International Journal of

I"EAT and MASS
TRANSFER

PERGAMON

International Journal of Heat and Mass Transfer 46 (2003) 631-641
www.elsevier.com/locate/ijhmt

Analysis of flow and heat transfer inside oscillatory
squeezed thin films subject to a varying clearance
A.-R.A. Khaled *, K. Vafai **

* Department of Mechanical Engineering, The Ohio State University, Columbus, OH 43210, USA
® Department of Mechanical Engineering, University of California, Riverside A363 Bourns Hall, Riverside, CA 92521-0425, USA

Received 31 May 2002; received in revised form 3 August 2002

Abstract

The flow and heat transfer inside a non-isothermal and incompressible thin film having its upper plate slightly in-
clined from the horizontal and undergoing an oscillatory squeezing motion is investigated in this work. Two models are
analyzed: low and large Reynolds number flow models. The corresponding governing equations for each model are
properly non-dimensionalized and solved numerically. The main controlling parameters for the dynamic and thermal
behavior of the inclined thin film are found to be the amplitude of the upper plate motion, squeezing Reynolds number,
squeezing number, thermal squeezing parameter and the dimensionless slope of the upper plate. It is found that
fluctuations in the axial and normal velocities are greater for convergent thin films than for divergent thin films.
Furthermore, Nusselt numbers and their amplitudes are found to decrease with an increase in the dimensionless slope of
the upper plate. Finally correlations are obtained for Nusselt numbers and their corresponding amplitudes for two

different thermal conditions: constant wall temperature and uniform wall heat flux.
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1. Introduction

Flow and heat transfer inside thin films have received
a significant amount of attention in the recent years
because they are widely utilized in many engineering
applications such as in lubrication, heat pipes, micro-
channels and fluidic cells. External disturbances such as
unbalances in rotating machines and increased noise
levels from the surroundings can result in oscillatory
relative motions between the plates surrounding the thin
film. Even small oscillating motions can have a sub-
stantial impact because the thickness of thin films is very
small. Accordingly, the dynamics and thermal charac-
terization of thin films will be altered.

* Corresponding author. Tel.: +1-909-787-2135; fax: +1-909-
787-2899.
E-mail address: vafai@engr.ucr.edu (K. Vafai).

The chambers for chemical and biological detection
systems such as fluidic cells for chemical or biological
microcantilever probes (Lavrik et al. [1]) are an impor-
tant example for applications of thin films. Small noise
levels that may be present at the boundaries can produce
flow instabilities inside the fluidic cells. These distur-
bances have large influence on the measurements of the
detecting elements specially those utilizing microcanti-
levers. These detecting elements are very sensitive to flow
conditions. Therefore, a special design for these fluidic
cells such as considering converging or diverging thin
films is needed in order to transport the target proteins
to the probes with minimum effects of turbulence or
thermal disturbances.

There are many studies that have investigated flow in
hydrodynamic or squeezed thin films like Langlois [2]
who solved analytically the momentum equations for
hydrodynamic pressure in isothermal squeezed films with
fluid density varying according to the pressure. Later
on, towards the end of the 20th century, the interest in
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Nomenclature

B thin film length

¢y specific heat of the fluid

H.h dimensionless and dimensional thin film
thickness

h. convective heat transfer coefficient

ho reference thin film thickness

k thermal conductivity of the fluid

Nu local Nusselt number

Pr Prandtl number

P thermal squeezing parameter

J4 fluid pressure

q heat flux at the lower plate

Ry, Rs lateral and squeezing Reynolds numbers

T temperature in fluid

T fluid inlet temperature

T, temperature at the lower and upper plates
(CWT)

t time

U,u dimensionless and dimensional axial veloci-
ties

V., v dimensionless and dimensional normal ve-
locities

X,x dimensionless and dimensional horizontal
coordinates

Y,y dimensionless and dimensional vertical co-
ordinates

Greek symbols

Q,Q"  vorticity and dimensionless vorticity

¥, ¥  stream function and dimensionless stream
function

p dimensionless squeezing motion amplitude
& perturbation parameter

y dimensionless frequency

n variable transformation for Y-coordinate
K dimensionless slope of the upper plate

u dynamic viscosity of the fluid

0 dimensionless temperature in flow field

p density of the fluid

a squeezing number

T,7" dimensionless time

v kinematic viscosity

) reciprocal of a reference time (reference

squeezing frequency)
14 variable transformation for the dimension-
less x-coordinate

Subscripts
L lower plate
m average value for velocity and mean bulk

value for temperature
U upper plate
W lower plate for temperature (UHF)

studying flow inside squeezed thin films increased.
Hamza [3] and Bhattacharyya et al. [4] have studied the
squeeze effects on the temperature distribution inside the
thin film. However their works were concerned with flow
between two parallel disks and were simplified to a one-
dimensional flow case. Recently, Khaled and Vafai [5,6]
considered heat transfer in incompressible squeezed thin
films with sinusoidal squeezing for two different models:
low and large Reynolds number models. To the authors
knowledge the literature lacks studies that are concerned
with the effects of pressure squeezing on flow and heat
transfer inside convergent or divergent thin films which is
related to a number of application such as fluidic cells
utilizing detection of biological agents.

In this work, the effects of external squeezing on flow
and heat transfer inside thin films having its upper plate
slightly inclined are studied. Thin films with positive
inclination forms divergent thin films while they become
convergent films when the inclination is negative. The
governing equations for both low and large Reynolds
number flow models are non-dimensionalized and then
solved numerically and the influence of squeezing Rey-
nolds number, dimensionless amplitude of the upper
plate’s motion, squeezing number, thermal squeezing
parameter and dimensionless slope for the upper plate

are determined on both flow and heat transfer charac-
teristics inside non-flat thin films. Finally, few correla-
tions are generated for Nusselt numbers at the exit of the
thin film as functions of both the dimensionless slope of
the upper plate and the dimensionless amplitude of the
upper plate’s motion for two thermal conditions: con-
stant wall temperature (CWT) and uniform wall heat
flux (UHF).

2. Problem formulation

Consider a two-dimensional thin film that has a small
thickness & compared to its length B. The x-axis is taken
in the direction of the length of the thin film, the hori-
zontal direction, while y-axis is taken in the vertical di-
rection along the thickness of the thin film as shown in
Fig. 1. The lower plate of the thin film is horizontal and
fixed while the upper plate is inclined and allowed to
have sinusoidal vertical motion such that the thickness
of the thin film can be expressed according to the fol-
lowing relation:

h:h0<l —ﬁcos(ywt)—i—rcg) (1)
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Squeezing

u=0, v=h,0yBsin(ywt), T, or — =0

u=V,, T; or

u=v=0, T or g=const.

Fig. 1. Schematic diagram and boundary conditions.

where 7 is the dimensionless frequency and «, § and w
are the dimensionless slope of the upper plate of the thin
film, dimensionless amplitude of the upper plate’s mo-
tion and a reference frequency, respectively. It is as-
sumed that the fluid is Newtonian and having constant
properties.

2.1. General model

The general two-dimensional continuity, momentum
and energy equations for the laminar thin film are given
as

ou Qv
240 2
Ox + dy )
Ou Ou ou op u  u
P(a+%ywaﬂ—‘a+ﬂﬁﬁ+aﬁ )
ov ov ov op v o
AT ATk I -4 4
p(6t+u6x+b®> ay+“(m4+aﬁ) @
c a—T+ua—T+va—T =k az—TJraz—T (5)
P\ o T TPy ) T e T oy

where T, p, p, 1, ¢, and k are the fluid temperature,
density, pressure, dynamic viscosity, specific heat and
the thermal conductivity of the fluid, respectively.

A generalized set of boundary and initial conditions
for this problem are

u(x,0,6) =0, u(x,ht)=0,
-0,

v(x,0,¢) v(x, h,t) = howyp sin(ywt)
op(0,y,¢
%:Ch P(By%f):l?e
N (6a)
T()C7O,[) =1
T(x,ht) =T, T(0,9,1) = Ti,
oT (B, y,t
%:07 T(x7y70):T1

where p,, T} and T, are application specified constants.
When the value of C is set to zero, there will be no flow
entering or leaving the thin film at x = 0. However,
negative values of C; insure that flow is always entering
the thin film. The constant C; is function of time and will
be determined later based on the assumption that the
average velocity at the inlet is constant. This assumption
can find its applications in thin films having flows driven
by gravity such as in the fluidic cells used by Raiteri et al.
[7]-

Another set of thermal boundary and initial con-
ditions corresponding to UHF that will be considered
are

T(x,y,0) =T, T(0,y,8) =T, *k%;m:q’
Mkt o 0 (TwBO-TEXDY L (g
on o Ox Tw(B, t) _Tm(B7t) B

where ¢, u, and n are a constant represents the heat flux
applied at the lower plate, the mean axial velocity at the
exit and the direction normal to the upper plate, re-
spectively. It is assumed that the upper plate is insulated
which can model certain applications like biological
fluidic cells that require isolation from the external en-
vironment. Note that Ty and T;, are the temperature of
the lower plate and the mean bulk temperature which
are defined later. The suggested exit thermal boundary
condition as shown in condition (6b) was proven in the
literature for steady state conditions (see Edwards et al.
[8]). Also, it was shown numerically in the work of
Khaled and Vafai [6] that this condition represents a
good approximation for the exit thermal condition for
flat sinusoidally squeezed thin films.

2.2. Low Reynolds numbers flow model

Egs. (2)-(5) are non-dimensionalized using the fol-
lowing dimensionless variables:

X y
X=2, Y=2
5 Y= (7a,b)
T=wt (7c)
u v
— B V=_—_ 7d
i Ve (7d.¢)
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P~ Pe
) (R R 7f
o+ 5) 7
T—-T,
9271 (7g)

where T; and 7, are the temperature of the fluid at the
inlet and a constant representing a reference dimensional
inlet velocity, respectively. AT is equal to 7, — 7} for
CWT conditions and it is equal to gho/k for UHF
conditions. The variables X, Y, t, U, V, IT and 0 are the
dimensionless forms of x, y, ¢, u, v, p and T variables,
respectively. The above transformations except for di-
mensionless temperature have been used by Langlois [2]
along with the following perturbation parameter:

=t )

where A 1s a reference thin film thickness.
The resulting first-order dimensionless continuity and
momentum equations are

oU 1 14

=0 9)
X T (1+nk)oy
ol U oU oU oU

(10)
oIl
P 11
3y =0 (11)

where Rs and Ry are squeezing and lateral Reynolds
numbers, respectively. They are given as

Rs :ph§w7 R :pVoho (@)

12a,b
L L i B (av)

The solution to Eq. (10) for low Reynolds numbers in
absence of any boundary translational effects is

_lon

20X
Eq. (13) along with Eq. (9) can be solved to determine
the Reynolds equation [9]

()Y —H) (13)

0 oIl OH
—(H =) =0— 14
X ( ax) ir (14)
where ¢ is the squeezing number and it is equal to

12
o= Fp (% (15)

Eq. (13) reduces to the following after solving Eq. (14):
1 . Y Yy
UX,Y,t)= ﬁ[aﬁstm(/r) + () (17) (ﬁ _ 1)
(16a)

The corresponding normal velocity is found to be by
solving Eq. (9)

VXY, 7) = [2<1 73"%> <;>3
+3(1 _2%)() <%)2] Bysin(yr)

6Cik | (YN (7Y

The constant C; can be obtained by equating the flow
rate at the inlet calculated by integrating Eq. (16a) at
X =0 to the average velocity at the inlet which is as-
sumed to be constant (i.e. reference axial velocity 7})
multiplied by the inlet film thickness. This results C; to
equal to —(12 — ¢)H (0, 7). Accordingly, Egs. (16a) and
(17a) are can be written as

1
UK, Y, ) = 5 [ofX sin(ye)

~ (12 - ¢)H(0,7)] (g) (gf 1)

(16b)

V(X,Y,7) = Bysin(y7) {3(1 —2%)() (;)2
=05 ()
GG e

Next, Eq. (5) is reduced to the following when dimen-
sionless variables (7) and (8) are used

o0 12 00 o0 ,0%0 %0
where Ps is the thermal squeezing parameter and it is
defined as follows:
Ps = Rs Pr (19)

where Pr = pc,v/k is the Prandtl number of the fluid.
2.3. Large squeezing Reynolds number flow model

It is convenient to solve the vorticity equation
and stream function formulations for cases with large
squeezing Reynolds numbers. These equations are listed
below in dimensional form:

a_Q+ a_Q+ 6_9—) 62_Q+62_Q (20)
a " Py T e T

o’y oY

W+a—)/2:_g (21)

where Q and ¥ are the dimensional vorticity and stream
functions, respectively. The vorticity and stream func-
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tions are related to the velocity components through the
following:

v Ou

o= 2
ox Oy (22)
oY oY

—a, U——a (23371'))

The following dimensionless variables are suggested
X Y

X==, Y= 24¢

o ¥=2 (242,b)

T=wt (24¢)

Q b4

o . S |/ . S— 24d,

(Vo +B)/ho ho(Vo + ©B) (24d,¢)
T—-T
0= AT (24f)

where Q° and ¥* are the corresponding dimensionless
values for Q and Y, respectively. The introduction of
variable (24¢) in Egs. (23a,b) results in the following
dimensionless velocity components:
u v
U=——, V=—r—— 25a,b
Vo + B’ (Vo + wB) (25a,b)
The dimensionless vorticity-stream function formula-
tions for the flow inside the thin film and the dimen-
sionless energy equation are

00 (| R (V2R ov o
ot Rg oY oX 0X oY

1 [, 2o
=% (s T ) (26)
;Y Ry
2 — _ O
(8 e + e ) =-0Q (27)
p(O0 (1 R (220 _ov 2
S\ ot RS Y aX X oY
620 %0
“axtor (28)

The following transformations are used to avoid time
and spatial dependent grid points:

=1 (=X
Y
H(X,1)

(29a,b)

n= (29¢)
The boundary conditions can then be easily written in
the dimensionless form in terms of the squeezing number

as the following for the stream function formulation Eq.

Q7):
62 * %
‘P*(O,n,r*):(l 1‘72) (0,71, e (lnT)

o0&

IR
=

(30a,b)

¥'(£,0,7)=0 (30c)
v = (1 f%) ) - (%)éﬁysm( )
(30d)

while the next are the boundary conditions for the
vorticity equation (26)

?PH(0,n,") 2ni® 3P*(0,1,1)
* ¥\ __ a2 s ' s 'y
O = "”( o 0,7 o
2nk *¥(0,n,77)
TH(0,7)  ocy (312)
0 (1,n,7%) N {C4(1 — fcos(yt*) —K)—ZCyc}Q*(l )
o [ (G- peosry+r) | 0T
(31b)
. . QU(0,77)
(60,7 = Hop
y o 0U(¢1,1)
Q1) = Hon (31c,d)

Boundary conditions (30b) and (31b) are approximated
boundary conditions derived based on the fact that the
upper plate is slightly inclined and that the velocity at
the exit of the thin film has the following order of
magnitude:

Ci + Cyé

U= T'P(W) (32)

where p(n) is a certain function of 7. The parameters Cs
and C, are

C3:<1 162) 0.7,

Cy=— (12>ﬂysm(vr) (33a,b)

The thermal boundary conditions for plates having a
CWT are

0(&,0,t) =1, 0(&1,7)=1

o _go 00(1,nt)  wkndb(ln 1)
0(07;77’[)_07 af _E 61’]

(34a,b)

(34c,d)

while the corresponding thermal boundary conditions
for uniform heat flux conditions at the thin film plates
are

00(¢,0,7%) 1
Hoy 7
00(¢,1,77)  &kH 00(¢,1,7)
on 14 e2x? ¢ (352,5)
0(0,7,7") =0 (350)
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00(1,n,7) _wn 00(1,n,7")  00w(1,1")
o8 H Oy o¢
OW(laf*) — 0(17177’5*)
B |: OW(LT*) - Om(lv'[*) :|
00w (l,7) 00n(l,7%)
{ S ]

where 0, and Ow are the dimensionless mean bulk and
lower plate’s temperatures, respectively. Eq. (35d) can be
used for CWT conditions for relatively large Ps values
noting that Ow(1,7*) =1 in this case. The boundary
conditions (35b) is obtained by resolving the tempera-
ture gradient at the upper plate along the n-direction
since the upper plate is insulated.

(35d)

2.4. Calculated parameters

The calculated thermal parameters that will be con-
sidered are the Nusselt numbers at the lower and upper
plates. They are defined according to the following

equations:
CWT
heuho 1 20X, H, 1)\’
Nuy(X,7) = =
uy(X,7) = — 10m(X,r)(( oY
L o0\
¢ X
heLhg -1 96(X,0,7)
X1)=—"—=
Nup(X, 1) k 1-0,X,1) oY
(36)
UHF
thhO !
X,1) = =
Nu (X, 1) == 0(X,0,7) — 0,(X, 1) G7
1 H
em(X,r>=W/o UX, Y, 7)0(X,Y,7)dY
H
Um(X,r):l/ UX,Y,7)dy
H J,
(38)

where U, is the average dimensionless axial velocity. 4.y
and A are the convective heat transfer coefficient at the
upper and the lower plates, respectively.

3. Numerical analysis

Eqgs. (18), (26) and (28) are first transformed to the
new computational domain (&, n,7*) and then solved
using the alternating direction implicit method (ADI),
see Ref. [10]. After each half time step for Egs. (26) and
(28), Eq. (27) was solved using the method of successive
over relaxation SOR. The dimensionless velocities in

Eq. (26) as well as the dimensionless vorticity at the
plates of the thin film, seen in Egs. (31c,d), were calcu-
lated initially at previous half time steps and then cor-
rected by consecutive iterations until the convergence
criteria is satisfied.

In the numerical results, the value of the dimen-
sionless frequency was chosen to be 3.0. Note that other
values will result in similar physical behavior. Based on
extensive numerical experimentation for the large Rey-
nolds number model, the values of 0.0125, 0.05, 0.001
and 10~ were chosen for A¢, Ay, At* and the maximum
error for stream functions in Eq. (27), respectively.
However, a finer mesh was selected for the low Reynolds
number model because less computational time is nee-
ded for this model. For highly convective cases, thermal
and momentum axial diffusions can be neglected com-
pared to axial convections and therefore errors associ-
ated with exit boundary conditions was found to be
negligible.

The time history of the exit Nusselt number for both
models was compared for similar controlling parameters
for UHF conditions except for Rs which is allowed to
vary from a negligible value to a value of 10 keeping a
constant value for the thermal squeezing parameter.
Both models were found to give a good agreement as
shown in Fig. 2. The difference between the results is
ascribed to additional inertia effects that are present in
the high Reynolds number flow model. Also, different
mesh sizes were used for both models. Accordingly, a
parametric study is performed to investigate flow and
heat transfer inside non-flat thin films.

A: Model of Small Reynolds Number

Rs=A5,10

Nu

Fig. 2. Comparison between small and large Reynolds models
(UHF).
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4. Discussions of the results
4.1. Low Reynolds numbers flow model

Figs. 3 and 4 illustrate the effect of dimensionless
slope of the upper plate of the thin film x on the Nusselt
number for CWT and UHF conditions, respectively. It
is noticed that all Nu; and Nuy for CWT condition and
Nuy, for UHF condition have oscillatory behaviors. Note
that Nuy is zero for the UHF condition. Further, both
Nuy, and Nuy for CWT condition and Nuy for UHF
condition decrease as k increases due to a decrease in the
average axial velocity as x increases. An interesting
feature for inclined thin films is that the variation in the
Nusselt number decreases as x increases. This can be
recognized from Figs. 3 and 4. Moreover, it is noticed
from Fig. 3 that Nuy is always greater than Nup for
convergent thin films while the opposite is true for di-
vergent thin films.

As initial thermal effects diminish, kinks are noticed
to appear for Nusselt numbers as in Figs. 2 and 3 due to
the transition with the steady periodic solution. These
are clear for divergent thin films and at larger o values.
This is because the increased fluid volume in divergent
cells and the decreased inlet velocities for larger o values
increases the transient effects and accordingly we see
these kinks occur at further times. These kinks can be
seen in many vibrated dynamical systems.

The axial distribution of Nu; at two different times is
shown in Figs. 5 and 6 for CWT and UHF conditions,
respectively. Nup is almost constant for x = 0.0 except
near the inlet where the flow is not thermally developed.
However for cases where « is different than zero, Nuy

Fig. 3. Effects of x on Nu (CWT).

5.0

45 -

4.0

3.5

3.0 4

Nu,

2.5

2.0 H

1.5

1.0 T T T T T T

Fig. 4. Effects of x on Nu (UHF).

increases almost linearly as ¢ increases far from the inlet
for negative values of k and it decreases almost linearly
for positive values of «k as & increases. The influence of x
on 0y, is shown in Fig. 7 for CWT condition. The values
of 6, are noticed to increase as k decreases due to in-
creases in the convective heat transfer coefficient. It can
be seen for UHF conditions (Fig. 8) that average lower
plate temperature Oy is found to increase as x increases
due to a decrease in the convective heat transfer coeffi-
cient. Further, it is noticed that the average Ow has an

8.0
———————— T =1.69n R=10
751 v=2n | p=0.1
70 £=0.1
1=3.0
65 - c=8.0
6.0 -
55 -
s 50| x=0250002505
=z
45 |
40
35 -
3.0 -
25 -
20 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0

g

Fig. 5. Effects of k on the development of Nu; (CWT).
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7.0
———————— '=1.69n| Fs=1.0

6.5 =2z ]3=0.2
€=0.1
Y=3.0
55 0=5.0

6.0

5.0 4
45 | «=-0.25,0.0,0.25,0.5
g 40

3.5 4

3.0
2.5
2.0 4

1.5 4

1.0 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0

3

Fig. 6. Effects of x on the development of Nuy (UHF).

1.0
09
0.8
0.7
06
o 05 |
04
03
02 - ;S::{O
01 1] oy
5=8.0

0.0 T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

<4
Fig. 7. Effects of x on 0, (CWT).

oscillatory behavior almost similar to the upper plate
motion with a phase shift.

4.2. Correlations

The mean value of the Nusselt number Nu,, and the
fluctuation in the Nusselt number are defined as follows:

N 2n
Num(X) = - / Nu(X,7")d" (39)
27 Jon(-(1y)

1.0

0.9

0.8 4

o
3
|

w
o
o

|

x=-0.25,0.0,0.25,0.5

Average 6
o
[,]
|

o
'S
|

0.3
R=1.0
0.2 4 p=0.2
€=0.1
0.1 4 ¥=3.0
0=5.0
0.0 T T T T T T
0 1 2 3 4 5 6
-
Fig. 8. Effects of x on average 0w (UHF).
ANM _ (Numax - Numin) (40)

2

Table 1 contains correlations for both the mean value of
the Nusselt number and its corresponding fluctuation.
The maximum error between these correlations and the
numerical results are 3% for the Nusselt numbers and
about 6% for the values of ANuy,/Nuy, and ANuy /Nuy,,.

The following equation characterizes of the Nusselt
number variations for both CWT and UHF conditions

Table 1

Correlations for the mean Nusselt numbers and fluctuations in
Nusselt numbers: (Ps = 1.0, e =0.1 and ¢ =5.0; 0.1 < <04,
—0.25<k<0.5)

Condition Correlations

CWT Nuy, = 3.853¢ 004X [(] 4 KX)Z _ 521,0_497
ANy - 1.361

= 1.674 0.678KX 0.0478

NuLm ¢ ( + ﬁ)

CWT Nuy, = 3.846¢7194Y[(] + KX)Z _ ﬂz]"“‘%
ANuy = 1.675¢ 0619 (0.0468 + f)'**
Nuy,,

UHF Nuy, = 2.719e" V7 [(1 + KX)Z _ [32]’0'519
ANus, _ 1.187¢ 1163 g1.026
Nu;_m
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as a function of dimensionless time t* in the absence of
transient effects and viscous dissipation.

Nup, (X, 1)1/ (1 + kX)* — f
(1 = Beos(yr) + kX)

Nup(X,7) = (41)

The values of Nuy, in Eq. (41) are obtained from Table 1
and can be used for different ¢ and Ps values as long as
the Nusselt number is evaluated far from the inlet. In
this region, the flow can be said to be thermally fully
developed. Eq. (41) can also be applied for evaluating
the Nusselt number at the upper plate for CWT condi-
tions.

4.3. Large squeezing Reynolds number flow model

Fig. 9 shows the effects of Rs on the dimensionless
velocity profiles at maximum relief velocity for a flat thin
film. Although the average velocity for the studied case
is positive, negative velocities appear near the lower
plate for Rg greater than 40 as shown in Fig. 9. This
instability or flow separation is due to reductions in the
flow kinetic energy and increases in fluid pressure as a
result of upper plate relaxation. The critical Rg value
that causes flow separations near the plates decreases as
the dimensionless slope x increases as shown in Fig. 10.

Figs. 11 and 12 explain the influences of dimension-
less slope of the upper plate x on the axial and normal
velocity profiles at the exit of the thin film, respectively.
Axial velocities and the corresponding shear rates in-
crease as k decreases as illustrated in Fig. 11. For un-
disturbed thin films, the minimum normal velocities are

0.8

p=0.3
£=0.1
=3.0

0.7 4

0.6 4

0.5 -

0.4

0.3

0.2

0.1

0.0 K7

-0.1 T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0

n

Fig. 9. Effects of Rg on U profiles (high Rg).

0.7

Rs=10

06 - &=0.25 $=0.3

0.5

04 -

o 0.3

0.2

0.1 4

0.0

0.1 T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20
n

Fig. 10. U profiles for large x value.

2.0 :
k=-0.2 | 1:1"=3n/2 | Rg=1.0
18 4 | k=04 |2: 1*=5¢/3 | p=0.2
3 '=11nf6| £=01
empy | 1930
4728 | 5o533
£=1.0

B e B

0.0 |:' T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50
n

Fig. 11. Effects of x on U.

for flat thin films but convergent thin films have higher
normal velocities than divergent ones because these ve-
locities are proportional to the gradient of the axial ve-
locities which is proportional to «/(x + 1)*. Yet the
variation in normal velocities near the fixed plate of
squeezed thin films can be minimized significantly for
divergent thin films. This can be seen from Fig. 12. Also,
Eq. (17b) suggests that divergent cells having x near
unity have a minimized normal velocities near the lower
plate for small values of f and at large values of o.
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Fig. 13. Effects of x on 0, (large Pr, CWT).

The effects of x on 0, at dimensionless times t* =
3n/2, 5n/3, 11n/6 and 2x is exemplified in Fig. 13 for
CWT conditions. Values of 0, for the studied conver-
gent thin film, x = —0.2, is found to be greater than
those for the studied divergent thin film, x = 0.4. The
increased axial velocities in convergent thin films results
in an increase in the convective heat transfer coefficient.
This in turn increases the heat transfer to the fluid for
CWT conditions. Accordingly, 0, increases as x de-

creases. It is further noticed from this figure that fluc-
tuations in 6, at the exit of the thin film increase as k
increases as in divergent thin films.

5. Conclusions

The effects of external squeezing of the upper plate
of a thin film that has a linearly varying thickness with
the horizontal distance have been considered on flow
and heat transfer for a wide range of squeezing Rey-
nolds numbers. In the present study, the governing
equations have been non-dimensionalized and reduced
to two categories: low and large Reynolds number flow
models. Both categories were compared at a limiting
case and were found to be in excellent agreement. It
was found that flow instabilities and flow separation
occur at lower squeezing Reynolds number for diver-
gent thin films in contrast to convergent thin films.
However, fluctuations in the axial and normal velocities
were found to be greater for convergent thin films as
compared to divergent thin films. Further, Nusselt
numbers and their amplitudes were found to decrease
when the dimensionless slope of the upper plate was
increased. Convergent thin films were found to be
thermally more stable as lubricating thin films, micro-
channels or fluidic cells of chemical or biological nano-
sensors. Finally the instability in the dynamic behavior
of divergent thin films at large squeezing Reynolds
numbers can for example eliminated by using magnetic
devices at the exit.
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