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ABSTRACT

A numerical study of three-dimensional, steady, turbulent and incompressible
natural convection of air (Pr=0.72) within a rotating cubic enclosure is presented. The
present code is based on solving partial differentia equations for conservation of
mass, momentum and energy equations for a rotating frame. The turbulence effect is
introduced by using two equations turbulence modd of k-e . Finite volume method is
used in solving the governing equations. SIMPLE algorithm is applied to solve the set
discretization equations. To verify the vaidity of present method, present results is
compared with those of previous published work under the same conditions. The
influence of changing rotation Rayleigh number (Rar) as a result of chancing

angular velocity of endosure, and temperature difference of enclosure walls on the
average Nussdt number (Nu) is presented and correlated.

Keywords: CFD, Natural convection, rotating enclosure, numerical analysis.
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2 dimensionless vertical veocity
component (v/ 1/ngTL)

w velocity  component in z
direction (m/s)

X coordinate (m)

y coordinate (m)

z coordinate (m)

Greek symbols

a thermat diffusivity (m7s).

b volumetric coefficient of thermal
expansion (K™%

F dependent variable used in

discretization equation.
G diffusion coefficient used in
discretization equation.

n dynamic viscosity (kg/m s)

n kinematic viscosity (m?/s)

r density of the fluid (kg/n¥)

DT wall temperature difference (Ty-
To).

Subscripts

C cold

eff effective

H hot

t turbulence

INTRODUCTION

Nomenclature

A coefficient for the discretization
equation

Cp specific heat (Jkg.K°)

Ce1: _ .
constantsin thek-€& equation

Ce2:Cm

f under relaxation factor

Gy turbulent production term

g gravitationa acceleration (mM/s?)

k turbulent kinetic energy

L length of enclosure (m)

Nu average Nussdt number

P pressure  (N/m?)
Pr Prandtl number (n /a)
RyoDTS® 0

an E
Rayleigh number

Ra Rayleigh number

Ra rotation
SWArDTL® 0

& a5

r radius of rotation of enclosure
(m)

S sourceterm

T temperature ( K )

u velocity  component in X
direction (m/s)

v velocity  component in vy

direction (m/s).

he rotating flow is one of the most chalenging research fidds of fluid
mechanics. Rotating eectronics cooling can be encountered in some rotary
machines, the guided missiles and space-based manufacturing process.
However, most early works were focused on experimental study with the

simple geometries.

Bag et al. [1], presented an experimenta results for Rayleigh-Bénard

convection with rotation about a verticd axis at dimensionless rotation rates
0 £EWE 250. While Pino et a. [2] presented a numerica anaysis for fluid
contained in a fast rotating cylindrical annulus with slightly inclined plane. Vargas et
a. [3], described the mechanical characteristics of the centrifuge and its
instrumentation. A centrifuge for the study of fluid mechanics phenomena in a
rotating frame had been constructed at the Centre of Energy Research at the National
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University of Mexico (UNAM). A three-dimensional numerical and asymptotic study
of the steady laminar flow driven by a rotating lid at the top of an enclosed cylinder
filled with a liquid meta and submitted to an axial magnetic B, was presented by
Bessaih and Soudani [4] . The heating of containerized liquid using microwave
radiation was investigated numerically and by Chatterjee et a. [5].

On the other hand Sched [6] derived the amplitude equation for rotating
Rayleigh-Bénard convection from the Boussinesq equations with the Coriolis force
included. The vertica boundary conditions were no-slip, and the lateral boundary
conditions were either periodic or rigid. A numerical simulation of the turbulent
natural convection in a square cavity was investigated by Bouaraour [7]. The
turbulence was modd ed by the low Reynolds number k-e modd.

The equations controlling the flow were discretized using the finite volume
method. The SIMPLER agorithm was used for the pressure-ve ocity coupling. The
natural convection in an incompressible viscous fluid owing near a semi-infinite
impermeeble vertical plate had been investigated by Chandran et a., [8]. Assuming
that the fluid-plate system was undergoing a rigid-body rotation. The steady free
convective flow and mass transfer of a rotating eastic-viscous eectrically conducting
fluid through a porous medium occupying a semi infinite region of space bounded by
an infinite vertical porous plate in presence of a transverse magnetic field with
constant suction and heat flux was considered by Das et a., [9]. A Cartesian co-
ordinate system rotating uniformly with the fluid in a rigid state of rotation with a
constant angular velocity Q about z-axis was chosen. While, the unsteady free-
convection flow of a viscous, heat conducting fluid near an infinite, incdined and
rotating plate (or surface) was investigated by Toki [10]. Muthucumaraswamy et a.,
[11] presented an exact andysis of rotation effects on unsteady flow of an
incompressible and dectrically conducting fluid past a uniformly accelerated infinite
isothermal vertica plate, under the action of transversdy applied magnetic field.
Theoretical study of thermal radiation effects on unsteady free convective flow over a
moving vertical plate in a rotating fluid was considered by Vijayaakshmi [12]. The
effects of rotation, radiation, free-convection parametes and the skin friction
components on the plate were discussed. Chauhan and Rastogi [13] investigated the
unsteady natura convection MHD flow of a rotating viscous eectricaly conducting
fluid in a vertical channe partially filled by a porous medium with high porosity in
the presence of radiation effects.

Now, in the present steady the effect of rotation of enclosure on a natura
convection within it is investigated. A steady three-dimensional, incompressible
momentum and energy equation for turbulent flow for a rotating frame is presented.
Finite volume method is used with staggered grid arrangement. The results have been
obtained for Prandtl number of 0.72. The effect of change of angular velocity (W)
and so the rotation Rayleigh number ( Ra,) of the enclosure rotated about the

vertical axis ( y-axis) on the average Nussult number (Nu) is investigated and
correlated.
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Problem Definition

A schemetic of the physical situation to be investigated is a cubic enclosure which
is shown in Figure (1). The vertical walls located at x = 0 and x = L are isothermal at
different temperatures of Ty and Tc (I€ft and right) respectively. The upper and lower
walls areinsulated at y = 0andy = L, z=0 and z=L. The end osure rotates about the
y-axis counterclockwise with a radius of rotation equa to L/2. The fluid within the
enclosure isanair (Pr=0.72).
Governing Equations

The flow in the enclosure is assumed to be steady incompressible three
dimensional turbulent. The turbulent flow for the rotating frame is described by the
continuity, momentum and energy equations as follow [14]:

Continuity:

‘ﬂ(ru)+‘ﬂ(rv)+‘ﬂ(rw):0

1
fix Ty iz @

x-direction momentum equation

‘ﬂ(ruu) ‘ﬂ(rvu) ‘ﬂ(rwu)_ é aéTou 'ne amuou

w1y 1z wE el S Ey
aéTuou
2
.”Ze”bff(} % +§y @)
y-direction momentum equation
‘ﬂ(ruv) ‘ﬂ(rw) MCrw) _ enbfaawou ‘H aaTvou
%y 1z e Gl gy S gy 2
vl
— 7t 3
‘ﬂzenbffq‘ﬂz% Sy 3)

z-direction momentum equation

Truw) , fiCrvw) | iCrww) _ T € ofwol, € afwdd

+ —
fix Ty fz ‘er e‘ﬂX% iy e ﬂy%
e afwdl,
4
128 — ATkt Sz % +Sw (4)
Energy:
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‘ﬂ(ruT)+‘ﬂ(rvT)+‘ﬂ(rWT): aéTTou+1
P fz ‘ngebfg‘ﬂX&i y & g‘ﬂy

Te. dATw
Eé%ff@.”z&iﬁ“sr )

Thevalue of My inequations (2,3 and 4) is

Mg =M+ m
(6)

and

P, . Te aeﬂuw e avo fée afwal
=y T ey T S 12 T Sk

+rWWx- 2w)
(7)
P T€ afudu 1€ vl 1€  awdl
= 4+ — — - _
My W ey Y By 1 o
+rgb(T—Tc)

(8)

fiP ‘Hg oduen e ofvau Té afwal
S g e T S Ty €Y S Y S

+rWWwz+2u)
9)

Gt =5+t (10)

In therma energy equation the radiation heat transfer, the viscous dissipation,
pressure work and Joule heating are ignored, so the source term Sy becomes

Sr=0 (11)
IT,: is the turbulent eddy viscosity and estimated by the K- e two-equation

turbulence modd:
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Cl k2
m (12)

”‘t:e

TURBULENCE MODELING

Turbulence closure was provided by means of a non-linear eddy-viscosity modd.
Whilst this model cannot exactly represent the modifications to the turbulence
production rate due to Coriolis and centripetal forces (these contributions have zero
trace), the mode is able to give some representation of normal-stress anisotropy,
dreamline curvature and bulk rotation effects. The mode consists of transport
eguations for k and € and an expansion for the anisotropy tensor involving terms up
to, and including those, cubic in the mean strain and vorticity tensors. The turbulent
transport equations are as follows:

Turbulence energy , k

T(ruk) , TCrvk)  fi(rwk) _ aﬂT_kt_i;l+1' aa1_kc:i‘;+
ix fy 1z ﬂxge‘gﬂx% y SxEqy 20
1 e. adke
— —3tGk - re
‘HZéﬁg‘HZ% X
(13
Dissipation rate, e
‘ﬂ(rue) ‘ﬂ(rve) M(rwe) _ Hdeon T € aeﬂeou
X Ty 1z ﬂxg%eﬂx% ﬂyf‘bgﬂym
7 ¢é. afledd e?
- b C —C =
ﬂzgc%g %'F e1Gk e2fl K
(14
Where
—m+ Tt —me
G m+Sk B €Y m+Se
(15)

and the turbulent production term is

G :mgzg _U9 +£[VO ﬂWOZQ a[u.pﬂ.pﬂ_vvg \,
k T g Erys &2 e Ty 5

(16)
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The last coefficients appearing in equation (7) are the same as those adopted in ref.
[15] inthe standard Kk - e two-equation turbulence modd. These coefficients are:

Cpn=009,5, =10 ,5, =13, Cg; =144 , Cyp =1.92

BOUNDARY CONDITIONS
The boundary conditions to be satisfied for the problem are expressed as:

- At the left wall x=0, 0<y<L,0<z<L, u=0,v=0,w=0, T=Ty
- At the right wall x=L, 0<y<L,0<z<L,u=0,v=0,w=0, T=Tc.
1T
- At the bottom wall y=0, 0<x<L,0<z<L,u=0,v=0,w=0, ‘ﬂ_:O'
Yy
1T
- At the top wall FL,0<X<Lu=0,0<Z<L,v:0,W:O,ﬂ—:O.
Yy
T _
- At the front wall z=0, 0<x<L,0<y<L,u=0,v=0,w=0, ‘H__O'
z
T _
- At the back wall Z=L,0<X<L,0<y<L,u:0,v:0,W:0,ﬂ—_o_
z

NUSSELT NUMBER
One of the characteristic of flow is the rate of heat transfer across the cavity. The
local Nusselt number at the hot wall is calculated as:

T L
R CYR L
=0 M (Ty - Tc)
17
While the average Nusselt number at the hot wall is given by:
L -L .
Nu =y adﬂoy{
elx g x=0
(18)

METHOD OF SOLUTION

The SIMPLE dgorithm by Patankar and Spalding [16] is applied to solve the
conservation equation of mass, momentum and energy. The transport equations for
continuity equation, momentum equation, energy equation, turbulence energy
equation and dissipation rate equation all have the general form in three dimensional
geometry:
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T(ruF)  NCrvE)  NCrwE) _ T € 35£q:|+lé HF
"ty Tz xE e e iy o
1é. &dF o

+ o+
& Szl T

(19)

Equation (8) is re-arrangement of algebraic equation of the form:

(A-Sp)Fp=8 AF; +5,
nb
(20)

The set of finite volume equations is solved by using an iteration method, starting
from the solution of a previous run as initial condition. Numerical stability is
enhanced by the choice of approximate relaxation factor f defined as:

FR=fFp+(1- fFD
(21)

Where, F% is the value of F from the previous iteration, F p is the values

obtained from the solved equation (9) and F rF‘; is the new value The value of the
relaxation factor f can beintherangeof O< f £1.
Grid Arrangement

The specia arrangement used for the grid nodes (non-uniform spacing) gives good
results even for rdativdy coarse grids. Fig.1b shows the mesh distributed for the
enclosure. There are three sets of grid with clustering near the hot and cold wall are
tested, where (60*20*10) is chosen because this set ensure good results and time
saving as shown in Fig.1c which represents grid independency, where the vertical
velocity component (v) calculated a the mid-height of the enclosure for Ra =
1.5%10" .
Validity Of Present Code

In order to verify the accuracy of the present numerical investigation obtained
from the developed computer code which is written in FORTRAN 90, the results of
the developed code are compared with the previously published works of Bouaraour

[7] under the same conditions for (Ra =1.58* 109). As can be seen from Fig.2, the
present code provides good results.
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RESULTS AND DISCUSSION
The foca point of this work is to investigate the relation between average Nusselt

number (Nu) and the rotation Rayleigh number (Rar) and then predict the

correlation for this rdation. Thus, the results will be summarized as flow:
Variation Of Angular Velocity With Constant Temper ature Difference
Consider the solution for ( W=010,2030, and 40) rad/s and constant

temperature difference (DT = 200). From the results, the velocity vector has the
same behavior for each case except there is an increase in the magnitude of velocity
with increasing ( W ). According to this it will consider one of these cases to
compare it with the zero rotation ( W=0 ) , this case let to be ( W=40 ) rad/s.
Figure (3) illustrate the velocity vector for ( W=0, and 40) rad/s. From Figure

(34), the effect of rotation of the endosure is seen from the dockwise rotation of flow
within the enclosure ( opposite to the direction of enclosure rotation) as a result of the
pressure variation across the enclosure and the formation of pressure and suction
sides in the leading and trailing edges of the enclosure respectively, with addition to
the effect of centrifugal and Corialis forces.

Figure (3b) represents the velocity vector for stationary enclosure. It can be seen
that the velocity of flow is effected by the bouncy force as a result of temperature
variation of the enclosure walls.

Figure (4) illustrates the temperature contour for the cases
(W=0]10,2030, and 40) rad/s with aso constant tempeature difference

(DT =200). From these figures, it can be seen that the warm area increased with
increasing the angular velocity of the enclosure Wheress the variation of temperature
in the stationary enclosure is increased gradually upward as a result of the effect of
bouncy force
Figure (6) shows the local Nusselt number at the hot wall for the same conditions as
in the previous figures. It can be noted that there is an increase in the (Nu) with
increasing (\/V)as a result of the centrifugal force and the value of (Nu) is maximum
near the lower surface as a result of acceleration of convection currents. In addition
to this there is a noticeable increase in the (Nu) near the upper surface with contrast
with those for stationary enclosure (OW) as a result of the vortices formation inside
the enclosure which rotate in an opposite direction to those end osure.
Variation In Temperature Difference With Constant Angular Ve ocity

Figure (5) represents temperature contour for ( DT =100,200,300, and 400 )

with constant angular velocity (W: 50rad/ S). From these figures the shape of
temperature distribution within the enclosure is the same for each case while the
maghitude of temperature increased with increasing temperature difference.
Figure (7) shows the local Nusselt number at the hot wall for the same conditions of
Figure (5). From these figures, there is no notable change in the (Nu) and the Nusselt
number distribution is the same for these cases. According to this one can conclude
that Nussdt number influenced significantly by rotation.

Finally, from al these cases, Figure (8) illustrates the relation between average

Nusselt number with rotation Rayleigh number (Rar). From this figure, average
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Nusselt number is increasing with the rotation Rayleigh number increasing. With the
ad of this figure, average Nusselt number can be correated in terms of (Rar ) The
correlation can be presented by the equation of form:

Nu = m(Ra, )"
(22)

Employing the least square technique, the correlation equation is as:

Nu = 0.119(Ra, )*-17747
(23)

CONCLUSIONS

A numerical study of three —dimensional, steady and incompressible turbulent
natural convection of air (Pr=0.72) within a rotated cubic enclosure is presented.
Finite volume with staggered grid arrangement is used to solve the governing
equations. The two equation turbulence modd of k-e is used to introduce the effect
of turbulence. The results show that the turbulence increased with increasing the
angular velocity of the enclosure and as a result of this there is an increase in the
average Nussdt number at the hot wall. The effect of changing rotated Rayleigh
number as a result of chancing angular veocity of endosure, and temperature
difference of enclosure walls on the average Nussdalt number (Nu) is presented and
correlated.

FUTURE WORK
Thiswork can be developed by studying the following:
1. Effect of changing the fluid within the enclosure on the results.
2. FEffect of radius of rotation on the nature of flow within the enclosure.
3. Change the direction of rotation for the enclosure (rotated about x-axis or z-
axis).
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Figure (1a) Geometry and boundary conditions of the problem.

Figure (1b) Grid arrangement
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Figure (3) Velocity vector: (@) W =20 rad/s, Ra=1.67*10"°, Ra,=6.47*10",
scale=0.1relativeto grid units’magnitude, (b) W =0, Ra=1.67*10",

scale=0.2 relative to grid unitsmagnitude.
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Figure (4) Temperature contour Ra=1.67* 108, DT =150 : (a) W=0, (b) W=10
rad/s, Ra, = 1.6* 10°, () W=20rad/s, Ra, = 6.47* 10°, (d) W=30rad/s,
Ra, = 1.46* 100, () W=40rad/s, Ra, = 2.59* 10'°.
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Figure (5) Temperature contour, W=50rad/s: (a) DT =100, Ra=1.19* 108,
Ra, =2.88* 1010 (b) DT =200, Ra=2.09* 10°, Ra, =5.08* 10 (¢)
DT =300, Ra=2.81* 108, Ra, = 6.81* 10'° (d) DT = 400, Ra=3.39* 10°,
Ra, =8.21 101°.
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Figure (6) Local Nu contour for hot wall Ra=1.67* 108, DT =150 : (a) W=0, (b)
W=10rad/s, Ra, = 1.6* 10°, () W=20rad/s, Ra, = 6.47* 10°, (d) W=30
rad/s, Ra, = 1.46* 10*°, () W=40rad/s, Ra, = 2.59* 10'°.
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Figure (7) Local Nu contour for hot wall, W=50rad/s: (a) DT =100,
Ra=1.19* 108, Ra, = 2.88* 10" (b) DT =200, Ra=2.09* 10°,
Ra, =5.08*10'° (c) DT =300, Ra=2.81* 10°, Ra, = 6.81* 10'°
(d) DT =400, Ra=3.39* 10°, Ra, =8.21* 10°.
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Figure (8) Effect of Ra, on aver%ae Nusselt number Nu for different
temperaturedifference DT and different angular velocities of enclosure W.

2810

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com



