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WITHDRAWAL AND DRAINAGE OF GENERALIZED
SECOND GRADE FLUID ON VERTICAL CYLINDER WITH
SLIP CONDITIONS

M. FAROOQ', M. T. RAHIM!, S. ISLAM?, A. M. SIDDIQUT?

ABSTRACT. This paper investigates the steady thin film flows of an in-
compressible Generalized second grade fluid under the influence of non-
isothermal effects. These thin films are considered for two different prob-
lems, namely, withdrawal and drainage problems. The governing conti-
nuity and momentum equations are converted into ordinary differential
equations. These equations are solved analytically. Expressions for the ve-
locity profile, temperature distribution, volume flux, average velocity and
shear stress are obtained in both the cases. Effects of different parameters
on velocity and temperature are presented graphically.
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1. INTRODUCTION

In recent years, the world has immense curiosity in the study of non-
Newtonian fluids from both fundamental and practical points of view [1-2,
16-20]. The study of non-Newtonian fluids is very important because of its
applications in several industrial and engineering processes. The familiar ex-
amples of such fluids are paint, shampoo, mud, ketchup, blood, polymer melts,
certain oils and greases, clay coatings and many emulsions. Both theoretically
and practically the flow analysis of such fluids is very vital. Theoretically
speaking, flows of this type are essential in fluid mechanics. From practical
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point of view, these flows have applications in many manufacturing processes
in industry. Non-Newtonian fluids are comprehensively studied by researchers
primarily involving the analysis of the resultant differential equations. In ap-
plied sciences, such as physics or rheology of the atmosphere, approach to fluid
mechanics is in an experimental set up leading to the measurement of material
coefficients. Due to vast variety in the physical structure of non-Newtonian
fluids, it is not easy to propose a single constitutive equation which exhibits
all properties of non-Newtonian fluids. Therefore, a number of fluid models
have been proposed to predict the non-Newtonian behavior of different types
of materials. Amongst these, the Generalized second grade fluid model has
attained special attention [9].

Recently, thin film flows have attracted the attention of various researchers.
This is because of their applications in many manufacturing processes in indus-
try. But no appropriate attention has been given to thin film flows concerning
non-Newtonian fluids even though the literature on such flows is widespread
for Newtonian fluids [3]. Siddiqui et al. [4, 7] and Hayat et al. [14, 15] have
made few attempts dealing with thin film flows of non-Newtonian fluids.
Many researchers have been attracted by the flow and heat transfer inside thin
films [10-12]. This is due to their vast applications in engineering and indus-
try such as food stuff processing, fiber and wire coating, reactor fluidization,
transpiration cooling, polymer processing, gaseous diffusion, heat pipes and
fluidic cells of many biological and chemical detection systems. Lavrik et al.
[13] considered the problem of chambers for chemical and biological detection
systems such as fluidic cells for biological and chemical microcantilever. In ma-
jority of the problems related to flow and heat transfer studies, the power-law
fluid model is taken as the non-Newtonian fluid. Only unpretentious interest
has been devoted to the studies where the effects of viscous dissipation are
incorporated, although its importance has been shown in many cases such as
polymer processing.

In the present manuscript, we discuss thin film flow problems of a Generalized
second grade fluid by using a vertically moving cylinder and again down a
stationary vertical cylinder. In both cases, the approximate analytical solu-
tions of the resulting differential equations are obtained subject to appropriate
boundary conditions. In view of their practical weight, expressions for velocity
profile, volume flux, average velocity and shear stress are also calculated. To
the best of our knowledge these problems have not yet been reported. At the
end graphical results with discussion are given for various physical parameters
appearing in the solution. An important observation which we note is that
Generalized second grade fluid shows the power law model results for steady
case.
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2. BASIC EQUATIONS

The basic equations governing the flow of an incompressible, non-Newtonian
fluid including thermal effects are:

divV =0, (1)
DV
POy = pf — gradp + divT, (2)
Do
pCpﬁ =kV?O + 1L, (3)

D
where V is velocity vector, Di is material time derivative defined as

S0 =5+ V7)o,

p is constant density, fis body force, p is dynamic pressure, O is temperature,
(), is specific heat constant, x is thermal conductivity and 7 is extra stress
tensor which is defined differently for different fluids. The extra stress tensor
for Generalized second grade fluid is given by

T = pefr A1+ a1As + azAf, (4)

where a1 and ag are normal stress coefficients, picyy is effective viscosity 7 is
flow consistency index, m is flow behavior index, A; and As are the first and
second order Rivlin Ericksen tensors which are defined as

A =L+L", L=gradV,
DA,
Ay =
7 Dt

For Generalized second grade fluid, p.rs as a function of the shear rate is
defined as

+ A L+LTA;.

1 3
Heff =1 <§t7’A%> ;

It is worthwhile to mention here that for m < 0, fluid is pseudoplastic or shear
thinning, for m > 0 fluid is dilatant or shear thickening and for m = 0 we
obtain second grade fluid model. On the other hand if oy = as = 0, equation
(4) reduces to the power-law model. Furthermore, if m = o3 = ag = 0 we
obtain the classical Newtonian model. It is important to note that the flow
behavior index m has the limits —1 <m < 1 [8].
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3. WITHDRAWAL PROBLEM

We consider a Generalized second grade fluid falling on the outer surface of
an infinitely long vertical cylinder of radius R which moves vertically upward
with constant speed wq as shown in figure 1(a). The flow is in the form of a
thin uniform axisymmetric film of thickness § in contact with stationary air.
Gravity effect is in downward direction. We choose z-axis in the middle of
cylinder and r normal to it. We suppose that motion is steady and there is no
variation with respect to the component . Thus velocity field and temperature
distribution are of the form

V =[0,0,w(r)] and © =0O(r). (5)

< —r™
| i
Stationary air I r
g9 — Stationary air
|
|
|
I w(r)
e;f;i{ 2

1(b)

Fig. 1: Geometry of the problems

In view of the above profile (5), equation (1) is identically satisfied and
equation (2) gives

t of tum: 0=~ 22 4 (20, + ag) 2L | (L 26)
r —component of momentum: 0= ——- artaz) - =
6 —component of momentum: 0= —%%, (7)
z —component of momentum:0 = —pg — % + gdir [r <d—1:> ] . (8

The velocity profile is obtained from equation (8). If we consider p, the atmo-
Ip

5 = 0, therefore equation (8)

spheric pressure (constant), then we can take
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S o ey 9)
rdr dr n
which is highly non-linear ordinary differential equation. Using profile (5) in
the energy equation (3), we obtain
" [—“’] —0. (10)

dr? = rdr dr

reduces to

The boundary conditions associated with these differential equations are

Free space boundary condition:

T, =0 and %zO at =R+, (11)

Slip boundary condition:

w=wy— Py |r=r and O =0y at r=R, (12)

Trz =1 % .

Integrating equation (9) with respect to r and applying the free space boundary
condition (11) we get

where

_1

1
dw pg\ "1 [(R+6)? mt1
() | (13)

Using the Binomial series, equation (13) can also be written as

e 1

1 .
dw _ _(pg)m 2y () _ED e
dr <2n> (R+29) HZ( i (R+5)2"r o (14)

=0

3.1. Solution of the withdrawal problem.

3.1.1. Generalized second grade fluid (m # 0). For m # 0, solutions of equa-
tions (14) and (10), when boundary conditions (11) and (12) are applied, are

2 mLH 0 s 1 N\ (1N —2i+%
et (55 0) () ()

2n = mt1

» [T2i+mL+l B R2i+m711D 7 (15)
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pg\ mit i mi2 (1)
("') @O + < ) <m+1> . m
2n A <2i + m%l) (R + 0)22(0)

RY+ i { 7 2 22 } iy _m r
X [ 31— (= + (R+0)" w4 In ( — (16)
G )
Volume flux, @, in cylindrical coordinates, is given by
R+6 27
Q= / /r w(r) db dr. (17)
R 0
Using profile (15), equation (17) becomes
R+9
Q = mun (R +0)2 — B?) + o (%) <(T) R) (R +6)* - R?)
1~ i —2i+—==
o <pg> e Z <n++1> (=D'(R+ 5) i
i 3m—+ i 3m+2 24 M
(R _|_ 5)2 tonrt m+1 R2 + R m+1 2 9
6)" — 1
The average film velocity, V, is defined as
- Q
V= ) 19
m[(R+ )2 — R?] (19)
Therefore V for the upward moving cylinder is given by
1
5 (R +9)? P9\ ™ = (T
V=wy+p ( ) < 7 - R 2 o ; ; X
i Smt2 i Smt2 . om
(_1)2 (R + 5)—27;4-%“ ((R + 5)2 o — R2 + o ) R22+rﬂ (20)
20+ o ((R+6)2 — R?) (22' - —%;”jf) 2
Shear stress on cylinder is
pg(R + ) R \?
A R I ey e 21
Trslr=R 2R R+ 1)
Introducing the non-dimensional parameters
r w o O — 0Oy pgR? W3 ey
T*:_uw*:_aé*:_7@*_ S: ) r = )
R wo R @1 @0 Wo Heff Ii(@l — @0)
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where ©1 is reference temperature, S; is Stokes number and B, is Brinkman
number, equations (15) and (16), after dropping ' * ’, become

1
N A N A R
w_1+2w0< R R 2 ; i

(1) (L&)
X [T — 1] ;

<2i+ #) " 29)
o (S m2 (1)’
@_BT<2> zz%( Z'H>(2z'+mi+1)(1+5)2i
X ﬁ {1 - r%*#l} 4 (14 )2t lnr} . (24)
i+

which are the dimensionless velocity profile and temperature distribution for
Generalized second grade fluid, respectively.

3.1.2. Newtonian fluid (m = oy = ag = 0). Taking m = 0 and using boundary
conditions (11) and (12), solutions of equations (14) and (10) are

w = wp— % [(RZ — )+ 2(R+0)2In (%) - % (R+0)? - 32)] . (25)
CI o—g<%>2 W{((lnrﬁ—(lan)—ln(R—|—5)1n (%)}
+ 1—%(7“‘*—1%‘*)—@(7“2—1%2)+2(R+5)2ln<%) (26)

Volume flux, @, is calculated from equation (17) by using equation (25), which
is

Q =wor ((R+6)* — R?) — %” [4(3 +6)*In <RTT5>

—2(R+0)% (R+6)> — R?) — (R+6)* — R?)’ (% + 1)] (20

The average film velocity, V is then given by

- pgr | 4(R+6)*In (RTT‘g)

o 2np6
V= o TR 02 = RY)

—3(R+5)2+R2—?((R+5)2—R2)
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Shear stress will remain the same as that of the Generalized second grade fluid
given by equation (21).

4. DRAINAGE PROBLEM

Here we consider, Generalized second grade fluid now falling on the outer
surface of a stationary infinitely long vertical cylinder of radius R, as shown
in figure 1(b). The flow is in the downward direction due to gravity. The
governing equations (2) and (3) become

1d dw\™ ! 09
20 1de dw]™?

and the associated boundary conditions are

Free space boundary condition:
Tr» =0 and —ZQ:O at r=R+9, (31)
r

Slip boundary condition:
w=—0T;|lp=r and O =0y at r=R, (32)

Integrating equation (29) with respect to r, and using the free space boundary
condition (31), we get

1
m+1

By using the Binomial series, equation (33) can be re-written as

1 .
dw ([ pg\ ™+t 2 #H (=1)" g1
= <2n> (R+96) +§:%< T ) wreE T (34)

4.1. Solution of the drainage problem.

4.1.1. Generalized second grade fluid (m # 0). Solving equations (34) and
(30) for m # 0 by using the boundary conditions (31) and (32), we obtain the
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velocity profile and temperature distribution for the Generalized second grade

fluid as
_ Peg ((BAO PN (9 Li T
2 R 21 o\
i —2i+ m L m

oy 1 () (e S}
@ - ®0+ K <2T]> Z< Z ( . . m+2)

2% + mL) (R + 5)2’—2(m+1

These are the explicit expressions for the velocity field and temperature distri-
bution of thin film of a Generalized second grade fluid down a vertical cylinder
in case of the drainage problem. From solutions (16) and (36) we observe that
the temperature distribution for both withdrawal and drainage problems re-
main the same even though the velocity profile in each case is different. To
calculate volume flux, @ , we use equation (35) in equation (17) to get

o — _moeg ((R+5)2_R> (R+0) — )

2 R
1 . . 2
o/ L —1) —2it oy
wpon (L9)7 s () (DR T
2n P i 2i+

((R +6)2 W R 355?5) R+ y

X 3y B2 -— (R+6)° — R*)|(37)
m+

The average film velocity, V, is then obtained from the formula listed in equa-
tion (19) as

3m+2

(R o) 2t [ ((R+0)F00 - R ) parecny
2+ (R +6)2 — R?) (21’ I 3m+2) 2

m—+1



60 M. Farooq, M. T. Rahim, S. Islam, A. M. Siddiqui

(%)

Introducing the dimensionless parameters defined in equation (22), the non-
dimensional velocity profile and temperature distribution for the Generalized
second grade fluid in the case of drainage problem are

B80S (140 S\ & /L
w__2w0< R _R>+<?> Z( z+1>

=0

Shear stress on the surface of cylinder is

pg(R + 6)?

2R (39)

Trz ‘r:R =

——2z
x (= ) (14 0)miT |: 2ty 1} (40)
(22 + m——l—l)
and
o = B (é)m B —
2 i=0 v <2Z + m+l) (1 + 5)22
v ;{1—#”#1} 40P e (41)
(21 + m——l—l)
respectively.

4.1.2. Newtonian fluid (m = a; = az = 0). Solving equations (33) and (30)
for m=0 with boundary conditions (31) and (32), we obtain

wo= 1 [(32 r2) + 2(R 4 6)*In (%) 2}7%5 ((R+6)? Rﬂ , (42)
o = @0—g<%>2 %;J{((lnr)z—(lnz%f)—ln (R+6) In (%)}
- 16( — R - W (r* — R?) + Z (R+6)*In (}%) (43)

Again it is observed that the temperature distribution for Newtonian fluid in
both the withdrawal and drainage problems remain the same. Expressions for
volume flux and average film velocity are

Q= % [4(3 +6)1n <RTT5> —2(R+6)?((R+9)* - R?)

—((R+06)* - R?)? (2;7%5 - 1>] (44)
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and

7 pIT 4(R+6)*In (RT‘@)
8 | (R+0)2— R?)

—3(R+6)2+R2—%((R+5)2—R2)

respectively.
Shear stress for Newtonian fluid is also given by equation (39).

5. RESULTS AND DISCUSSION

In this paper we studied thin film flows for withdrawal and drainage prob-
lems using a non-isothermal, incompressible Generalized second grade fluid on
cylindrical surfaces. In both problems differential equations and the associated
boundary conditions are developed. The approximate analytical solutions of
both problems are obtained by using the binomial theorem.
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Fig. 2: Effect of m on velocity for withdrawal problem 2(a) and drainage
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Fig. 3: Effect, on dilatant fluid, of Stokes number S; on velocity for
withdrawal problem 3(a) and drainage problem 3(b).
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Fig. 4: Effect, on pseudoplastic fluid, of Stokes number S; on velocity for
withdrawal problem 4(a) and drainage problem 4(b).

It is observed that the obtained solutions (23), (24) and (35), (36) are strongly
dependent on the non-dimensional parameters, Stokes number S;, Brinkman
number B,, and the flow behavior index m. The effect of flow behavior index
m on velocity profile and temperature distribution for both problems is inves-
tigated in figures 2 and 5. In figures 3 and 6, the effects of S; and B, numbers
on velocity field and temperature distribution are depicted for the shear thick-
ening (dilatant) fluids where as figures 4 and 7 are given for the shear thinning
(pseudoplastic) fluids. For withdrawal problem it can be observed in figure
2(a) that magnitude of velocity decreases as the fluid is becoming thicker and
vice versa, while figure 2(b) is given for the drainage problem. For withdrawal
problem, the effect of Stokes number, S, on velocity profile is given in figure
3(a). It is evident that gradient of velocity decreases as Sy increases, while fig-
ure 3(b) for the drainage problem shows that there is a direct relation between
the Stokes number S; and velocity of the fluid w(r). Increase in temperature
can be seen in figure 5 as the fluid is becoming thicker.
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Fig. 5: Effect of parameter m on temperature for both problems.
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Fig. 6: Effect, on dilatant fluid, of S; and B, numbers on temperature for
both problems.
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Fig. 7: Effect, on pseudoplastic fluid, of Sy and B, numbers on temperature
for both problems.

The effects of S; and B, numbers on heat transfer in dilatant fluids for both
withdrawal and drainage problems are shown in figures 6(a) and 6(b) respec-
tively. Raise in the temperature is evident from these figures as the values
of the Stokes and Brinkman numbers are incearsing, while graphs for pseudo-
plastic fluids are given in figures 4 and 7.

6. CONCLUSION

We have considered steady, incompressible thin film flow for two different
problems i.e., withdrawal and drainage problems for the Generalised second
grade fluid and obtained series solutions. Explicit expressions for velocity field,
temperature distribution, volume flux, average velocity and shear stress are
obtained in both problems. It is important to note that normal stresses have
no contribution for steady Generalized second grade fluid flow. We do not
observe any contribution of power law model verses Generalized second grade
fluid model as solutions (15) and (35) for velocity profiles and also solutions

(16) and (36) for temperature distributions are same as that of the power law
fluid.
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