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Abstract

A theoretical model for estimating the entrained air film thickness between
web and roller is presented for impermeable webs. Modified Reynolds equation
and the equation of motion were formulated with Newtonian fluid. The
simultaneous equations for the compressible Reynolds equation and the equation
of motion were solved numerically using Newton Raphson method. Computer
program is developed to simulate and to get optimal characteristics of web and
roller system. Experiments were performed to measure the entrained air film

thickness between web and roller system.
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h,= minimum air film thickness at the central position web (/.lm)
H = normalized minimum air film thickness at the central position (= hy/ (RS% )
L = web width (m)

p = air film pressure (Pa)

p,= ambient pressure (Pa)

P = normalized air film pressure (= (p — p,)/(T / R))

PET = materials of web (polyethylene terephthalate)

R = roller radius (m)

T = web tension (N/m)

U = transport velocity (=U, +U,,) (m/s)

U, = roller velocity (m/s)

U, = web velocity (m/s)

X =normalized coordinate in the transport direction

Z = normalized coordinate in the axial direction of roller

& = web parameter (= 6Un/ L)

A = normalized web width (= L /(2R6‘% )

1] = air viscosity

O = composite rms roughness o = /02 + 07> (1am)

O, = rms roughness on roller surface (Lan)

0= rms roughness on web surface (um)
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2.9 Gap Sensor

71N 2.4 Gap-Sensor 34 AEC-5505

model

Converter: AEC-55
( symbolize sensor

diameter)

output voltage

See each sensor section.

frequency

characteristics

DC to 20kHz-2dB

resolution

See each sensor section.

temperature range

-10°C to 55°C

Thermal

characteristic

0.1%/°C of drift between -

10°C and 55°C

power supply

DC+11V to DC £17V, +40mA

max

M3190 2.5 foyad in1zuee Gap-Sensor 314 AEC-5505
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Impermeable

Permeable
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L) T )X
~RB/2 0 RB/2
317 2.7 nsmluaas Tuaansuns nszaweImead sy Web nimsduriuuaz ludur
(MuIpNA13581984 [4])
Tasfimua x =0
— h 1.614 1.764
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Re? A A
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aums ¥lumsdom h(x) = Re**{0.589+ f(1)g(x)}

g f(A)==1.614/1+1.764/ 22

4 (142x/RB)(1-0.9) (=RB/2<x<-0.9RB/2)
Tagn g(x)=
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3.3 Sensor head (AEC PU 05)
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gﬂﬁ 3.27 Sensor head

modsl Sensor: PU.0S

measuring rangs {iron) Q10 2mm (@0 0.05mm)
output voltage =SV(0.2mmA\)
adopted convarters 3303 - 13}&;‘
g d WY
resolution 0.3um 0.8um 0. Sum
al =0.5%FS$ (measuding distance 0£ 0.2 to 1 .8oun)
linsarity S AW) A
|| : - Z 3%FS {other measuring distance) 1
temperature range -20°Cto 180%C
\\ £ 2 =0.8umC of drift between -20°C and J
f t creri
L 80°C =1y °C of drift batwaen $0°C and
U7 3.28 uatnadoyadun 1z Sensor head
PU-05 model sensor case t
/5US308 | connecter
ser§ovr_)]egd / relntg{cgg cover WY M6 X 0.7§ {2 Xjnut
resm / '; teflon \ [ SUS303
t O i
{( 5 b
4 ¢ C
1M§,,x,_o,_7§>_.4  width between two surfaces 5 - —43—!«—
. 7 28
RS 400£5%
* g >

ﬂﬁ 3.29 Ua@adLlUY Sensor head



3.4 Gap Sensor

'
[ '

o Iy A a g ' ' % ay
1’111113!}1“/1’]?\530314N‘mﬂﬂﬂmmﬂﬂﬁ‘lﬂﬂaﬂ\ﬁSW')NLLN‘N web N1 annal

g AVERUA | L A b
’gﬂﬁ 3.30 Gap Sensor nllumsnaaou

0% o= 7aq ¥ L, PN Y Y < a
3.4.1 msAadavuanueoi n1¥lumsnadeou Andsignnaelng dwziuldoinami

& a 0 a @ o
(3.31) FINIAAAILNINIAAAL 11U 90 NMNVYANAND

b4

a a v o 4 4
El]‘ﬂ 331 UFAANINMIAANIN AT ULYDT

28



.

29

undi 4
acy
AEMInaaed
YUADUMINARDI
o 3 o A
1lsznoudle  TUADUNHANAD
- ferwinueuRUnsEmEmIl deRudmuvIaNazna g ULzl NTEATEAT

a

agilifioy
o a < s A o I=} =} v 1Ay .

- MM ANMTUN IFUHDT LW@U'IN'IL‘]J?EJ‘UWIEJ‘IJﬂ‘]Jﬂ'WlleNﬂ multimeter
o o 1 o Ay ¥ o 4

- mms1/1ﬂamuazm‘um‘uax‘lﬁtyﬂpmﬂ"lmmwmcﬁﬂi

° v P do  d
- migunamainives g, 4,0 isudluluminaass

4.1 fiavinavsarunsemyuiisdefiuimauinaiisznaaeunazudsnszarynriagiities
o s a o o a o
4.1.1 Winszameniiadoiununda 17 1 dvuannundig 12 ufung, 10 uAmuag , 8
[ ¥
FUALAT L6 BUALAT TaeRudasurutiulin1Ne1 135 [UAIIAT
o 9 a P 9 ~ 9 Y a 9 a
4.12 Mnszannisdefuinda ldvnaiSvudoudiunaaalsnszaiuniegiitioy

1 e
mzges e iaiu amnsetanseauniadanuw 1d

51/ 4.36 nanaurunszabLlzAIamMUnI0giliuy 6 cm, 8 cm, 10 cm 1AL 12 cm

=) -1 d d' o = o ¥ g b e
4.2 ﬂ'liﬂ]‘i!‘ﬂ‘m“liML%@?IW@H]N]!‘[’%HU!‘“HUﬂ‘l.lﬂ1mﬂﬂ’lﬂ multimeter

asi =y U 31

SEasuniudes
¥

a o o o ¢ 9 w L=}
42.1. fadari s umesnfuunuea
F4
42.2. fandluTasiwmes s uunuga
423, 15u1#vee luInsfliwef ¥ Sadumves luTnslineshga

@ a q Y v v d o = v &R
424. ‘]Jﬁ‘lJqﬂiﬂﬁnlﬂ@iqﬁﬂwﬂ'lﬂizﬂ&’ﬂ?L“ﬁulcﬁﬂiﬂﬁg 0.01 mm. IUDY 0.5 mm. HAZVUNNA

o 1 [~ ' o o o v v @ ]
4.2.5. 11718 1 wdsans MiNo AN UFURUT S EU WS IAUAVTLEZH 1



30

o U @ U ' <
lunanaasusnzldnsmndn q AenruaaimnisdSuuasanudumod laoz s

aumsanusuduasanmun 1ddvaunisals sudiou



31

0.1 02  euming, mm 0.3 0.4 0.5

-1 -

2

V=5.1979x - 5.3195

-5

AT vuEasAINITA vt uLziad

{ @ T o
517 439 asmluaaimsiSuussmandusres

Tasanuduiusuosszeemanuns i Wfaz a8

V =5.1979X —5.3195
Fatfumusmszezveld lne

V453195
5.1979

& \ Q’I’ 1 o o :ll q J
YIATV uu"lﬁ'innmsmaaﬂﬂﬂmﬂumimm h mmwusa“lﬁ’x =h AU Wounus

[V 4

v avluguns a21da n udusnih lindeansiifionlSeufeuanudurussenitennusa

YDA Web AU ANUNIIUDIHdUD M



AvgamsfiuIm
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An Application of a Mathematical Programming Technique on optimal Spacing
characteristic in Web Transport Systems
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King Mongkut’s Institute of Technology Ladkrabang, Thailand
*Graduate Student, King Mongkut’s Institute of Technology Ladkrabang, Thailand

Abstract— Web is a thin flexible material such as paper
textiles, plastic sheet etc. In the web transport system, the
moving webs and the rollers being the surrounding air
between a web and a roller behaves as a self-acting flexible
bearing. In this paper, optimal web handling system is
achieved the objective function is defined as minimized
spacing characteristics between roller and web to obtain
sufficient traction in web transport system. The
mathematical model has been developed from the existing
numerical results based on modified Reynold equation. The
mathematical programming comprised of the Broyden-
Fletcher-Goldfarb-shanno (BFGS) method and the line
search method was utilized to minimize the air spacing
between rollers and webs in web transport system under the
constraint of boundary friction between web and roller. The
implemented approach is more practical in design and
relatively less time consuming in comparison with other.
approaches. Since the adopted optimization technique can
update itself automatically. The results for PET web without
permeability are presorted and the expediency the method
has been verified.

Keywords—Web transport system, modified Reynolds
equation, Static characteristics, mathematical programming
using BFGS method

[. INTRODUCTION

In the recent developments [1] in paper transportation
system as shown in Figure 1, the improvement of sheet
and film properties can mean significant reductions in
material consumption, great production rates for existing
equipment, improved product quality and reduced energy
consumption.

The most critical factor of the performance of web
transport system is the air film must be thin enough to
achieve high traction between the web and the roller.
Block and Van Rosum [2] and Eshel and Elrod [3] solved
the incompressible Reynolds equation combined with the
equilibrium equation to obtain the air film thickness. In
2006, Theoretical model for web transport system in order
to estimate the entrained air film thickness between the
web and the roller was presented. The predicted results of
air film thickness are compared with the experimental
results. In this paper, the PET web was examined to
obtain the optimum web transport system.

II. THEORY

The modified Reynolds equation in steady state
operating condition which governs the air film pressure in

978-974-8308-56-2 ©2007 KMITL

the spacing between the web and the roller surface in the
web transport system is expressed in dimensionless form
as:

2 (H"P a’f)+%i(ﬂ‘Pﬁ)= 69(PH) (1)
oX oX) 4AxX oz oz oxX
Web equilibrium equation is:
az", 05
1- = |PdZ 2
N 2

Air film thickness in the central region [4,5]

P U ige LN, 1764

3)

R€2/3 ) AZ

Fig 1. An industrial paper machine

thickness

l‘w‘b velocity

7
‘ surface wlM

Fig 2. Flexible bearing model for web-roller interface
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In web transportation system; it is very important to
examine the spacing and friction characteristics between
the web and the roller. The web-roller interface problem
can be modeled as a self-acting flexible bearing model as
shown in Figure 2. Finite difference method has been
proposed for solving the modified Reynolds equation to
obtain static characteristics of the air bearing between the
web and the roller in the web transport system.

II1. OPTIMIZATION TECHNIQUE

{  The optimum design of the web transport system in
steady state can be formulated as:

The statement of problem is to minimize H,

H,= R:g,3 =0.589- 1'6Ll 1eRe” +%264(2R)25% @

. Where R, & are the design variable.

The constraints are

hy <30 ~(5)
Ut<u<u? -~ (6)
R“<R<RY (7

In this problem, the design variables are roller radius
R and parameter €. The constraint of equation (5) is to
keep sufficient friction between the web and the roller.
’ll‘he copstraints of equation (6) to equation (7) are impose
to limit the value of web and roller system where lower
énd upper bounds are denoted by superscripts L and
U respectively.

! Initial roller radius R°and web parameter £ are
assumed. At the starting point, a vector descent directions

is determined. The objective function of equation (4) will '

be reduced. Then, a constrained line search is performed

to find the scalar parameter o which defined the
distance of travel.

Where the objective function becomes minimum
without violating the side constraints in directions.
In the paper, the Broyden-Fletcher-Goldfarb-shanno
(BFGS) method for the determination of a descent
direction due to its effective algorithm based on
polynomial approximation method for line search under
restriction of the side constraints.

x™M = x7 + a;S 7 ®)

Where q is the iteration number of optimization
process and is a vector of design variable which are roller

radius R and web parameter £. The convergence
criteria are:

IV (x,) =|

<0.001, =123 ©)

0H,
Ox;

The Hessian matrix is:

T r r
Bi+l =Bi +(1+ 8i Bigi] didi _ d,.g’. B,.

dig, )dig, dlg
Bod' (10)
_b;g4;
d g,
d, =x,—x = a:Si
Where an

g =Vf(x_)-Vf(x)
IV. COMPUTATIONAL RESULTS

The numerical results using finite difference
technique to solve the modified Reynolds equation in
equation (1) in this paper are shown in Figure 3 to Figure
5. The results for PET under different web tension of
T=100 N and 500 N for various roller velocity U as
shown in Figure 3. The air film thickness becomes
considerable small for low roller speed and for low web
tension. The air film thickness increases highly with the
decreasing of the roller width due to side leakage of
entrained air as shown in Figure 4. Figure 5 shows the air

film thickness increases considerable as the radius of the

roller decreases.
The proposed optimization approach is developed
based on the accuracy of the mathematical model

.described - in the previous section and applied to the.

flexible web-roller system as shown in Figure 2. The
relationship among the objective function and the design
variables are shown in Figure 6, Figure 7, Figure 8 and
Figure 9 respectively. For web width L=0.02 m, the
optimum film thickness and the optimum roller radius are
0.2198 and 0.19 m respectively as shown in Figure 6. °
The optimum dimensionless film thickness are 0.2198,
0.5282 and 0.5579 for web width L.=0.03 m, 0.5 m and 1
m respectively. The results also show that for web width
equal to 0.03 m, 0.5 m and 1.0 m, the optimum roller
radius are equal to 0.32, 0.4 and 0.4 m respectively as
shown in Figure 7 to Figure 9.

BT hypam)

Fig 3. Variation of air film thickness with roller velocity U/

and web tension T
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Fig 6. Simulation of objective function L=0.02 m
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V. CONCLUSION

This paper has proposed the practical approaches to the
prediction of optimum web transport system. The
optimization technique employing the Broyden-Fletcher-
Goldfarb-shanno method and constrained line search
algorithm was used to obtain minimum air film spacing of
the air bearing in web transport system in order to obtain
the highest performance of web transport system.

l VL. NOMENCLATURE

B = Hessian matrix
£(x,) = objective function

hy= minimum air film thickness at the central position
web (,um)

;H o= normalized minimum air film thickness at the

central position (= A, /(Re”3))

L =web width (m)
p = air film pressure (Pa)

D, = ambient pressure (Pa)
P = normalized air film pressure (= (p — p,) /(T / R))

PET = materials of web (polyethylene terephthalate)
R =roller radius (m)

S = search direction

T =web tension (N/m)

IU = transport velocity (=U, +U,)) (m/s)
U, = roller velocity (m/s)

|
U, = web velocity (m/s)

X; = design variable

X =normalized coordinate in the transport direction

= normalized coordinate in the axial direction of
roller

r
l’;‘ = web parameter (= 6Un/L)
A

= normalized web width (= L /(2R8% )
= air viscosity

7
O = composite rms roughness o = NIO':, + O',2 (gm)
g
g

o= optimal step length
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