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Abstract

This paper presents numerical results for flow behavior between a cold inner cylinder and a hot outer cylinder. Both cyl-
inders are placed horizontally. The space separating the two compartments is completely filled with a fluid of a complex
rheological nature. In addition, the outer container is subjected to a constant and uniform rotational speed. The results of
this work were obtained after solving the differential equations for momentum and energy. The parameters studied in this
research are: the intensity of thermal buoyancy, the speed of rotation of the outer container and the rheological nature of
the fluid. These elements are expressed mathematically by the following values: Richardson number (Ri = 0 and 1), Reyn-
olds number (Re = 1 to 40), power-law number (n = 0.8, 1 and 1.4) and Prandtl number (Pr = 50). The results showed that
the speed of rotation of the cylinder and the rheological nature of the fluids have an effective role in the process of heat
transfer. For example, increasing the rotational speed of the enclosure and/or changing the nature of fluid from shear-
thickening into shear-thinning fluid improves the thermal transfer rate.
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1. Introduction

Numerical simulation has become one of the most important
methods used in the study of complex fluids and heat transfer,
due to its accuracy in calculation and saving time and money.
This study is related to a huge range of engineering and indus-
trial applications, among which we mainly mention: irrigation
and water treatment techniques, thermal mechanics, chemical
industries and others. Through numerical simulations, we can
predict the thermodynamic behaviour of a fluid in any proposed
geometry. This allows access to the calculation of some im-
portant coefficients in engineering applications such as the drag

coefficient and average Nusselt number.

Recently, there have been many studies concerning the rate
of heat transfer between two cylinders, by applying a set of con-
ditions and elements. Chatterjee and Halder [1, 2] studied the
free convection between two rotating cylinders and a square en-
closure. The MHD effect was added to the system. The control
of physical parameters was by the dimensionless number of Ra,
Re and Ha. The results proved that these parameters have an in-
fluence on the heat transfer.

In general, if the case of the movement of fluid particles is
only the force of gravity, then this type of heat transfer is called



http://www.imp.gda.pl/archives-of-thermodynamics/

Benmansour A., Laidoudi H.

Nomenclature

a - small dimension of inner cylinder, m
b - big dimension of inner cylinder, m
D - diameter of the outer enclosure, m

g - gravitational acceleration, m/s?

ns —normal vector

Nu — Nusselt number

p - pressure, N/m?

p* — dimensionless pressure

Pr — Prandtl number

Ri — Richardson number

T —temperature, K

u — dimensional velocity component in x-direction, m/s
u* — dimensionless velocity component in x-direction

v — dimensional velocity component in y-direction, m/s
v* — dimensionless velocity component in y-direction

natural as it has been studied by many researchers [3-5]. In this
natural convection mode, some researchers have studied the ef-
fect of the geometric shape of the system [6-8], while others
focused on the effect of fluid properties [9-11], another group
of researchers was interested in studying the effect of gradual
conditions [12—14]. Whereas if the cause is due to an external
engine that pushes the fluid causing it to move, then in this case
it is called thermal transfer by forced convective mode [15-17].
In this mode, some researchers studied the effect of flow veloc-
ity [18—20], others tested the effectiveness of the fluid in terms
of heat transfer [21-23], and others touched on testing the effect
of the geometrical configuration of the system [24, 25]. Finally,
if they meet together, as is in our work, the type of heat transfer
becomes a mixture, that is the natural type and the forced type
at the same time [26—28]. This last mode of heat transfer is
called also mixed convection [29-31]. In this type, the essential
factors under examination are: the fluid velocity [32—34] and the
intensity of thermal buoyancy force [35].

Laidoudi and Ameur [36] studied the mixed convection of
power-law fluids between two rotating obstacles. The governing
parameters here were: Re, Ri, n and the rotational direction of
both cylinders. It was found that when the obstacles rotate in the
same direction the heat transfer becomes negligible. Laidoudi
and Ameur [37] also presented a numerical work about two
fixed cylinders placed inside a big circular cylinder. This outer
cylinder regularly rotated at uniform velocity. The arrangement
of inner obstacles was taken into account. The results showed
that the speed velocity of the outer obstacle, the power-law num-
ber and the arrangement of the inner obstacles influenced the
rate of heat transfer inside the studied domain. There is also a
set of ideas related to this type of research that can be included
in this work [38—40]. There is also the effect of external factors
on the mixed convection such as the magnetic field [41, 42].

After reviewing the complex fluids, it was found that they
are defined by one mathematical model called the model of Ost-
wald. Indeed, this model combines the Newtonian fluid, shear-
thinning fluid and shear-thickening fluid. In contrast, the mixed
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X
Xx* — dimensionless coordinate in horizontal direction
y - dimensional coordinate in vertical direction, m
y* — dimensionless coordinate in vertical direction

— dimensional coordinate in horizontal direction, m

Greek symbols
a —thermal diffusivity, Pa-s
pr — coefficient of thermal expansion, K

u  —dynamic viscosity, Pa-s
v — kinematic viscosity, m?%/s
p —density, kg/m?

Subscripts and Superscripts
c -—cold
h - heat
I —local

convection heat transfer is controlled by the non-dimensional
number called Richardson number (Ri). This number gives the
ratio of the effect of forced convection to the natural convection.
So, when Ri = 0, there is only pure forced convection, but when
Ri # 0, there are both effects of forced and free convection.

By following the latest research of heat transfer between two
obstacles with the rotation of the outer one, it is clear that there
are not many works, especially with the presence of different
shapes of the inner cylinder. Therefore, this work is considered
a continuation of what was done by researchers Laidoudi and
Ameur [36]. That is, the work involves numerical simulations of
a complex fluid enclosed between two horizontal cylinders. The
outer obstacle is hot and rotates at a constant speed while the
inner obstacle is cold and stationary. A new thing in the present
research is that the geometric shape of the inner obstacle is dif-
ferent from the rest of the previous shapes. Other elements stud-
ied in this work are: the intensity of thermal buoyancy, the rhe-
ological nature of the fluid and the speed of rotation of the outer
container.

The relationship between this work and the previous work of
Laidoudi and Ameur [36] is that in the previous work, the inner
cylinder has a high temperature and the outer cylinder is cold,
while here this proposition has been reversed, making this work
new and supplementary to the previous one. The results of this
work can be used in many applications, including: thermal insu-
lation systems, high-performance heat exchangers, cooling sys-
tems in solar panels and others. This work can also be used in
academic work related to thermal science and fluid mechanics.

2. Studied domain

A simplified model of the domain studied is presented in Fig. 1.
The studied space includes two cylinders of different shapes
placed horizontally. The inner cylinder has a geometric form
shaped like a rhombus while the outer cylinder has a circular
shape. In addition, the outer enclosure undergoes rotation at a
constant speed . The outer cylinder is characterized by the di-
ameter D while the interior is characterized by the dimensions a
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Fig. 1. Physical model.

and b. The values of these dimensions are given by the following
ratios: b/D = 0.4 and a/b = 0.5. As for the heat distribution, it is
as follows: the outer cylinder wall has a high temperature Tp,
while the inner cylinder has a low wall temperature Tc. These
temperatures are uniform and constant along the walls. As for
the volume between the external and internal cylinders, it is
filled with a complex fluid. The value of its thermal constants is
given by the Prandtl number (Pr = 50) while the apparent dy-
namic viscosity is expressed by the Oswald model.

3. Mathematical formulation

The dynamic viscosity of this complex fluid is expressed as [36]:

w=m() @
where Iz is given as [36]:
()=2() +2() +G+5) ©

The governing dimensionless numbers of Prandt, Reynolds
and Richardson are expressed as [37]:

mc
Pr = vnlil' (3)
2—-npn
Re = —”(“’-D; b- 4)
, gpTATD
Ri = @D’ ()

where m, ¢, k, p, w, fr, n, and gdenote the consistency index,
specific heat capacity, thermal conductivity of fluid, fluid den-
sity, rotational speed, volume expansion coefficient, power-law
index and gravitational acceleration.

The Prandtl number Pr describes the thermo-physical propri-
eties of the working fluid for example 6.01 is for the water, the
Reynolds number Re shows the rotational speed of the outer cyl-
inder and the Richardson number Ri describes the ratio between
the natural and forced convection [1], [2] and [31].

When n = 1, the fluid is Newtonian. When n = 1.4, the fluid
is shear-thinning. When n = 0.8, the fluid is shear-thickening.
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Furthermore, when Ri = 0, there is only a pure forced convec-
tion. For Ri = 1, the convection in this case is mixed. A Newto-
nian fluid (n = 1) means that the dynamic viscosity of the fluid
is independent of the flow velocity. A shear-thinning fluid
(n < 1) means that the higher the flow velocity, the lower the
dynamic viscosity, whereas a shear-thickening fluid means that
the higher the flow velocity, the higher the viscosity of the fluid.

The similarity numbers are placed in the basic equations of
momentum and energy [1, 2] as follows;

ov*

au”*
o)+ Gr) =0 ©
au* L ou* ap* 1 (E)t;‘(x a‘r;,x)

u* v = — — 7
ox* + ay* dx*  Re \ ox* ay* /)’ ( )

av* x OV ap* 1 (a‘r}y O‘I:;,y) J—
u* v = — —|—==+—=%)+RiT 8
ox* T ay* dy*  Re \ 9x* T ay* + ! ( )
u aT* Lot aT* _ 1 (OZT* n OZT*) )

ox* dy*  PrRe \ax*2 ' ay*2)’

where dimensionless parameters are defined by the following
expressions:

* *\ (wv) * __ 14 * __ (T-T¢)
w,v)="2p" = swor L = mry (10)
! p ’ m(w™)’

In the equations above, the symbol (*) means the dimension-
less quantities; x and y refer to the dimensions in the Cartesian
coordinate system; u and v indicate the velocity components; p
and T refer to the pressure and temperature, respectively, w in-
dicates the rotational speed.

The expressions for the local and average Nusselt numbers
are given as:

Nu, = [g—;],zvu =2 Nu,d4, (12)
where ns is the normal unit victor and A is the surface area. Nu
is the average value of the local Nusselt number along the hot
body.

The suitable boundary conditions for this domain are: for hy-
drodynamic conditions, no-slip condition with velocity compo-
nents u = 0, v = 0 applied at the walls of inner and outer cylin-
ders. Also, the outer enclosure has a rotating speed w. For the
thermal condition, around the inner obstacle T=T. and T = Th
is considered at the outer cylinder.

At the beginning, Egs. (6—9) were solved in the dimensional
form, after which changes were applied to the results using Egs.
(10) and (11).

4. Numerical procedure

The computational grid was created by Gambit. The final form
of this grid is shown in Fig. 2. The grid elements are irregular
with the elements being centred around the inner obstacle, where
the calculation is very accurate and important. The grid consists
of 9 912 elements. This number was considered after a study
was conducted showing the effect of number of elements on the
obtained results. The results of this study are shown in Table 1.
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Fig. 2. Grid used for calculations.

As for the numerical solving, it was done by using the finite
volumes method of the numerical simulator ANYS-CFX (14.5).
The relative errors of computations were 10 for the continuity
and momentum equations and 106 for the energy equation. The
SIMPLEC algorithm was selected for pressure-velocity cou-
pling. On the other hand, a high-resolution scheme was selected
for solving the convective terms of the governing equations.

The accuracy of this method of calculation was verified by

Table 1. Grid independency test for Re =20, Ri=1andn=14.

Mesh Element Nu Difference %
M1 4956 1.21901 2.10
M2 9912 1.19343 0.10
M3 19 824 1,19219 0.003
M4 39648 1,19215

Table 2. Validation test for Re = 10 and Ri = 3.
n Nu [36] Nu (Present data) Error %
0.6 3.15324 3.15114 0.066
1.0 2.61236 2.61134 0.040
1.6 1.41546 1.41411 0.095

comparing our results with the previous results of Laidoudi and
Ameur [36]. The results of this comparison are shown in
Table 2. We note a strong match between the results.

5. Results and discussion

This work presents the results of the numerical simulation of a
complex fluid trapped between two cylinders. The inner cylin-
der is cold while the outer one is hot and rotates at a constant
and uniform speed. The aim of this study is to know how the
heat transfer rate between the fluid and the inner cylinder alters
under the influence of the rotational speed of the outer cylinder
and the thermal buoyancy force. We mention here that the stud-
ied points are:

The rheological nature of the fluid that changes with
the value of the power—law number (n).
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The value of the rotational speed of the outer space.
The speed of rotation increases with increasing value
of Reynolds number.

The intensity of thermal buoyancy effect. Indeed, the
value of this intensity increases with the increasing
value of the Richardson number.

Before starting to analyze the results, it is worth remember-
ing that if the thermal buoyancy force is present, the cold spots
of the fluid become denser, and this causes them to move to the
lower side. Furthermore, the method of displaying the results of
this research is similar to the previous methods such as [43-45].

Figure 3 shows the development of the streamlines in terms
of Re and n at Ri = 0. In this case, there is no effect of buoyancy
(pure forced convection). The movement of the fluid flow is
only due to the rotation of the outer enclosure. Since the cylinder
is circular, the movement of the flow within the space is also
circular. With the inner cylinder acting as an obstacle, steady
vortices appear behind the obstacle. It is clear that the size of
these zones increases gradually with Re. Furthermore, there is
no significant effect of streamlines with respect to power-law
number (n). In general, it is noted that the fluid velocity is larger
near the outer cylinder, while the velocity decreases gradually
as we move towards the inner cylinder.

Figure 4 presents the same developments of the streamlines
but with the effect of buoyancy force (Ri = 1). It is noticed that
the effect of thermal buoyancy affects the three values of (n). It
is also noted that with the presence of the thermal effect the vor-
tex on the right develops positively, while the vortex on the left
develops negatively. On the right-hand side, the movement of
the cold fluid spots near the obstacle is opposite to the rotational
motion, while on the left-hand side, it is in the same rotation
direction of the outer cylinder. From here it is clear that there is
an effect of the studied parameters on the heat transfer, which is
analyzed later.

Figure 5 presents the contours of dimensionless temperature
(isotherms) versus Re and n at Ri = 0. It is clear that there is a
degradation of dimensionless temperature. The maximum value
of the temperature is near the outer enclosure, and the lower
value is around the inner cylinder. Through this distribution, we
can know the distribution of temperature gradient in terms of the
studied parameters. Through Fig. 5, it is clear that there is a
change in the distribution of dimensionless temperature in terms
of Re and n, especially around the inner cylinder.

Figure 6 shows the same developments of isotherms for the
case of Ri = 1. In this case, the fluid is subjected to the move-
ment as results from two main factors, namely, the rotational
movement of the outer cylinder, as well as the cold spots becom-
ing heavier, and this causes them to move downwards. Figure 6
also indicates the variation of temperature gradient in terms of
Ri, Re and n. In addition to this, Fig. 6 shows the circulating
motion of the fluid as a result of the circular tail of the isotherms
at the bottom of the inner obstacle.

Figure 7 represents the change in the mean value of the
Nusselt number in terms of the studied elements (Re, n and Ri).
In general, the higher the rotational speed of the outer container
(Re), the higher the value of Nu in both cases of Ri. Furthermore,
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Re =10
Re =15
Re =20
"~
n=0.8
Fig. 3. Streamlines inside the studied domain in terms of Re and n at Ri = 0.
Re =10
Re =15
Re =20

n :0.8 n

Fig. 4.Streamlines inside the studied domain in terms of Re and n at Ri = 1.
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Re =10
Re =15
Re =20
n=0.8 n=1.0 n=14
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Fig. 5. Dimensionless temperature inside the studied domain in terms of Re and n at Ri = 0.
Re =10
Re =15
Re =20
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Fig. 6. Dimensionless temperature inside the studied domain in terms of Re and n at Ri = 1.
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Fig. 7.Variation of Nu versus Re and n; (a) for Ri = 0. (b) for Ri = 1.

it is also noted that the increase of the value of n decreases the
average value of Nu. This is explained as follows: forn = 1.4
this means that the nature of the fluid is complex (shear-thick-
ening fluid). That is, the higher the flow velocity, the higher the
dynamic viscosity value, and this dampens the movement of par-
ticles of the fluid, making the heat transfer slower. On the con-
trary, when n = 0.8 the fluid is shear-thinning. The viscosity of
the fluid decreases with increasing the velocity of the flow, mak-
ing the heat transfer faster. Finally, it can be concluded that the
fluid being of shear- thickening type impedes heat transfer, mak-
ing it more effective in thermal insulation applications.

5. Conclusions

A set of numerical simulations was achieved in order to study
the thermal transfer between obstacles of different shape, tem-
perature and stability pattern. Three types of fluids, whose ef-
fects on heat transfer were compared, are, in order: shear-thin-
ning (n = 0.8); Newtonian (n = 1) and shear thickening (n = 1.4).
The outer enclosure is also subjected to a circular motion. The
effect of thermal buoyancy also was taken into account. Through
our study of all these elements, we reached the following points:
The heat transfer of the inner cylinder increases with
the increase in the value of the rotational speed and
thermal buoyancy.
The study showed the presence of two vortices attached
to the inner obstacle, the first on the right side and the
other on the left side.
The use of shear-thickening fluid is very effective in
applications that include thermal insulation.

For future research related to this topic, we propose to in-
clude the influence of the magnetic field on this system with dif-
ferent angles of applications.
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