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Non-isothermal spherical Couette flow of Oldroyd-B fluid

A. Abu-El Hassan*, M. Zidan and M. M. Moussa

Abstract. The present paper is concerned with non-isothermal spherical Couette flow of Oldroyd-
B fluid in the annular region between two concentric spheres. The inner sphere rotates with a
constant angular velocity while the outer sphere is kept at rest. The viscoelasticity of the fluid
is assumed to dominate the inertia such that the latter can be neglected in the momentum and
energy equations. An approximate analytical solution is obtained through the expansion of the
dynamical variable fields in power series of Nahme number. Non-homogeneous, harmonic for
axial- velocity and temperature equations and biharmonic for stream function equations, have
been solved up to second order approximation. In comparison of the present work with isother-
mal case; [1,2], two additional terms; a first order velocity and a second order stream function
are stem as a result of the interaction between the fluid viscoelasticity and temperature profile.
These contributions prove to be the most important results for rheology in this work.
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1. Introduction

Rheological measurements of viscosity and normal stresses in non-Newtonian lig-
uids have attracted the attention in the last few decades. These measurements are
mainly performed on the basic assumptions that viscoelastic shear flow in geomet-
rical annuli is steady, uniform axial and isothermal. Any significant departure from
this base flow could lead to appreciable errors in the predicted material properties
[3,4,5]. Early theoretical and experimental observations, however, have revealed
that these simple flow assumptions are not always valid in practical situations,
and prediction of rheological parameters under these assumptions may lead to sig-
nificant errors. One of the major sources of error in predicting using simple flow
assumptions are elastic flow instabilities.

Although most of the previous work related to viscometric instruments dealt
with the prediction of secondary flow due to the elasticity of the fluids, few of these
were able to report well enough the structure and origin of the instability [6,7,8,9].
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In a flow that is unstable as a result of inertial or capillary forces viscoelasticty can
either stabilize or further destabilize that flow, depending on the particular flow
and the fluids rheology [10]. Some practical instability flow categories; namely,
Taylor—Couette, cone-and-plate, parallel plate, etc... have been analyzed in the
review paper reported by Larson. [11].

Another important sources of error is the temperature rise due to viscous dis-
sipation. When a fluid is sheared, some of the work done is dissipated as heat
which causes an increase in temperature within the fluid. Because of the high
viscosities of polymeric fluids, especially polymer melts, a temperature rise due
to viscous dissipation may considerably affect the isothermal flow field; as stated
in the present work. Moreover, fluid parameters, such as viscosity and relaxation
time are very sensitive to temperature changes [12]. In spite of this crucial impor-
tance of the temperature dependent flow phenomenon, relatively little attention
has been paid to the non-isothermal flow of viscoelastic fluids until the last few
years [9,13,14]. In solving non-isothermal viscoelastic flow problems, coupling re-
lation between the momentum and energy equations should be achieved using a
non-isothermal constitutive equations along with temperature-dependent material
properties [15].

It is of interest to show that numerous works have been dealt with spherical
Couette flow of Oldroyd-B fluid isothermally, both theoretically and experimen-
tally, Yamaguchi et al. [16,17,18]. Recently, Abu-El Hassan [1,2] investigated
the same problem for Oldroyd 8-constant constitutive model, where Oldroyd-B is
taken as a special case, using a power series technique.

The present boundary value problem (B.V.P) is concerned with non-isothermal
steady state shear flow of Oldroyd-B fluid in the annular region between two
concentric spheres. The inner sphere rotates with a uniform angular velocity w
about the z-axis centered in the origin of the system and the outer sphere is at
rest. The successive approximate method of solution is performed through the
expansion of the dynamical variables in power series of Nahme number. A non-
homogeneous, harmonic axial-velocity and temperature equations, and biharmonic
stream function equations have been presented and then solved up to second order
approximation. Two additional contributed terms; namely, a first order axial-
velocity component and a second order stream function have been appeared as
a result of the interaction between viscoelasticity and the temperature profile.
These contributions, which don’t exist in the isothermal case, prove to be the
most important results in the present work .

To the best of our knowledge there is no analytical analysis of the non-isothermal
spherical Couette flow of Oldroyd-B fluid is performed until yet [14,19)].
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2. Governing equations

We consider the non-isothermal flow of an incompressible viscoelastic fluid in the
gap width between two concentric spheres of radii Ry and Ry (Rz > Rp). The
fluid is subjected to a shearing motion by rotating the inner sphere with a con-
stant angular velocity w about z-axis which passes through the center of the two
spheres. The spherical polar coordinate (r, v, ¢) is the most adequate system for
the present B.V.P. For Reynolds number Re = 0, the effect of inertia is negligible.
The dynamical equations, in dimensionless form, that governing the flow field are
respectively the continuity, the momentum and the energy equations, namely

V-V=0 (2.1)
~VP+V - (1-B)e®d+71)=0 (2.2)
V20 + Na[(1-B)e ®d+1]: VV = (2.3)

where V is the velocity field of the fluid, defined in (7,4, @) system of coordinates
as V.= V. (r,0)7 + Vy(r,9)0 + V,,(r,9)@, P is the pressure, T is the polymeric
contribution to the stress tensor, d is the rate of deformation tensor defined as
d=VV + vvl g = %“ with 1o = np, + 1s, Where 19, 1p, and 7y, are; respec-

tively the zero-shear-rate, polymer and solvent viscosities. © is the dimensionless
temperature which related to the reference temperature Ty by

@5(%1). (2.4)

T is the dimensional temperature and J is the dimensionless thermal sensitivity
defined by

5. To|on

_ , (2.5)
o |97 |p_g,
The Nahme number Na is defined as [9, 14],
(5R2 2
Na = % (2.6)

where k is the thermal conductivity of the fluid.
A non-isothermal version of the Oldroyd-B constitutive model based on the
pseudo-time hypothesis [3,12] gives the following equations for the extra stress T

-0

T+ De%@/a (Z —7(V-V)In(1 + @/5)) — Be©d (2.7)
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2
where De = \w is the Debora number related to Na as Na = 5,?;5}5 De, ) is

. . . V.
the relaxation time of the fluid at reference temperature Ty and 7 is the convected
derivative of 7; given by

ot

=E+K-V;—;-VK—(;~VK)T. (2.8)

N

In this paper the material parameters have been modeled as in [9, 14, 20, 21] by
a Nahme type law. The solvent and polymer viscosities are given respectively by

Ns = Nse”©  and Np = npoe_e (2.9)
and the relaxation time by
MT) = M (2.10)
140/ ’

3. Boundary conditions

The boundary conditions are no slip at the surface of the two spheres which has
the same constant temperatures, hence

() wonfE) () w

where a = R2/R; is the geometrical parameter and ©, is the dimensionless tem-
perature of the two spheres at temperature T..

4. Method of solution

The perturbation method of solution is used to solve the present B.V.P. Let us
define

H:%@/(S’ G=(w-V)In(1+©/§) and De=zNa (4.1)
where z = M}%’Q’\Ué. The following simplifications are considered:
no frjw
V(e ®)=e®V-d-%) (4.2a)
V. {H@e <¥ - TG) } =e €A (4.2b)
where

2 =35,7 + Sgd + D (4.2¢)



Vol. 59 (2008) Non-isothermal spherical Couette flow of Oldroyd-B fluid 5

A =Ad+ Mg+ Ay (4.2d)
with their components
S = 0 ,di + ldig (4.2¢)
T
Ai=H(V-¥),— HG(V - 1) + (HG,, + H,G — HO,,G)Y,;
1 v A%
+ ;(HG.ﬂ +HyG— HO yG)Ty; + (H, —HO )Ty (4.2f)
1

\Y%
+ ;(Hﬁ - H®.19)71%

where i = 7, ¢ and ¢.

The momentum equation, Eq. (2.2), may be decomposed into a scalar equa-
tion governing the p-component and a vector equation including the r- and ¥-
components. Using Eqs. (4.2) into Eq. (2.2), then

V2(V@) = £,0 — NazAyp =0 (4.3)
~VP+e© [((v -d); =%, — Nazh, )i+ (V- d)y — %y — NamAﬂ)ﬁ} =0. (4.4)

Equation (4.3) can be written in the simplified form

D1V, - %, — NazA, =0 (4.5)
where 1 1
Ao 1 ) ]
Dy = —|9:(r?0,) —|—33(—Sin19319(31n19)>] (4.6)
Introducing a stream function ¥ defining as
N . v
Vi + Vod = —V A (rsmﬁf) (4.7)
and notice that
O.9

V A [e_@{(ET + NazA, )t + (39 + NaxAg)ﬁ}] =—¢© [ — (3, + NazA,)

T
1
+ 0,3y + NazxAy) — ;{ar(ng + NaxrAy) — 09(Zr + NamAT)}}@
(4.8a)
and

valeov - va (o) )]

_ 1 el 3 O,  ~ R
= ——e 0| D3 — ©,0,(Dy ) — =5 0n(D2W)| . (4.8b)

Taking the curl of Eq. (4.4) and using Egs. (4.8) we get:

D2U — VO - V(Dy¥) +sin9[(O . — 9,)(rSy + NazrAy)
—(©9 —09)(Zr + NazA,)]=0 (4.9)
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where

Dy =02+ S%ﬁaﬂ <Lﬁaﬁ) . (4.10)

sin
For ©/§ << 1 we can expand the functions H and G, Egs.(4.1), with taking the
first two terms only, one gets

1 ~Y
H = m ~1-0/ (4.11a)
and
G=V -V)In(1+06/5)=(V-V)0/d. (4.11b)
e

Also, the expansion of the function e~ can be written as

e = %7070 — =% (1 _ 0+ 0,). (4.11c)

The last assumption is true in the case of temperature difference between the fluid
and the solid spherical boundaries must satisfy the condition

AT 1

T, o

The present B.V.P. reduces to solve Egs. (4.9), (4.5) and (2.3) in order to find

the stream function, velocity fields in ¢-direction and the temperature profile,
respectively.

These equations are solved now by using the method of successive approxima-

tion through the expansion of the functions d, 7, V,,, ¥ and © in power series

(4.11d)

with respect to the Nahme number in the form
A=A0 4 NaA® 4 Na2AD ...

where A is any one of the above variable functions. The expansion parameter Na
in our case is of order Na =~ 0.03 depending on the values of the radius R; of the
inner sphere and angular velocity w.

4.1. Solution of the zero order approximation

The governing set of equations in this case is reduced to

A2.3(0) 0y . 0% A3 (0)
D2w f(@,r ar+?aﬂ)(pgxp )

+sind[(OF —0,)r5y” — (0 — 0,5 =0
(4.12)
Vel =0 (4.13)

DV -3 =0 (4.14)
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with boundary conditions

\Ij(o) — \11(79) =0 at r = 1, a (4153,)
00 =0, at r=1,a (4.15b)
Véo) =sind,0 at r =1,a; respectively . (4.15¢)

Employing Eq. (4.2 e) show that 2 and 21(90) are just operators acting on W(%)
so the solution of Eq. (4.12) subjected to the boundary conditions (4.15a) gives

v =, (4.16)

This means that, in zero order approximation the radial and angular velocities are
zero. If we look at Eq. (4.13), the solution which satisfy the boundary conditions
Eq. (4.15b) is

0 =@, (4.17)
This means that there is no temperature distribution inside the annular spherical

gap in the zero order approximation.
For Véo), using Eq. (4.2e) and notice that 2500) =0, Eq. (4.14) reduces to

1 ) 1 o
= [aT(r ) + Oy (M(% smﬁﬂ v =o. (4.18)
The solution of Eq. (4.18), which satisfies boundary conditions (4.15 c) is
3,.—2
0 ar T —r .

This is the classical Newtonian velocity field.

4.2 Solution of the first order approximation

The governing set of equations in this case is
R R 0™ . R
D) — 00, (Dyw) — —-0y(Dy ¥ M) — 6()0,(D, )

ol . (4.20)
——Tg 819(D2\I/(0)) + s1n19[@,(£) (7“21(91) + I‘TAS))) — Q(S) (251) + xAgo))
0

=0, (r8) +arA ) + 0y(5 +2AL) +rOP 8P — O8] =

v2eW 4 O {g(o) _ g (Z(O) _ ;(O)G(O)ﬂ vV @ =9 (4.21)

DV, — 5,0 A, =0 (4.22)
with the boundary conditions

v =g, W =0atr=0,1 (4.23a)
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oW =0atr=0,1 (4.23b)

Vv,V =0atr=0,1. (4.23¢)

Equations (4.20), (4.21) and (4.22) can be simplified to take the form:

D2u® 4 1442(1 4 ©,/6)Be=®*(a® — 1)abr " sin? ¥ cos ¥ = 0 (4.24)
9O qb
20(1) —6 )
\V4 6( ) = *mr 4+ sin ) (425)
D1V, 4 36*(a® — 1)1 3 sinv0 P =0 (4.26)

For U(1) the general solution of Eq. (4.24) is written as

O,\ Be ©rql
‘I’(l)(ﬁ V) = (617’2 + o+ e Feur® — x(l + %) ﬁrg’) sin? ¥ cos 9
(4.27)

where the coefficients c¢1, ¢o, ¢3 and ¢4 can be determined from the boundary con-
ditions Eq. (4.23a), see on App. A. Also the general solution of Eq. (4.25) for
oW ig

e Oqf

—64 46
oM (r,9) = (05 +cer! - 27”_4> P0+<C7r2 +cgr 3 + B 27“_4> p,.

(a® —1) (a® —1)
(4.28)

Py and P, are the associated Legendre polynomials and the ¢’s coefficients can be
determined from the boundary conditions, Eq. (4.23 b), App. A.

For Vw(l) velocity, taking into account Eq. (4.28), the general solution of Eq.
(4.26) is

8 ¢
VM (r,9) = 3(a® - 1)"1d® Kcur + cror % — E(CQTS +eror ) + 23
) _5 e®ab .\
+ﬁ087‘ + m?" sin ¢
9 5 e ©ab o

_ c _ .
+ <09T3 —+ C1oT 4 Z’Y — 1—6087' — mr S1H3 19:| .
(4.29)

The ¢’s coefficients can be determined from the boundary conditions Eq. (4.23 ¢);
App. A.
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4.3 Solution of the second order approximation

The governing set of equations in this case is outlined as follows
D3O — [005,(D24) + 00,y 0) + 670, (D)

1 . . .

3 [@Fg)aﬁ(pgxp@)) + 00 ay(Dw ™) + ng)aﬁ(Dpr(O))]

+ sinﬁ[@%)r&g(o) +OWr(my M 4 2A,©) + @.(9)7“(21(92) + zAy ™M)
—0W%, 0 — W2, M 4 24, @) - 09 (@ 4 24, M)

—0,(rSY) + arAy W) + 95(5P + 24, V)] =0

(4.30)

V2O 4O | (4 — Deg(l)) (VO 4+ (g — De;(o)) S (v
+0Wd (v @ =0 (4.31)
with the boundary conditions
@ 0@ —gatr=0,1 (4.32a)
0@ =0atr=0,1. (4.32b)
Equation (4.30) can be written as
Dy®®) =T (r)sin®d cos ¥ + Ty (r) sin® ¥ cos ¥ (4.33)

where I'y (1) and T'y(r) are dimensionless functions of r; App. B.
The solution of Eq. (4.33) for the second order stream function U@ subjected
to the boundary conditions Eq. (4.32a) is

288
\11(2) = <a257"_2 —+ ao7 + (L277"3 + a28r5 — —(a217"_4 + a24r7) + H2>

504 (4.34)
sin? 9 cos 9 + (a21r74 + agor 2 4 aosr® + asur’ + Hy) sin? 9 cos ¥
where
Hy = a1~ "+ aor™% + asr™> + aglog(r)r—* + asr—> (4.342)
.34a,
+ a67"_1 + a7+ agr + a9r2
HQ = a10T77 —+ 0,117’76 + a12r75 + (a13 log(r) =+ CL14)T74 + 0157'73 (434]3)

—1 —1 2 4 7
+ aig” T+ ayrr 4+ ag3r T 4 a187° + a197” + agq7 .

The solution of the second order temperature, Eq. (4.31), can be written as

V20®) =T5(r)Py 4 T4(r)Py + s (r) Py (4.35)
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where T'3(r), T4(r) and T's(r) are dimensionless functions of r listed in App. B.
The general solution of ©() is given as:

@(2) = (b25 + bg@?"_l =+ Hg)PO =+ (a27r2 + GQST‘_S + H4)P2 + (b297"4 + b3()7“_5 + H5)P4

(4.36a)

where
H; = b1’l“_10 + bQ’I“_g + b37“_8 + b4’l“_7 + b57“_5 + b67”_4 + b7’l“2 (436b)
H4 = bs’l"710 + bgTig + blo’f‘ig + b117‘78 + b127’76 + b13’l"75 (436@)

+ b14’l“_4 + b157"_2 + bier
Hy = b177’_10 +b187’_9 +b197’_8 +b207"_7+b217‘_6 +b227’_4 +b237'_2 +boyr (436d)

The coefficients a’s and b’s are given in App. A.

5. Discussion

In the present work the non-isothermal steady state shear flow of an incompressible
Oldroyd-B fluid in the annular region between two concentric spheres is investi-
gated. The inner sphere rotates with an angular velocity w about z-axis which
passes through the center of the spheres, and the outer sphere is kept at rest. The
viscoelasticity of the fluid is assumed to dominate the inertia such that the lat-
ter can be neglected in the momentum equation. Using the constitutive equation
of the non-isothermal Oldroyd-B fluid, an approximate analytical solution of the
energy and momentum equations are obtained through the expression of the dy-
namical variables in power series of Nahme number Na. The relative slow motion
and the smallness of w always kept Na much smaller than unity. Accordingly, the
present results are valid only for slow motion.

In order to investigate the effect of viscosity and elasticity on the fluid rheology,
the parameters of a test fluid; namely Boger viscoelastic fluid, are considered. This
fluid first described in details by Boger and co-workers [22]. This viscoelastic fluid
consists of 0.05 % solution of monodisperse polystyrene (PS) with a polydispersities
of 1.05 and mass average molecular weights of 6.5 x 106 g/mol. The parameters
related to that fluid are n, = 12.1 Pa.s, ns = 34 Pa.s, \g = 17.7s, k = 0.11 W/m Xk,
To = 298 K and § = 68. The resulting solution falls into a class of fluids that are
highly elastic with an almost constant viscosity. The large relaxation time and
large viscosity of the fluid eliminates its inertial effects and also permits the study
of viscoelastic flow at high Deborah numbers. We notice, from an experimental
point of view, that this fluid has a constant viscosity and first normal stress and
zero second normal stress (obeys Oldroyd-B fluid).

At this stage the set of parameters will be used to determine the motion of
the Oldroyd-B fluid in two deferent gap widths between the two spheres; namely,
a = 1.25 and a = 2. This investigation can help us in choosing a suitable polymer
in lubrication processes. Moreover, we consider the elasticity and viscous heating
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effects as perturbed processes with neglecting inertia. All the parameters related
to the Oldroyd-B fluid participate in the flow and temperature fields even the gap
width between the boundaries.

Through this analysis, the following results are presented:

In zero order solution, the Newtonian field VW(O), Eq. (4.19), is independent
of the parameters of the fluid which means that the velocity distribution in this
order of approximation is the same as for all types of fluids [1,16]. The solution
V,(© as a function of r and ¥ in pz-plane and in 3-dim configuration are shown
respectively, in Figs. (1) and (2) in case of a = 1.25, and a = 2.

(a) (b)

Figure 1. The velocity V,,(?), a = 1.25. (a) In pz-plane, (b) in 3-dim. configuration

(a) (b)
Figure 2. The velocity V,,(?), a = 2. (a) In pz-plane, (b) in 3-dim. configuration

These figures show that, the geometrical ratio “a” doesn’t effect the general
behavior of the velocity field in zero order approximation. Moreover, there is no
secondary flow, i..e. U0 (7 99) = 0.
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The zero order temperature, Eq. (4.17), means that the temperature of the
fluid is the same as that for the two spherical boundaries. Hence, up to this order
of approximation the isothermal and non-isothermal cases are identical [1,16].

The first order approximation delivers all the field functions. A secondary flow
field for the stream function ¥(Y) (7, ¥9) in a plane perpendicular to the direction of
the primary flow, i.e in r9-plane, is produced. The stream-lines ¥!) = const. in
pz-plane as well as in 3-dim. configuration for a = 1.25, and a = 2, are shown in
Figs. (3) and (4), respectively.

(a) (b)

(a) (b)

Figure 4. The stream function W(1) @ = 2. (a) In pz-plane, (b) in 3-dim. configuration

It is well known that, this secondary flow is a normal stresses-induced phenom-
ena. The flow field of the stream function ¥ divide the annular region between
the two spheres into four similar parts, Figs. (3) and (4), where that the fluid
moves toward the inner sphere near the equator and away from it near the axis of
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rotation. We notice that the variation of the geometrical ratio “a” doesn’t affect
the general behavior of the first order stream lines but only their values. This
means that U(Y(r,9) takes the same form for all class of fluids under considera-
tion. The first order axial velocity is a direct result of existence of viscous heating,
Eq. (4.26), and it decreases exponentially with Oy or O o e~ O Moreover, the
distribution in case of a = 2 is greater than that for a = 1.25.

The first order temperature @(1)(7“, 9¥) as a function of r and ¥ in pz-plane and
in 3-dim. configuration, for a = 1.25, and a = 2, are shown in Figs. (5) and (6),
respectively.

(a) (b)
Figure 5. The temperature field ©(1), @ = 1.25. (a) In pz-plane, (b) in 3-dim. configuration

(a) (b)
Figure 6. The temperature field (1) ¢ = 2. (a) In pz-plane, (b) in 3-dim. configuration

This heat flow profile is a temperature distribution due to viscous heating in the
two cases, i.e. due to a layer frictions of the fluid and hence there is a conversion
of the mechanical energy into thermal energy between the two spheres, as shown
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in Figs. (5) and (6). The large value of constant temperature lines ©(*) = const.
appear at the equator where the temperature profile decreases exponentially, with
Oy, as we move towards the spherical boundaries of the two spheres. It seams like
the sources of temperature at that points and flow away from them.

In addition we notice that the geometrical parameter “a” effects the heat pro-
duction as shown in the last figures where the largest value of temperature in case
of a = 2 is greater than that in case of ¢ = 1.25. This means that, decreasing of
“a” decreases the conversion from mechanical into thermal energies.

(a) (b)

(a) (b)
Figure 8. The velocity V,,(1), a = 2. (a) In pz-plane, (b) in 3-dim. configuration

Finally, in contrast to isothermal case in the first order approximation; a so-
lution of the velocity field Vw(l) has appeared which is being an effect of the
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presence of temperature distribution in the density function; Eq. (4.26). The ve-
locity ch(l)(r, 9) as a function of r and ¥ in pz-plane and in 3-dim. configuration,
for a = 1.25, and a = 2, are shown respectively in Figs. (7) and (8).

As shown in these figures, the velocity contribution Vw(l) (r,9) divides the gap
width between the two spheres into two similar parts. The eddy loops that found
near the inner sphere move in the same direction as the primary velocity, but that
in the nearest of the outer sphere move in the opposite direction. Hence, there
is a fluid-stagnant layer in this order of approximation between these two kind of
loops with zero velocity, i.e. stationary layer. The maxima of the velocity is at
the center of these two eddy loops on the equator, and the velocity slow down in
a direction far away from that center tends to zero at the stationary layer as well
as on the two spherical boundaries R; and Rs.

Moreover, from these figures we can see that the variation of the parameter “a”
does not change the velocity distribution in the spherical gap width. This means
that the fluid behavior remains unchanged but the velocity values.

In the second order approximation, the solution for the stream-function ¥(2) (r,9)
is delivered. The stream-lines ¥(?) = const. in pz-plane and in 3-dim. configura-
tion, in case of @ = 1.25, and a = 2, are shown in Figs. (9) and (10), respectively.

(a) (b)

Figure 9. The stream function ¥(2), ¢ = 1.25. (a) In pz-plane, (b) in 3-dim. configuration

The general behavior of the stream-lines in this order of approximation is the
same as for U (r,49) except that of an appearance of more eddy loops in the
nearest region of the inner sphere move in opposite direction; Figs. (9) and (10).
These eddy flows appear in the two cases; i.e. for a = 1.25 and a = 2, which means
that the geometrical size doesn’t effect the general behavior of the viscoelactic fluid
flow. Similarly, an increase of the gap width increases the velocity-component
values, which can be attributed to the same reasons as for WY (r, ¢9).

A temperature profile ©)(r, 1)) in the second order approximation have been
delivered. On the basis of the solution of Eq. (4.31) we can see that it depends
on U (- 99). Hence, it is more complex flow field than ©™)(r, ) profile. The
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(a) (b)

Figure 10. The stream function ¥(?) ¢ = 2. (a) In pz-plane, (b) in 3-dim. configuration

temperature distribution ©(?) (r,9) in pz-plane and in 3-dim. configuration for
a = 1.25, and a = 2, are shown in Figs. (11) and (12), respectively.

As shown in Figs. (11) and (12) in case of a = 1.25 there exists a region
of negative values which decrease the value of the temperature of the fluid and
other of positive values ‘the shaded regions’ in which the temperature increase.
In case of a = 2 all the field take negative values by which the temperature of
the fluid decrease. The appearance of the negative value can be attributed to the
expansion used in this solution, in which the third term in this expansion can takes
negative or positive sign depending on the region of the case under consideration.
The conversion from mechanical to thermal energy is not a reversible process. So
the appearance of negative areas is just a correction to the whole temperature
within the domain width. Moreover, the second order temperature is effected by
all parameters of the fluid in contrast to the first order one. The sensitivity of
the fluid and its viscosity increase the positive area relative to the negative one
in contrast to thermal conductivity and relaxation time of the fluid. In the same
manner, the second order stream function is effected by all parameters of the
fluid. The amplitude of this stream function increases with increasing the thermal
conductivity and relaxation time and decreases with increasing sensitivity of the
fluid and its viscosities.

The effect of elasticity of the fluid appears in the first order solution as a
secondary flow, or first order stream function. This function is affected by all
parameters related to the fluid. Its amplitude increases with increasing the ther-
mal conductivity of the fluid and depends linearly on the relaxation time of the
fluid. Moreover, its amplitude decreases with increasing the total viscosity of the
fluid (solvent and polymer viscosities) and decreases with increasing its sensitiv-
ity. This is due to the fact that the sensitivity measures how much the fluid sense
temperature, and temperature decreases relaxation time which is responsible for
this secondary flow.
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(a) (b)

Figure 11. The temperature field ©(2), ¢ = 1.25. (a) In pz-plane, (b) in 3-dim. configuration

(a) (b)
Figure 12. The temperature field ©(2), ¢ = 2. (a) In pz-plane, (b) in 3-dim. configuration

5. Conclusion

The present paper is concerned with non-isothermal spherical Couette flow of
Oldroyd-B fluid in the annular region between two concentric spheres. The inner
sphere rotates with angular velocity w while the outer sphere is kept at rest. Using
the successive approximate method a solution is obtained through the expansion of
the dynamical fields in power series of Nahme number. Up to second order approx-
imation, the relevant solution of non-homogeneous, harmonic for axial-velocity and
temperature equations and biharmonic for stream function equations is presented.
Two additional terms; namely, a first order velocity and a second order stream
function, are stem as a result of the interaction between the fluid viscoelasticity
and temperature profile. These contributions, prove to be the most important
results for rheology in this work.
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Appendix A

To simplify these coeflicients, let us define two functions

a3 @b
h_a?’—l and g—l—T

1- Coefficients of first order stream function solution, Eq. (4.27):

6Be v gh%x(1 + 4a + 10a® + 15a> + 15a* + 10a® + 4a® + a7)
a(4 4+ 16a + 40a? + 55a3 + 40a* 4 16a® + 4a)

Cc1 =

_ —2Be % gh2z(1 + 4a + 10a® + 20a® + 35a* + 35a° + 20a° + 10a” + 4a® + a”)
N a3(4 + 16a + 40a2 + 55a3 + 40a* + 16a° + 4aS)

C2

Be=© gh2x(5 + 20a + 2902 + 32a% + 29a* + 20a° + 5a°)
a3(4 + 16a + 40a? + 55a3 + 40a* + 16a® + 4a9)

C3 =

B —3Be~®vgh?z(1 + 4a + 5a® + 4a® + a*)
~ a3(4 + 16a + 40a2 + 55a3 + 40a* + 16a5 + 4ab)

Cq
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2- Coefficients of first order temperature solution, Eq. (4.28):
e h2(1 +a + a?) e h%(1 +a+a?+ a?)
c

= =
° 2a3 6 2a3
e ©vp? e h2(ab — 1)

T At tad tattad = a—ab
3- Coefficients of first order axial velocity solution, Eq. (4.29):
—16(1 4 a)e=9h? +12a%(1 + a + a® + a®)er — 27acy
C =
? 48a%(1 + a + a? + a3 + a* + a® + af)

16(1 4+ a)e=%h2? 4+ 12a8(a® — 1)er + 27a(a® — 1)cg

C10 = —
48ab (a% - a3)
15a3¢g + 25a(1 + a + a?)eg + 48a*(1 + a + a2 + a3 + a%)eg + 2(1 + a)(5(1 + a2)e " Obh2 — 24a2¢qg)
o= 60a4(1 + a + a2)

15a3(a? — 1)cg + 25a(a® — 1)cg + 10(a” — 1)e = ©bh2 4 4807 (a2 — 1)cg — 48a2(a® — 1)cqg

€12 = — f
60a6 (7? +a>

4- Coefficients of second order stream function solution, Eq. (3.34 ):
Be 20 htz(—63 + g6(331 — 986y))

o= 4200
L 3e""h2(13605, + 3Bx(156 + g5(~938 + 3516y))cs)
°T 45766
asz = SBe*@bghQ:c(@b —2)ecro ay = ff—le*@bh%g
e~ 9 h2(126c3 + Bx(6 + gd(—8 + 64))cr)
a5:—50208 ag = — 4(5
3 29 _
ar = —§(20807 + 3cscs) as = —5.€ S h2ey

1
ag = §(—6CQC7 — Teaes — 4Bge” " h2w(=2 + ©y)co)

Be~290h2z(441 + g5(—1933 + 8330)))

@10 = 73500
o e~ O h2(—2488¢; + 3Bx(598 + g6(—3254 + 14176,))cs)
n= 102966
9 24
ais = —gBe_@bghza:(@b —2)cro a3 = 7—76_6bh202
A e~ h2(—408co + TBx(27 + g6(—4T + 270y )ce)
4= 5880

1
a5 = 5 (GBe_ethx(l —gd)cs + 6(2¢106 + 3(cacs + 6Be_®bh2x(@b — 2)012)))



20 A. Abu-El Hassan, M. Zidan and M. M. Moussa ZAMP

9¢=9vh26c3 + beacs + Be 0 h2x(3 4 2g5(—12 4 6y))cr
20

aie =
43 3 2
aiy = —%e_ebh2c4 a1g = 16307 + c3cr — gBe_ngth'(@b — 2)09

11
a19 = 50406 a0 = ngLC?

5- Coefficients of second order temperature solution Eq. (4.36 a):

1
by = 2—53Dee_2@”g2h2m(5 — 13Be=®h?)

1
by = @Dee_@"gcl(—l'é +31Be " h?)

3 s 1
by = Ee’mbh“ by = ge*@b(15Deg<:2(—1 + Be v h?) + h2cg)

3 1
by = —Ee_ebh%@ b = —m€_®b<3D6903(5 + 3Be_®bh2) — 5h2(08 —6¢12))

br = —ge*@b(E)Degcz;(B +5Be”®"h?) — hic;) by = gBQDeﬁ@b g*htx

8 3
= ——BDee v gh? = 2 72O pt
bo 11 ee gh®cy b1g 146 h

1 6
b11 = —ge_ethCg b12 = ?e_gthClo

b13 = 7%67@}]}1266 b14 = eiebh2(12BD6€7@bgC3 —c5 + 6612)

3 72
bis = —ﬂe_eth(MOBDee_@ng + ¢7) big = ge_@”h%g

3 36
b7 = —EBQDee_?’@bggh‘lx blggBDee_erghQCl

19 27T _
b19 = 1—056 2@bh4 bgo = ge ®bh208
72 27
bgl = —ge_ethClo b22 = EBDee_erghzc;),

4 1
bos = ge’ebh2(353Dee’@bgC4 +¢7) bos = —£e’®bhzcg
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Appendix B

The functions that appeared in Eq. (4.33):

244e~%v 2
I'y = % — 22¢c4cq + 87’30407
T
N 120c; ¢7 + 180cscs N 720~ gh2xc10(2 — Op)

e r9

1
+ M—5(126_®b(15h2(503 — €%%8cace + Bh2x(9 4 8g6)cr))

1
+ —— (127200 h12(9 + (9 — 38)g6 + 2196O}))

oril
1
- W(66_®bh2(16562 + Bxcg(—27 4+ 4790 — 27g00y,)))
1
— W(Se_gbh2(405cl — 3Bzcg(22 — 10696 + 55g603)))

1 /1
T (56791, (90e™ % czcq + 24(35e % cacr + 35 eqcy
+ 18 Bgh*xco(—2 + @b)))>
1
+ — (24~ ®*h(6BR%x(1 + gd)cs + 6(2e% ¢y ¢

or7?
—3(e®rezcs — 6Bgh’mei(—2+ 6y)))))

~ 108e™®*h%cy  522e”©rhcy L 0czes  210crer + 315cacs

Iy
8 3 7 A

1
— ﬁ(6Be_2@bh4x(63 — 33190 + 689dgs))
T

— ﬁ(36e—9bh2(12553 + Bxcr (6 — 896 + gidy)))

1
- ﬁ(Ge_@th(lfi&Sg + Bxceg(—27 + 4790 — 27gdgp)))

1
46610

1
— r—2(45€7@b(6€7@b6267 + 7e~®vcycg + 4Bgh’xco(—2 4+ 63)))

(3¢~ ©*h2(13600; — 3Bxcs(156 — 938gd + 351gdgs)))

1
+ r—9(108067@bgh2x010(—2 +6y))

The functions that appeared in Eq. (4.35):

21e 2% htcy  6e Ovh2eq4

5r10 r7
L L8 B Dee300 214(5680 — 13812
12 BDee g-h*(5e® — )z

Iy =

21



22

rll

L1t
5

11

—936_2617(—90Deg(e®” — Bh?)cy + 6e®7h3cg)

,

16

5 ge_er (3Deg(3e® g(5e®? + 3Bh?)cs — 5¢%°h2(cs — ¢12))
r

+

75¢ 2@ p

ry=—

16
5
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Dee €0 g(15¢% — 31Bh?)c,

e 29v(=30Deg(3e®" + 5Bh*)cy + 6% h2cr)

72B?Dee3%vg?h%z  48BDee 2% gh%c;  6e~®vhZcq

710
12¢=©b 2

T12 rll
288¢~ 91 h2cq

7
L. i967261’hQ(140BDegC4 +¢e%¢7)

79

4 144€_®bh2610

7r8

and

I's =

_228e7%9" R 216B%Dee*® g bz

357 rd

1

+ T—66e_2@bh2(1ZBDegc;», — €% (c5 — 6c12))

144BDee~2%v gh%¢,

35710 5rl2 5rll

BDee 20 gh?cy

216
+

+18
743
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54e=Cvh2cg  288e v h2¢q
* 519 * 357
1446~ h2¢qg
e

516

E (315BDee™ 2 gh’cy + 9¢~©h2cy) —
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