; the flow is incompressible in the limit ag ap-
proaches infinity. We further assume that inertial effects are neg-
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o

Percent Mass Loss
n IS @
o S 153
8
] 3
3
g
B =
g
-3
g

0 ligible, and that the assumptions of lubrication theory are valid.
0.1 1 10 These two assumptions are satisfied, provided
Initial Clearance, microns
' h h

_ _ _ 21, (pOQS)(—O <1, (A2)
Fig. 15 Total mass of air lost from the first lap of a roll after L L
winding 3089 laps at 7.62 m /s (1500 ft/min), expressed as a .
percentage of the original mass in the lap. The half-width of the Wher_eho andpo are characteristic scales for th? gap clearance and
roller in centimeters, L, is indicated on the figure. Data are pre- density, respectively; we choose these quantitieb(as 0)=hy
sented here for a core having outer diameter of 0.127 m (5 andp(t=0)=pg. Qg is a volumetric flow per width scale given
inches ), and for a web thickness of 224  um. in (A3g). Our goal is to determine the pressure field in the small
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gap, the location of the top surfad€t), and the mass of air The original mass in the domain per unit widtly, can be ex-
exiting the domain to atmosphere as a function of time. pressed in dimensionless form using the den@), initial con-

With the above stated assumptions, the dimensionless systeition (A3d), and the dimensionless scaling for mag given in
governing the location of the moving wall and internal pressure {#4d) as

given by -
Mo=PY". (Ade)
9 — R—
E{hpl/y) + = PQ)=0, (A3a)  Finally, combining(Add) and(Ade), we obtain the desired expres-
sion for the fraction of the original mass lost at any time as
— 9P — —_
=—h3— M(t M (t h(t _
Q=-h"3¢ (A30) O _MO_,_ %f PXOYAX (A4
MO Mo PHY 0
1
Pdx=1, (A3c) This concludes our derivation of the squeezing flow problem.
0 A numerical solution ofA3) is required except in certain lim-
- = = — iting cases. To proceed, a new variatle-hP? is introduced
P=Py, h=1 att=0, A3d)  jnto (A3). The resulting system is then solved using finite differ-
Pry ences with a Crank-Nicholson implicit scheme, and a full Newton
=0 atx=0 (A3e) iteration at each time step.
X ' An analytic solution to(A3) can be obtained for the limiting
S _ case of an incompressible fluid, for whigh-e in (Al). Under
P=P, atx=1, (A31)  such circumstances tHeY” terms in(A3a) are lost. Then, since

where P=P(x,t) andh=h(t), Egs.(A3a) with (A3b) are separable and
can be integrated; after subsequent application of the boundary

— P = Py = pa —x —t conditions in(A3) we obtain
P=5. Py=5, Pa=5o, X=o, t=+,
P P P L tg — - —
h=[1+6(1—P,t]~ Y2 (A5a)
— Q 12ul? h3P,
- = = = _ 3 _ _
o e, i (A9 P=5(1-Pa(1-X)+Py. (A5b)

As indicated in(A3), our convention is that overbars denote diye note here thatAsb) does not satisfy the initial pressure con-
mensionless variables. [A3), Q is the dimensionless volumetric dition in (A3d); an incompressible fluid instantaneously yields the
flow rate per unit width. The above systei3) is standard, ex- pressure field(A5b) underneath the closing gap for all times.
cept for the integral constraiA3c) that balances forces on theThere is no finite transient in pressure as can be obtained in the
moving wall. Note that in keeping with the constraints of lubricacase of a compressible fluid. For an incompressible fluid, the ex-

tion theory, we have also neglected inertial effect$ABc). The pression(A4f) for the fraction of the original mass lost from the
system(A3) is well posed to solve for the pressure and web locatomain becomes

tion.
Of particular interest is the mass exiting the domain to atmo- M(t) —
sphere ak=1. We determine this quantity as follows. First, the My =1-h(1), (ASC)
Eq. (A3a) is integrated inx between the limits 0 and 1 using the
pressure boundary conditions (A3e) and (A3f) to obtain which is identical to the fraction of the volume lost as expected.
. . On the other hand_, for cases of negligible fl&v-0 in (A3a),
6|7=1: - = (;it(ﬁf El’VdY). (Ada) and the systenfA3) yields the simple result that
Pa ° hP7=K, (A6)

The expressioliAda) yields the volumetric flow rate existing the . . o
domain. Since the flow is compressible, the mass flow @te, where K is a constant. This case correspon_ds to the situation
is the useful quantity. Using the density given(#), the relation }/yhgrg there is no air Ieﬁkage from the domain, and the pressure
between the dimensionless mass and volumetric flow rate can Is constant everywhere.

expressed as ‘e now consider how the preceding model may be used to
approximate the air leakage in a winding roll. To proceed, we

. Q assume that the air flow variations in the direction of the web

Qn=P3"Q, Qm:Tm, (Ad4b) motion are small compared with those across the width of the

cP7Qs web. Thus, we focus attention solely on the air flow occurring in

the widthwise direction towards the edges of the web. The no flux
condition located ak=0 in Fig. 16 is interpreted as a symmetry
o 90— (1— | condition for the roll width; thus, the computational length of the
Qo= 47 o)
0

and thus

(Adc) domain,L, is taken to be half of the roll width. We fix our view on
a given lap in the roll, and track the mass of air lost in that
articular lap as additional laps are added. Since the firdiilap
t the corg has the longest time available for air leakage and
generally experiences the highest pressure loading, the cumulative
amount of air leakage is the largest of all laps. For this reason, we

The result(Adc) is integrated over time to yield the total mass pe
unit width that has left the domain at any tirheM (t). Using the
initial condition (A3d), we thus obtain

B - S M examine the first lap in this appendix. We assume that when the
M(t)=PHY— h(t)f P(x,t)¥dx, M(t)=—, first lap is an outer lap of the roll, it experiences a constant load
0 Ms (due to the roll tensionuntil one revolution of the roll occurs, at
N which time a second lap begins to be wound. At this point, there is
Ms=cP_"hoL. (Add)  an instantaneous pressure load increase on the original lap, which
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0.35 between results for cases where the compressibility is assumed to
be adiabatic versus isothermal show some relatively small quan-

0.30 1 titative differences, but the qualitative trends are the same. Figure
14 gives a plot of the percentage of the original air mass lost from
0.25 1 the first lap of the roll as a function of the initial clearance be-

tween the web and the roll, for various web widths. Data is pro-

g 0.20 1 vided after winding 3089 laps for a winding speed of 2.54 m/s
< (500 ft/min); the air exits the web at the ambient atmospheric
& 0151 pressure. It is assumed that the initial pressure in the gap at time
010{ oo 0°° t=0 is equal to the imposed load presstie., P,=1 in (A3)
and(A4) in the first lap at the start of the calculatjorfrigure 15
0.05 | provides data for the same conditions as Fig. 14, except at 7.62
m/s (1500 ft/min. Note that in generating these figures, we started
0.00 , , : our calculation when the 4th lap of the roll was adde®, (
1 10 100 1000 10000 =(0.105 MPa ancta=hy=1.464um), as this is the first lap for
iLaps which the pressure in the clearar(ce., between the web and the
roller) is larger than atmospheric pressure. In the simple model, if
Fig. 17 Calculated absolute air pressures under the first lap the pressure in the clearance is subatmospheric, then air moves
(circles ) from full winding model. These air pressures are used into the gap and initially increases the clearance. Furthermore, the

to model the air loss under the first lap. simple model predicts a relatively large increase in clearance; cal-

culations show it takes hundreds of laps to again squeeze this
increased mass out of the domain as the pressure loading in-
again remains constant for the whole lap. This procedure is caieases. It is our opinion that this behavior is not physical, as the
tinued as more laps are added. For a web moving at sgediie  neglected local deformation of the web would presumably reduce
time to complete a revolutiorig, is given by this large increase in air mass. Figures 14 and 15 indicate that, as
expected, wider webs with smaller initial clearances have smaller
2a(r+(i—1)hy) air leakage, where less air leakage occurs at faster winding speeds.
S VAR (A7)

Thus, in(A7), any given pressure load is applied for the length of
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