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CHAPTERl

INTRODUCTION

1.1 Background

Continuous, strip-formed, flexible materials such as paper, metal foils and polymer

films are called webs. When wet coateu webs are transported, the wet surface cannot be

touched unit they are dry. Some materials such as adhesive tapes and magnetic media

must be handled with extreme care. One way of supporting web materials without

contact is to use devices called air reversers or airtum bars.

This research focuses on one type of air reversers that are hollow, cylindrical, porous

drums. Figure] represents the schematic of a web over such an air reverser. The web

float over an air cushion formed between the web and the reverser, which emits air

through multiple holes. A web line is equipped with a tension control mechani m, which

maintains a constant web tension throughout the process. Web tension and the turning

radius determine the cushion pressure or pull down pressure. Cushion pressure is

proportional to web tension and inversely proportional to turning radius. The steady tate

air pressure in the interface is related to clearance between the web and the air reverser

surface. When the air is injected into the clearance, it causes the web to deflect from its

initial state; which causes variation of the air pressure. Therefore, the aerodynamics is

coupled with the deflection of the web and vice versa.



A iT Reverser

Figure 1. Schematic View of a Web Over an Air Reverser

1.2 Research Objectives

The primary objective of this study i to analyze the effect of tilt angle of the web on

the aerodynamics of air reversers. The following aerodynamic effects are considered:

• Pressure profile on a tilted web supported by an air reverser.

• Lateral aerodynamic force on a tiled web due pres ure loads.

• Lateral force due to air friction.
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CHAPTER 2

LITERATURE REVIEW

The fundamentals of the lateral behavior of a moving web were establi hed by

Shelton (1968, 1971 a, 1971 b). He analyzed the static and dynamic behavior of a moving

web supported by rollers. The main assumption in his analytical model is that the web is

initially straight.

Rogen (1990) analyzed the subject of wrapping of a thin web over a cylindrical

drum, including large wrap angles. He used Donnell's (1976) theory to model the web

deflection. Donnell's theory is an extension of von Karman's plate theory. Lin and Mote

(1995,1996) u ed von karman's plate theory to study buckling of a flat web in the free

span between two rollers.

Sundaram and Benson (1989) and Muftu and Benson (1995) used the small

deflection cylindrical hell theory to study dynamic effects in the web wrapping over a

cylindrical structure. Muftu and Cole (1999) studied the aerodynamics of a web

supported by a cylindrical air reverser. In that paper, web deflections were modeled by a

moderately large deflection "cylindrical" shell theory with a continuou curvature

variation and a self-adjusting reference state, near the steady state of the web. This

approach yields an efficient method to obtained deflection history of the web. Barlow

(1967) first introduced the self-adjusting reference state in connection with the analysis of

flexible tapes.



Benson and D'Errico (1991, 1993) analyzed interfacial mechanics of a web

wrapping around a bumpy drum con idering adjustable reference radius. In their model,

an initially unknown reference radiu is defined where the in plane stre ses vanish. They

analyzed only the circumferentially symmetric case. Benson (1998) analyzed the static

equilibrium of a long elastic tape wrapping onto a rigid drum. Strain are as umed to be

small but rotations of the beam are assumed to be large. The nonlinear theory of the

elastica (Frisch-Fay, 1962) is used to model the small-strain, large-rotation, quasi-static

deformation of the tape.

Wolfshtein (1970) anal yzed the problem of turbulent jet impinging vertically to a

horizontal surface. He used iterative finite-difference method to obtain solutions to the

turbulent impinging jet. The static pressure distribution on the wall shows a peak point

around the stagnation point. As the jet moves along the wall, the pressure approaches the

ambient pressure. The skin friction and jet velocity along the wall al 0 follow the similar

trend to the pressure. The jet velocity and kin friction are zero at the tagnation point,

but they become maximum at a certain distance from the stagnation point and then

decrease. Hwang and Liu (1989) performed a numerical study on the impinging jet.

Their model is similar to Wolfshtein's. The only difference is that Hwang and Liu placed

a fIat wall above the jet nozzle. Their numerical results show similar trend to the

Wolfshtein's. They also analyzed the effect of two surfaces on the static pressure. It is

shown that as the distance reduces, the static pressure at the tagnation point increases

while the pressures on both sides of the stagnation point reduce.

4
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CHAPTER 3

COMPUTATIONAL MODELING OF WEB OVER AN AIR
REVERSER

Computational modeling for a tilted, rigid, stationary web over an air reverser is

presented and discussed in this chapter. The computational results obtained by FLUENT

include the effects of tilt ang]e and average flotation height on the aerodynamic forces on

the web over an air reverser.

3.1 Description of Computational Model

The following as umptions are introduced:

1) The web is stationary, rigid, and flat.

2) The web has infinite length but finite width.

3) The flow is two-dimensional, steady, viscous and compressible.

With the above assumptions, the air-emitting holes on the air reverser were replaced

by equivalent slots with the same pitch in cross direction. Modeling of air hole is

described in the section 3.1.1. Figure 2 represents computationa.l model for the tilted web

over an aIr reverser.

5



Po b

Figure 2. Computational Model

3.1.1 Modeling of Air Holes

Figure 3 shows the air holes on an actual air reverser. In the computational model,

au holes are modeled as slots with finite width and infinite length in the machine

direction. The distance between adjacent slots is the same as the distance between two

adjacent holes in cross machine direction. The equivalent slot width is determined in

such a way that the slots would yield the same open area as the holes per unit surface

area. Figure 4 represents the schematic of equivalent slot width.

Figure 3. Air-Emitting Holes on an Air Reverser

6
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The ratio of the open area of the holes to the total surface area can be expressed as

J[ d 2

A/wi. = _4:.....-_
A,nlal SCD SMD

(1)

The ratio of the open area of a slot to the total surface area can be expressed as

Aslor bS MD=_---:::."'--
AlOIa I SCDS MD

(2)

Equating equations (1) and (2) yields the expression for equivalent slot width as a

function of hole diameter and machine-directional pitch. The equivalent slot width is

Jrd2
b=-­

4SMD
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where d is the diameter of the hole. The diameter of the hole in this particular air

reverser is 3.81 mm (0.15 inches) and the machine-direction pitch i 19.1 rom (0.75

inches), so that the equivalent slot width of the air reverser i 0.6 mm.

3.2 Computational Model

Figure 5 represents the computational domain with the boundary conditions. The

computational domain consists of three different boundary conditions including wall,

pressure inlet, and pressure outlet boundaries. The size of computational domain depends

on how far the pressure outlet boundary is located from the pressure inlet boundary. The

pressure at the inlet boundary is set to be the supply pressure to the system, and the

pressure at the outlet boundary is assumed to be the ambient pressure (zero gage

pressure). All walls are assumed smooth. This particular air reverser consists of counter-

unk sharp-edged holes, and the thickness of the air reverser wall and the hole diameter

are in the same order of magnitude. Therefore, the holes are modeled as sharp-edged slot

nozzles with an angle of 45 degrees.

wall

Pressure oulet Pressure oulet..
web(waIJ)

Vv:J\7Vwalld"' d"' wall
// I //

I
I

wall
Pressure in let wall

1

Figure 5. Schematic of Computational Domain



Figure 6 represents the main dimen ions of the computational model. The main

variables are the average flotation height (he) and the tilt angle of the web (~). The main

objective of this study is to analyze an air reverser with tilted web. Therefore, mesh in

the region ~urrounded by tilted web and air reverser must be more refined than the other

areas.

(-15, I 0) (45.10)

Yc
(L--1-5-,0-)--~--l-O,-O)-I----:''''''''---' V :;Iv ..-------r-----r-~---(4-5..-l0)

(0,-5) (30,-5)

Figure 6. Dimensions of the Computational Model

All computation in this report are preformed under the following common

conditions:

• Supply pressure (Po) 2.49 kPa (10 inches of water)

• Wall roughness zero (ideal case)

• Width of the web 0.762 m (30 inches)

• Width of the slot (b) 0.60mm (0.024 inches)

• Cross-direction pitch (SeD) 25.4 mm (1 inch)

• Machine-direction pitch (SMD) 19, J mm (0.75 inches)

• Length of the air reverser 0.762 m (30 inches)

9
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Table 1 lists the values of the major variables. The slot width and the width of web

were not changed this study.

Table 1. Conditions of Calculation

he (mm) Tilt Angle, B(de g)
4 0.00 0.25 0.50 - -
6 0.00 0.25 0.50 0.75 -
8 0.00 0.25 0.50 0.75 l.00
10 0.00 0.25 0.50 0.75 l.00

3.3 Validity of the Computational Model

In order to obtain correct solutions, several factors, which can affect numerical

stability and accuracy of the solution, are considered.

3.3.1 Grid

Grid type must be compatible with the geometry because it mu t represent the

behavior of the flow field throughout the model. The triangular grid, which is a type of

unstructured grid, is used. Unstructured cells can be very fine in the high gradient zone

and around very complex geometry. Cells may be coarse in the other areas. Mesh

refinement can be done using the "Adapt" menu of FLUENT. Therefore, triangular

meshes have geometric flexibility. In order to capture details of flow near slots more

refined grids are used there. In order to obtain reasonably detailed result near the web,

800 nodes were placed along the web.

The main disadvantage of unstructured grid is that it may lead to an increase in

numerical diffusion because the flow is not being aligned with the grid. Numerical

diffusion occurs due to truncation errors during a computation. In order to reduce the

10



effects of the numerical diffusion on the solution, the second-order discretization scheme

can be used. The second-order discretization scheme is given under the "Solve" menu of

FLUENT.

3.3.2 Skewness

Another way to enhance the accuracy and the stability of the solution is to reduce the

skewness of the grid. The skewness is defined as the difference between the shape of a

cell and that of an equilateral cell with equivalent volume. The FLUENT manual

suggests to keep the average skewness less than 0.5.

3.3.3 Viscous Model

The structure of turbulent boundary layer flow is very complex., random, and

irregular. A correct selection of viscous model i very important. Several turbulence

models such as Reynolds Stress Model (RSM) and k-E model are available in FLUENT.

The k-E model is recommended for applications such as fuUy developed pipe flow, where

nuid flow does not undergo sudden changes. According to Tannehill, Anderson, and

Pletcher (1997), the Reynolds Stress Model yields more accurate result than the other

models for flows with sudden changes in the mean strain rate. Figure 7 represents the

static pressure profile on a non-tilted web obtained by using two different turbulence

models. The ripples in the pressure are due to the impingement of air jets.

11
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Figure 7. Comparison of Two Different Turbulence Models

It is seen that, the k-£ model predicts higher static pressure on the web than the

Reynolds Stress Model. The Reynolds Stress Model or tress-equation model i mainly

used in this study. This model is recommended for accurate analysis of turbulent flows,

especially in near wall regions. On the other hand, Reynolds Stress Model has more

numerical complexity than the k-£ model, because it does not assume that the turbulent

shear stress is proportional to the eddy viscosity (Boussinesq assumption). The Reynolds

Stress ModeJ is more prone to diverge than the k-£ model. Reducing the relaxation

factors or changing initial conditions can help overcome this problem. A viscous model

can be selected under the "Define" menu and the sub menu of "Model", In order to

successfully solve the flow in near-wall regjons, non-equilibrium wall functions are

12
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selected. The non-equilibrium wall functions are recommended for the flows which

undergo Iarge pressure gradients and rapid change of the mean flow.

Properties of the fluid such as density and viscosity must be selected under the

"Material" menu, and the initial values and boundary conditions must be specified. The

air is assumed as ideal gas. AU the material properties are evaluated at 300 K. The

solution convergence criterion is set to be I x 10-5 in advance. The residuals convergence

of continuity, x and y velocities, energy, and stresses are monitored until the convergence

criterion is satisfied or until the static pressure acting on the web stops changing.

3.4 Procedure of Computational Modeling

GAMBIT is used to create a suitable computational domain, and FLUENT is used

to solve the fluid dynamics. Modeling starts using GAMBIT, which is used to

accomplish the following steps:

I) Create the geometry of the computational model.

2) Discretize the computational domain using an appropriate grid type.

3) Specify appropriate boundary conditions.

4) Export the generated mesh to be used by FLUENT.

Then use FLUENT to do the remaining tasks as follows:

I) Select an appropriate space formation (two-dimension or three-dimension).

2) Read the case file (exported mesh file).

3) Check the grid.

4) Convert units if necessary.

5) Check and smooth/swap grids.

L3
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6) Select a suitable turbulence model.

7) Select material properties.

8) Initialize the flow domain.

9) Specify boundary conditions.

10) Specify solution parameters.

11) Set convergence criterion.

12) Solve the flow domain.

13) Monitor residuals.

14) Use adaption if necessary.

15) Export the results.

l4
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CHAPTER 4

COMPUTATIONAL RESULTS

Computational results are presented and discussed in this chapter. In order to

obtain accurate computational results, the grid should adequately represent the flow field.

Therefore, prior to investigating computational results, the grids generated in the

computational domain are examined. Figure 8 represents the grid generated for the case

of a non-tilted web (he = 10 mm). In order to capture the details of the flow, the grid

should be fine near the slots and along the web.

...
• 4' a •. .

./ .. . .
,/ ... ' .. - to .

.. « l' .. ,.. ,......... ~.. .." ..
' t ',,',...

f": iii. ". ' .... 1Ii ......

, • , ~ ......... : •.."••~.. r: .. fI- .........,

.. .. .. .. ", ". .. .. .. .. : t Ill. t

.. ~ .. •• t ~ ,.,,,, IiI•• : If. :' •

,. .. .. . ...... ...
.. .. • .. ' " .. ' .. I,," ...

~ • .. ... .. • ~ 'r ... t .. "
++' :'.:-. ,." ....

..'

r
Figure 8. Grid Around the Slot for Non-Tilted Web (he = 10 mm)
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4.1 Non-Tilted Web

Th a rodynamic for a non-tilted b i amin d tir 3111 riabl. and lh ir

ranges are Ii ted in Tabl I. h a rag tlotati n hei ht i d in the ranoe of 4 111m

to 10 mm. Figure 9 through I I r pr s nl the cont ur r it n ar the I ft: edg

repre ent the contour of velocity n ar the I ft .dg , the c I1ter regi 11, and til right dg

middl region and the right edoe re p cti

respectively, for he = 10 mm.

for he = 4 mm. leur 12 thr ugh 14

5.17e+01

466e+01

4.14e+01

3.62e+01

3.10e+01

2.5ge+01

2.07e+01

, .55e+01

1.03e+01

5.17e+00

0.00e+00

Contours of Velocity Magnltude (m/s) Nov 11, 2000
FLU NT 5.4 (2d, egre led, M)

Figure 9. Velocity Contours near the Left Edge (he = 4 mm and ~ = 0 deg)
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Contours of Velocity Magnitude (m/s) Nov 11,2000
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Figure 10. Velocity Contour in the Centeral Region (he = 4 mm and ~ = 0 deg)

Figure 11. Velocity Contours near the Right Edge (he = 4 mm and ~ = 0 deg)
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Figure 12. Velocity Contours near the Left dge (he = 10 mm and P= 0 d g)
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Figure 13. Velocity Contours in the Centeral Region (h = 10 mm and P= 0 deg)
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Figure 14. Velocity Contours n ar the Right dge (h = 10 mm and ~ = 0 deg)
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It is observed that the air velocity is very low in the central region (Figures 10 and

13), and it increases with the distance from the center. The flow velocity become

maximum near the left and right edges of the web. The ripples in the pressure profile are

due to the impingement of air jets. This effect is less significant near the central region

for small flotation heights.

Static pressure reaches its maximum value in the central region and it decreases to

the ambient pressure (zero gage pressure) at the edges. The static pres ure tends to

decrease with increase of flotation height. Figure 16 represents the effect of flotation

height on shear stress on the web. The shape of the shear stress profiles on the web

implies the net lateral force due to friction is zero. It is seen in Figure 16 that in the

central region, the effect of jet impingement is more prominent for he = 10 mm than the

he =4 mm. The same trend is observed in Figure 15 also.

20
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b = 0.6 mm

SeD = 25.4 mm

W = 0.762

Po =2.49 kPa

Tilt angle = 0.00°
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Figure 16. Effect of Flotation Height on Shear Stress
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Figure 17. Effect of Flotation Height on Lift Force
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4.2 Tilted Web

Aerodynamic forces on a tilted web are analyzed for variou values of flotation

height and tilt angle. The tilt angle is limited by the width of web and flotation height;

one edge of web touches the air reverser when the tilt angle is large. Te t conditions are

listed in Table 1.

4.2.1 Static Pressure Distribution

Figures 18 through 21 represent static pressure profiles across the web for

different flotation heights and different tilt angles .
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Figure 18. Effect of Tilt Angle on Pressure Distribution on the Web (he = 4 mm)
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Figure 21. Effect of Tilt Angle on Pressure Distribution on the Web (he = 10 mm)

It is seen, in Figures 18 through 21, that the pressure profile becomes asymmetric

when the web is tilted. The location where the cushion pressure is maximum moves

towards the left edge (the closer to the air reverser surface than the other edge). Note that

the location of maximum pressure is the transition point where the direction of air flow

changes. For example if we consider the case of he =10 mm and p= 1.00 degree shown

in Figure 21, the air in the region a :::; x < 0.17 m flows toward the left hand side edge,

while the air in the region 0.17 :::; x < 0.762 m moves in the opposite direction. Note also

that the effect of the horizontal flow on the jet flow is more significant near the right hand

side edge, where the flotation height is larger than the other edge.
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Figure 23. Velocity Contours near the Right Edge (he = 4 mm and ~ = 0.50 deg)
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4.2.2 Shear Stress Distribution

Wall shear stress (aerodynamic friction) profiles are obtained for variou value

of the average floatation height and tilt angle as shown in Figure 26 through 29. When

the web is not tilted, the shear stress magnitudes appear to be symmetric but the direction

of stress changes in the central region where the direction of flow changes. The net

lateral force, therefore, is to be zero as discussed in later eetion. The sharp spikes in

shear stress graphs are due to the impingement effect of air jets.

When the web is tilted, the shear stress magnitude profile loses symmetry and the

location where the shear stress changes its direction moves towards the left edge.
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Figure 26. Effect of Tilt Angle on Shear Stress (he =4 mm)
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Figure 29. Effect of Tilt Angle on Shear Stress (he = 10 mm)

4.2.3 Lift Force

Lift force per unit length of the web is obtained by integrating the pressure profile

along the width of the web.

w

L =f p·dy
o

(3)

The trapezoidal method is used for approximating the lift force on the web. The

graph is fe-plotted in Figure 31 to show the lift force data normalized by the values for

non-tilted web. It is seen that the effect of tilt angle on the lift force is insignificant in the

range of computations.
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4.2.4 Lateral Forces

Lateral aerodynamic force on a tilted web is from two causes: aerodynamic

pressure and friction. The lateral force due to aerodynamic pressure is obtained by

multiplying the lift force with the sine of tilt angle. That is,

Fy(due 10 pressure) = -F)' SinlfJ)
IV

= - JpdySin(p)
o

(4)

The lateral force due to friction is obtained by integrating the wall shear stress

profile along the width of the web.

W

F.l'(due to friction) =Jr web' dy
o

(5)

These two effects (pressure and friction) are compared in Figure 32 for the average

floatation height of 4 mm for various values of tilt angle. It is clear that the effect of

pressure loading is dominant, and the effect of aerodynamic friction i practically

negligible. The same trend is observed for all different values of the average floatation

height considered (Figures 33 through 35).

31



20

0 Due to pressure

15 0 Due to friction

--E
b =0.60 mmZ- 10

r..~ SeD =25.4 mm

Col W =0.762 rn(,j..
Po =2.49 kPac£ 5-ell h =4 rnm.. c(li.....

ell
....:I 0

-5

0.0 0.2 0.4 0.6
Tilt angle, ~ (deg)

O.R 1.0

Figure 32. Effect of Tilt Angle on the Latera] Force (he =4 mm)

1,00.8

o Due to pressure

o Due to friction

0.4 0.6
Tilt angle, ~ (deg)

0.2

b = 0.60 mm

SeD =25.4 mrn

W = 0.762 m

Po = 2.49 kPa

h = 6mm
c

25

20

- 15e
"-z-
~ .... 10

Col
(,j..
0.... 5-ell

""Col.....
ell

0..J

-5

0.0

Figure 33. Effect of Tilt Angle on the Lateral Force (he = 6 mm)

32



20

b =0.60 mm 0 Due to pressure

15 h =8mm 0 Due to frictionl,;

SCD = 25.4 mm- W =0.762 mIS....... 10Z Po =2.49 kPa-
~;>.,

Q,I
C,,/ 5-0....-~-Q,I.... 0~

..J

-5

0.0 0.2 0.4 0.6 0.8 1.0

Tilt angle, P(deg)

Figure 34. Effect of Tilt Angle on the Lateral Force (he = 8 mm)

20

b = 0.60 mm 0 Due to pressure

15 SCD = 25.4 mm 0 Due to friction

W =0.762 m

e Po = 2.49 kPa
.......

10:z h =10 mm- c
~;>.,

~
C,,/

5-0....
-;-Q,I....

0~

..J

-5

00 0.2 0.4 0.6 O.l5 1.0

Tilt angle, P(deg)

Figure 35. Effect of Tilt Angle on the Lateral Force (he =10 mm)

33



-

The lateral force due to pressure loading is shown in Figure 36 as a function of tilt

angle for different values of average flotation height. It clearly hows that the lateral

force increases with the tilt angle but decrease when the flotation height increases. The

range of tilt angle is limited in the graph because the web touches the air reverser surface

when the angle is too large.
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Figure 36. Lateral Aerodynamic Force on Tilted Web

4.2.4 Discharge Coefficient

The affect of discharge coefficient is discussed in this section. The mass flow rate

of a round jet can be calculated as

34
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and the mass flow rate of a plane jet per unit length through the lot of width b can be

calculated as

~Qs1ar =CPbVp (7)

where C is the coefficient of discharge, which is known as 0.6 (Rober on and Crow,

1978). Discharge coefficient is calculated based on the computational results. FLUENT

can directly provide the mass flow rate of a jet through a slot. The average pressure in

the web-reverser clearance is calculated by creating two points on the sUlface using

"Point" command and then calculating pressure at each point. Table 2 represents the

mass flow rate, pressure in the gap, pressure difference, and discharge coefficient for

each flotation height considered. In the table, the "pressure in the gap" means the

average value of two gage pressures determined on the air reverser surface at t12.7 mm

(0.5 inches) from the center of the slot nozzle, and "pressure difference" indicates the

difference between the supply pressure (Po =2.49 kPa) and the pre ure in the gap. As

seen in Figure 37, the discharge coefficient varies with the flotation height.

Tahle 2. Values of Variables Used to Determine Discharge Coefficient

he (mm) Mass Flow Pressure in the Pressure Discharge
Rate (kg/ms) Gap (kPa) Difference (kPa) Coefficient

4 0.00643 2.417 0.073 0.801
6 0.01338 2.204 0.286 0.840
8 0.01948 1.931 0.559 0.875
10 0.02421 1.549 0.941 0.839
12 0.02703 1.209 1.281 0.802
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Figure 37. Variation of Discharge Coefficient

4.3 Comparison with Analytical Results

The CFD (Computational Fluid Dynamics) re ults are compared with the

analytical model developed by Chang (October 2000). The analytical pressure profile on

the web is

(
2CbI -al' -aW 11)'] 2_ _ 1--- e . +e e

Pweb - Po P0 SCD I + e -aW

and the analytical lift force per unit length of web is

L = W _ (1- 2Cb 11- e-
2aW

+ 2ae-
aW

W]2
Po Po S (1 -aW)2

CD a +e

where a =.fi~ . and H is the flotation height which is constant.
HSCD
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4.3.1 Pressure Distribution

The computed pressure profiles obtained using FLUENT are compared with the

analytical model (Chang, October 2000). In all cases considered, as shown in Figure 38

to 41, the analytical model under predicts the cushion pressure when compared with the

computational results. Note that the discharge coefficient is a umed 0.60 in the

analytical model, while current computational study shows that the discharge coefficient

varies with the flotation height (Figure 37).
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Figure 38. Comparison of Pressure Profiles for he =4 mm
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Figure 41. Comparison of Pressure Profiles for he = 10 mm

4.3.2 Lift Force and Lateral Force

The computational lift force tends to overpredict when compared with Chang'

analytical model, and the difference increases with the flotation height, as shown ill

Figure 42. Figure 43 through 46 show comparisons of lateral force. Note that the

analytical model determines the lift force for only non-tilted web so that the analytical

lateral force is

(10)
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Figure 46. Comparison of Lateral Forces for he = 10 mm

The computational pressure profiles are compared again with Chang' analytical

model but with a modification to the discharged coefficient for the analytical model. The

discharge coefficient is corrected based on the computed values, the computational and

analytical pressure profile seem to agree well as shown in Figures 47 through 50.
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CHAPTERS

CONCLUSIONS

The aerodynamics of a non-tilted and tilted web wrapping over an air reverser

was analyzed computationally. The computational model includes the effects of air

compressibility and viscosity. The effects of important design parameters such as tilt

angle of the web and floatation height were examined. The range of variables is shown

in Table 1. The computational results were compared with the analytical model

developed by Chang (October 2000). The following conclusions were obtained based on

the current computational study:

• The effect of tilt angle on lift force is negligible for small tilt angles.

• The lateral force on a tilted web due to aerodynamic pressure is dominant, and the

effect of aerodynamic friction on the lateral force is negligible.

• The lateral force on the tilted web can be obtained by FI' = FSin(/3) where the lift

force F for a non-tilted web can be predicted.

• When the web is tilted, cushion pressure near the left edge (with smaller flotation

height) is higher than that near the right edge.

• The cushion pressure decreases with the increase of flotation height.

• The cushion pressure increases with the tilt angle.
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• The maximum pressure for a tilted web is higher than the maximum pre ure for a

non-tilted web, when all conditions, including the average floatation height, are the

same.

• The lift force decreases with the increase of flotation height.

• The latera] aerodynamic force (due to pressure) increases with the tilt angle.

• The latera] aerodynamic force decreases with the increase of flotation height.

• Discharge coefficient changes with flotation height.
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CHAPTER 6

RECOMMENDATIONS FOR FUTURE STUDY

It is recommended to extend the computational study as follows:

• Experimentally verify the computational results.

• Conduct a three-dimensional computational analysis.

• Include the effect of flexible web, and obtain solutions that satisfy both fluid

dynamics and web deflection equation.

• Conduct more detailed study of discharge coefficient for a variety of test conditions.
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