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nip contact half width

rough surfaces

modulus of air layer

total elastic modulus include air layer and web layer
viscoelastic modulus of viscoelastic mechanical model
air film thickness at nip region

minimum air film thickness

the creep function

the radial creep function

the circumferential creep function

Poisson creep function

total radial creep function include air layer and web layer
total circumferential creep function include air layer and web layer
nip load

air pressure

ambient pressure

air pressure at central of nip region

radius of winding web

equivalent radius of the contacting surfaces, 1/ R =1/R_+1/R,
RMS surface roughness

time

web tension

wound-in tension

entrainment velocity = (u, +u, ) / 2

direction of sliding

radial stress and circumferential stress

viscoelastic deformation

air viscosity

relaxation time =7,/ E
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viscosity

radial strain and circumferential strain

weighting coefficient

the coefficient of friction between web layers

the coefficient of friction between the web and nip roll

the rap angle
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and viscous called viscoelastic material so this work will focus on characteristic of winding system which

web is viscoelastic thin film material.



Chapter 2

Theory

2.1 Governing equations for winding web

Process of web handling system consist of three section there are dryer, calendar and reeling that
presented in the figurel. Reeling can be called the process of winding web which is at the end process. In
winding web, when layer web add to wound roll both the radial stresses of each layer webs and
circumferential stresses of each layer webs will be increased immediately. Especially stress at core regain
will become maximum stress after that it probably be led to damage. Both radial stresses and

circumnferential stresses can be explained by the governing equation in polar coordinates are the following

[6].

Thryver Section: i Calender Secoion

i
!

Nip-Load Nip-Load
Figurel shows the process of web handling system
Equilibrium equation

raa’+a -0,=0 (1)

Strain compatibility equation

os,

r—L+¢-¢ =0 )

or



Strain displacement relation

ou u
E =— E =— 3
" or 2 3)
Viscoelastic constitutive equations
! oo oo
e =RJ(t=t')—=+J, —Ldt 4
r 6[{ "( ) atr rt atl ( )
' oo oo
&= RJ, (t-t)—L+J, —Ldt’ 5
! 6"{ ’( ) at’ ir atr . ( )

Since both equations (5) and (6) have radial stress parameter o, and circumferential stress
parameter O, , they were rewritten in tram radial stress parameter by substituted equation (1) into equation

(4) and (5) so they became equation (6) and (7) respectively.

] oo KRR
= RJ (t-t")—L+J,— : dt’ 6
8}' 6'.{ r( ) at[ y rt at' {r a}" +O—r:|} ( )
i n 0| 0o, oo, | .,
g, =6[{J’ (t—-t )gl:r Py +O'rj|+JIrW}df D

In addition substitute equations (6) and (7) into equation (2) which leads to a second order partial

differential equation in terms of radial stress, o, , the radius, r ,and time, t that shown by equation (8).

(J, (¢ —t’)%[rz g;izj +
;[J [3J, (t=1)-J,(t-1)+J, (t-1) +r§r~(J, (¢ —t'))}éat—,(r a;’ ]+ dt' =0 (8)
\l:rg(J, (=) #r 20, (=) T, (=0) 4, (=)=, (=) 5., _t')L



When J, (t ) and J, (t) are the radial and circumferential creep functions, respectively. J,, (t )
and J, (t ) are Poisson creep functions. They are able to be found with the model of viscoelastic. For this
paper, mechanical viscoelastic model shown in figure 2 that consist of two elastic modulus, £ y and E_,
and viscosity, 77, .A.K.Van der Vegt [7] had been suggested models to predict mechanical viscoelastic
behavior there are Maxwell model, Kelvin-Voigt model and Burgers model. However, multiple elements

are able to predict nearly real polymer more than single element so the creep function for multiple elements

could be shown in equation (9).

N L
J()=Jy+) Je ™ ©)
i=1

Where ¢ is time, 7, is relaxation time that equal to (ns / EJ) and N is number of element. This

model can be transformed to either the Voigt or the Maxwell by a suitable choice of the elastic modulus.

L/ 7 4 /Y
J T} T T
0 — 1J 1l
O —p AN —— @ o @ ——— O
AN AN 2%
J J, JN

Figure 2 presents viscoelastic mechanical behaviors for multiple elements

In order to be easy to calculate, equation (8) should be rewritten into form of equation (9).

o 0
{GI [rz 57 (40, )]+Gz (rE(Aa,))+G3 (AGr)+G4} =0 (10)

I=lj

Where G,, G, and G; depend on properties of viscoelastic web that reeling in current time
( t=t j) showed in equation (11), (12) and (13) G, depends on properties of viscoelastic web and stresses

of web layers which had been reeled at (t <t j) . It can write in equation (14).

G =J,(t,~1,,) (an



G2 =3J9 (fj _tj_l)—Jg, (tj —tj—|)+']r9 (tj —tj—1)+r§(']9 (tj _tf—l)) 12)

0 0
G, =r5(J9 (tj—tj_l))+r5(Jgr (tj—tj_l))+ 13)
Jg (tj _tj—l)+']6r (tj _tj—l)_']r (tj _tj—1)+J’9 (tf —tj—l)
k=j-1 5 62 o
6= 36 Zetoo) o2 0e) a0 @

7

Outer boundary condition can be written from the stress equilibrium of the reel web which shown

in equation (15). In equation (15) has term of the wound-in tension 7

wit

that be changed to follow the
effect of slip on the nip roll and the effect of nip-load. Equation (16) would show relation between wound-

in tension and initial tension, 7., incase both winding roller and nip roller rotate.

iy
O Y- i (15)
L, :
L,=a,l, +(l—a,q) 5+ 1, Nip (16)
&

Inner boundary condition would be shown in equation (17) and equation (18).

().,

Ec ) =(89)r=rj an
n O Oo, n 00,
(0 80, -0 G B
E = So t (18)
[4 0 Y r
Ja (t ! ) atl

2.2 Governing equations for Air-EHL
While the web has been reeling, the air film can entrain into between each web layers. This

behavior is able to be described by governing equations of Air-EHL that air film thickness are very thin



film. Thin film was impermeability web, web deformation was described by viscoelastic contact behavior
and rough surfaces of web would be considered.
Reynolds equation for air lubrication can be represented by equation (19),[3] that there are term of

air pressure distribution, p and air film thickness distribution, h.

0 (h3p ap):éyUa(ph)+a(ph) (19)

axl Fox ox ot

Air film thickness equation would be included the effect of surfaces roughness and the effect of

viscoelastic deformation that shown with equation (20),[8],[9]
x? | L
hzho+ﬁ+5y(x,t)+D‘-,(x)+Db(x) (20)

Where D, , ere are rough surfaces.

a

8, (x,t) is a viscoelastic deformation.

The rough surface models were shown in the figure 3 which used random method. Root mean

square rough surface (Rq) is mean rough surface value and showing surface characteristic. The

viscoelastic deformation represented by figure 4 and being written in equation (21).

a
Air film thickness W\J\f

M/\ML
b
0.0003005
0,00000035
0.0003005
0.0000003
! i
0.000000¢ 000000025 ;’l ! Jll ‘* [”iﬂ]{#“« ’l l
0.0000003 K [§; 0.5003002 ' I]i ‘ \ l”' ‘I Ll
8.06C003018 \‘ ‘i 1 II l " ‘I‘
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0.CLDO001
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Model surface roughness for Model surface roughness for
surface a surface b

Figure 3. Model of surfaces roughness
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Where v, , is Poisson’s ratio, both subscript a and b shown above surface and under surface and
P, is ambient pressure. In case viscoelastic, thin film material will be very soft so deformation is higher
than elastic material. In addition, viscoelastic material characteristics depend on time; as a result, properties
of material always change during varying time.

The equilibrium nip load equation is shown in equation (22) that the summed of different value

between air pressure and ambient pressure must equal to applying nip load on winding web.

Xout

[(p=p.)d4=Nip (22)

2.3 The effect air-entrainment during reeling viscoelastic web
During web handling system which being high speed the air surrounding are able to move to
. between web layers so the effect air layers can lead winding process to be unstable and stresses of each
web layers are changed. This section, both elastic and viscoelastic were represented in order to explain
relative of influence air layers.

Mechanical model in figure S includes air layer and elastic web layer. The air film layer and web
layer were combined with series so both stress in part of air film layer o, and stress in part of web layer
Oy €qual to applying stress o but the total strain for this model equal to summed of air layer strain and

web layer strain that all would write in equation (23) to (24).
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Figure S Mechanical model of élastic for the effect air-entrainment

O =0y =O0py (23)

Erotal = Enir T Ewen (24)

Air film modulus is from the compressibility of the air can be found by equation (25) introduced in

[11]. From equation (23) to equation (24) total elastic modulus is able to write in equation (26).

dlo| (ol+p.)
EAfr = == (25)
dgAir pO + pa

___hth 26)

For elastic include air-entrainment, radial stresses can be calculated by the second order partial

differential equation in equation (27) which introduced in [2].

2

(80 )+ (3+0,) (Ao,>+[1— £ +u,,j<Ao—,)=o @

dr E

req

b) Model for viscoelastic include air-entrainment



Model viscoelastic include air-entrainment differs from model elastic in that model viscoelastic

include air-entrainment have term of E and 77, and having multiple elements which shown in figure 6.

Layer of air film thickness h 0 E

Layer of web thickness 7 Multiple elements viscoelastic model

Figure 6. Mechanical model for the effect air-entrainment

The effect air film in viscoelastic case has the same air film modulus as elastic case; as the result,
equation (25) was still used well in viscoelastic lcése. In addition, air film layer and web layer were
combined by series too; therefore, equation (23) and equation (24) were able to use for viscoelastic case.
However, mechanical behavior of viscoelastic must follow in equation (9) which the radial creep function J

(t) r is analogous to the elastic rf 1/ E so total radial creep function can be written in equation (28).

' 1 h, t,+h 28)

Jreq E h
Y (tOJr (t)+_E'LJ

Air

The circumferential creep function include air film layer was introduced in [11] and presented in

equation (29) and equation (30).

h
o.’eq — too-l + Oo-r (29)
t, +h,
Jo ()= As,, _[ % +h, J (30)
7 Ac,, 1,
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Chapter 3

Numerical analysis

In order to reduce computer time, multigrid levels technique was applied and combined with
Newton-Raphson technique for solving airelastrohydrodynamic problem. Both air-EHL and winding web
problem are in second order partial differential form; consequently, they must be solved by finite different

method. Process computer program for calculation was explained by flow chat in figure 7.

Begging program

Set initial values

Air-EHL process
Ipdate radiu: .« (N sl L W
Lunatp Aagligs Finding air film
+ and air pressure
Set properties web

Set boundary condition

Finding radial stress and
Finding circumferential
stress

No

Winding finished

Yes

End program

Figure 7 show process computer program
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Chapter 4

Numerical results and Discussions

This section would show the numerical results which consist of Air EHL results and stresses in
each web layers. Properties for simulation were explained in table 1. Radial and circumferential stresses
;esults were present from figure 8 to figure 12 in case thin film is viscoelastic material and from figure 13
to 17 were shown for Air-EHL results. Finally, the effect air-entrainment of elastic web was shown by

figure 18 that vary roller speed.

Table 1 Properties for thin film material

(Web thickness mm) : 193x 107
Core stiffness ,Ec (MPa) 257 x10°
Modulus of web E, (MPa), Eg = 4E, 0.26 )
Coefficient of friction
- Static friction ' 0.38
- Web/nip roll 0.3
Poisson’s ratio 0.3

Both radial stress and tangential stress wére presented in figure 8 and maximum radial stress was
at the core region when nip-load is 120 N/m and constant tension equal to 400 N/m. The web was able to
be protected from the wrinkly problem when tangential stresses were more than zero. Radial stresses for
viscoelastic material was different from elastic material that is the effect of viscoelastic depended on time
because the properties of material were able to be changed by time as shown in figure 9. Figure 9 and
figure 10 were shown the radius stresses and tangential stresses under the effect of time for the viscoelastic
behavior at tension equal to 400 N/m and nip load was 120 N/m. After the end winding 96 hour, radius
stress was the lowest because the creep function was increased by increasing time but the problem of
wrinkled was reduced due to tangential stress at 96 hour after winding was upped near the wrinkly

protective line.

12
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Figure 8. Radius stress and tangential stress at just after winding

Tangential stress (MPa)

The radial stresses and tangential stresses under varying nip load at 24 hour after winding and

tension equal to 400 N/m were shown in figure 11 and figure 12 respectively. At nip load was 180 N/m had

the highest radius stress but there was the most winkled due to tangential was the most lower than the

wrinkly protective line. Figure 13 and figure 14 were presented about the radius stresses and tangential

stresses under varying tension at 24 hour after winding and nip load equal to 120 N/m respectively. At low

tension, the problem of wrinkled was reduced because tangential stress which low than the wrinkly

protective line was increased.

13
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Figure 10 Tangential stresses under the effect of time for the viscoelastic web
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From figure 15 to figure 19 showed absolute pressure distribution and air film thickness

distribution at the contact region. The results showed comparisons between viscoelastic deformation and

elastic deformation, varying roller speeds and varying nip-loads.

1.20

Effect of roughness surfaces
PET-web P
Nip-lead =175 N/m

1.15 1  Roller speed = 5.08 m/s

Air-EHL (viscoelastic)
ssassa Ajr-EHL (elastic)

1.10 -

1.05

Absolute pressure (Bar)

1.00 +

sean®
q.i’.l"'.ii‘..."‘

?

-40 -30 -20 -10 0
‘ Contact width (mm)

10 20

Figure 15 shown the air pressures comparison between elastic and viscoelastic

In case thin film material have the viscoelastic behavior, thin film was softer than elastic thin film
material so the deformation of viscoelastic material was more than the deformation of elastic material. All

this reason, air film thickness with viscoelastic behavior is higher but absolute pressure is lower than

elastic. They were shown in figure 15 and figure 16.

137361 17



Air film thickness (Micro)
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Figure 16 shown the air films comparison between elastic and viscoelastic
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Figure 17 shown air film thickness distributions for varying roller speed

10

When roller speed was applied to nip region contact from 5 m/s to 15 m/s which presented in

figure 17, the air film for the highest speed is the thickest so air surrounding nip region can move more into

between each web layers.

For varying nip-load from 150 N/m to 200 N/m would be shown in figure 18 and figure 19. The

absolute pressure distributions rise because of the increasing of nip-load however, air film thickness

distributions was decreased when nip-load was increasing. Figure 20 was shown the effect air-entrainment

that air layers were being between web layers. The air surrounding was able to move into between web

layers when the roller speed was increased; as the result, web handling system was unstable. However

radial stress would decrease for higher roller speed.

19
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Figure 18 shown absolute pressure distributions for varying nip-load
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Air film thickness (Micro)
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Figure 19 shown air film thickness distributions for varying nip-load
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Chapter S

Conclusion

Viscoelastic behavior and air-entrainment are factors in the winding web characteristic by
viscoelastic thin film material was softer than elastic thin film material; as a result, radial stresses in each
web layer of viscoelastic case were lower tﬁan elastic case, and the air film thickness distribution at nip
region of viscoelastic case was higher than air film thickness distribution at nip region of elastic case.
Because nip region had air film which could move into between each web layer, the winding web had the
influence of air-entrainment by the radial stress would be decreased when there are high air film layer. On

the other hand, nip-load and web tension increasing make radial stresses increase.
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