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Abstract

Energy transfer mechanism in most technical flows is through turbulent natural convection due to low viscosity
of the fluids used in technical applications. Consequently, there is need to establish the parameters that influence
the flow field of turbulent flow regime in order to enhance the energy-efficacy of many thermal applications. In
order to establish the influence of the geometrical configuration of the flow domain on the flow field, we obtain
and analyze the distribution of the velocity and temperature fields of a Boussinesq buoyancy-driven turbulent
flow field in a locally heated and cooled enclosure for 0.5 < AR < 1 while maintaining the Rayleigh number of
the flow at 5.5x10'. To filter out the enormous turbulent scales inherent in the turbulent flow regime, we
decompose the flow variables present in the instantaneous equations governing a viscous Boussinesq buoyant
flow and subject the resulting equations to the Reynolds averaging process to obtain equations that governs the

turbulent flow field. We resolve the turbulent quantities emanating from this process using the SST k —w

turbulence model coupled with the Boussinesq approximation. To ensure the satisfaction of the conservation
laws at the discrete level and over the entire solution domain, the non-dimensionalized equations are discretized
using the robust finite volume method. The method possesses the ability to adapt a grid structure that captures
the local features of the flow domain and imposes the integral form of the governing equations to each finite
volume of the discretized solution domain so that the final mathematical formulation has an intimate connection
to the actual physical situation. Since the equations are coupled, a segregated pressure-based iterative method is
used to obtain the solution. The results revealed that the velocity and temperature fields are non-uniformly
distributed in the enclosure and their magnitude and distribution significantly depend on the Aspect ratio of the
enclosure. The results are consistent with the experimental results of Markatos and Pericleous (Markatos &
Pericleous, 1984).

Keywords: Aspect Ratio, Boussinesq, Buoyancy, Natural Convection, Reynolds Stresses, Turbulent heat flux.
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1.0 Introduction

There are two main mechanisms responsible for the transfer of heat in fluid flows. One is due to the random
molecular movement of the fluid particles known as diffusion and the other is due to the macroscopic movement
of fluid particles with the flow. However, in convective flows, heat transfer is predominantly due to the
macroscopic movement of the fluid particles known as convection ( (Rathakrishnan, 2005), (Bejan, 1984)).
There are two processes in the convective mode of heat transfer, the forced and natural convection. If an external
agent causes the movement of the fluid, the process is termed as forced convection. In this case, a superimposed
external field is principally responsible for the fluid motion. The fluid motion is thus noticeable. On the other
hand, whenever a surface in a fluid is at a temperature higher or lower than that of the fluid, the layer of the fluid
in contact with the surface assumes the temperature of this surface through conduction. Due to temperature
difference between this layer and the fluid particles within the vicinity, density gradient develops in the fluid.
The presence of gravitational force in such a fluid induces buoyancy force that initiates fluid motion (Bergman &
Incropera, 2011). The resulting fluid motion is termed as natural convection. In this case, the fluid motion is not
noticeable since an internal condition causes the movement of the fluid particles. In natural convection, the flow
rate is dependent on a non-dimensional number known as the Rayleigh number. Since the flow rate is a function
of the coefficient of heat transfer, both the mechanism of heat transfer and the flow behavior are dependent of

the Rayleigh number. When Ra <10*, the mechanism of heat transfer is primarily by conduction whereas for

10* < Ra <10°, laminar natural convection is the predominant mechanism of heat transfer. For Ra >10°,

turbulent natural convection is the principal mechanism of heat transfer (Rajput, 2015). The coefficient of heat
transfer of such flows is dependent on the fluid properties, the flow conditions and the geometry of the flow
domain (Rajput, 2015). The Rayleigh number incorporates both the flow properties and flow conditions.
Consequently, the behavior of a Boussinesq natural convective flow of constant Rayleigh number is dependent
on the geometrical setup of the flow domain. However, most of the fluids used in technical applications are of
low viscosity, hence, fluid flows encountered in technical applications are mostly turbulent. In order to meet the
ever-increasing need of enhancing the energy-efficacy of many thermal systems, the determination of the
influence of the Aspect ratio of the flow domain on the flow field of a turbulent natural convective flow is thus

of great importance to the thermal science community.

Since the flow variables at a given point in a turbulent flow field exhibits a net mean behavior accompanied by
rapid fluctuations about the mean, we subject the equations governing a Newtonian viscous Boussinesq buoyant
flow to the Reynolds decomposition and averaging process in order to filter out the turbulent scales, moreover,
we are interested with the gross behavior of the flow and thus equations that describe an average turbulent flow
field will suffice (Patankar, 1980). The averaging process however introduces two unknown terms each in the
momentum and energy equations associated with the fluctuations intrinsic in turbulent flow (Launder &

Spalding, 1974). The determination of these terms poses the greatest challenge in the analysis of the turbulent

flow field. In the present work, the Shear Stress Transport K —W turbulence model developed (Menter, 1994)

coupled with the Boussinesq approximation is used to model these terms.
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1.1 Review of Previous Related Studies

Due to its many practical applications in the real world, the effect of the Aspect ratio of a flow domain on the
flow field is receiving increasing research attention. Ganzarolli & Milanez, (1995) conducted a numerical study
on natural convection in an enclosure heated from below and cooled symmetrically from the outside for
10° <Ra<10°. Results for Pr=0.7 and Pr=0.67 were obtained using the stream function-vorticity
formulation. The Aspect ratio of the enclosure was varied between 1 and9. The results comprised of isotherms
and streamlines on different vertical planes and the Rayleigh-Nusselt number variations. They reported the
effects of varying the Rayleigh number, Aspect ratio and the Prandtl Number of the fluid on heat transfer rate.
(Sarris, Lekakis, & Vlachos, 2004) studied numerically natural convection in rectangular tanks heated locally
from below. They investigated the effect of varying the geometry of the heated surface and the length of the tank
on the flow patterns and heat transfer rates for Rayleigh number between 10* and10’. From the results, it was
apparent that the intensity of the flow circulation increased with the width of the heated strip and the length of
the tank.

Nogueira, Martins, & Ampessan, (2011) used computational fluid dynamics to analyze the effects of the Aspect
ratio of the flow domain and the Rayleigh number of a natural convective flow on the rate of heat transfer and
the flow profiles. The domain of analysis was a rectangular enclosure of different Aspect ratios. They considered
10* < Ra <10° and Enclosure Aspect ratio of 0.5, 1, 2 and 3. The results indicated that the distribution of the
flow profiles, the rate of heat transfer and the thickness of the thermal boundary layer significantly depended on
the Rayleigh number of the flow and the Aspect ratio of the enclosure. In addition, the results revealed that the
average Nusselt number was a strong function of length to height ratio and increases with width to length ratio.
During the same year, Gowda, Sridhara, & Seetharamu, (2011) used a finite volume based computational
procedure to study the effect of the Aspect ratio on the flow profiles and heat transfer in the thermal boundary
layer of the flow domain. The flow domain used for the analysis was a enclosure consisting of an adiabatic top
wall, constant temperature cold vertical walls and a horizontal bottom subjected to uniform and linearly varying
temperatures. Rayleigh number was ranged from 10° to 107 and the Aspect ratio of the enclosure from 0.5 to
3.0. From the results, whereas the Nusselt number for the bottom wall increased as the Aspect ratio increased
from one to three, it decreased for the sidewalls. In addition, when they subjected the bottom wall to uniform
temperature, the results revealed that the Nusselt number was higher than when subjected to linearly varying

temperature.

(Falahat, 2014) investigated the influence of Aspect ratio and Rayleigh number on the Nusselt number in a
laminar natural convection flow inside a water-filled square enclosure. The enclosure consisted of a partially
heated vertical wall with the opposite vertical wall partially cooled. The top and bottom walls of the enclosure

were both adiabatic. He solved the governing equations using the finite volume method for 10° < Ra <10°and

0.5< AR <4. The results indicated that heat transfer enhances with increase of Rayleigh number for all
Aspect ratios. However, the Nusselt number increases for Aspect ratio in the range of 0.5 to 1, beyond this range
it decreases smoothly. (Salih, 2015) used the robust finite volume method on a collocated grid to investigate a

steady two-dimensional laminar natural convection flow in a parallelogram shaped enclosure bounded by an
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adiabatic top wall, constant temperature cold sidewalls and a hot bottom wall at uniform temperature. He
considered velocity components and pressure as the dependent variables in the momentum equation. He used the
SIMPLE algorithm to obtain the pressure field. The study considered Rayleigh number ranging from
10° <Ra<10® and0.5< AR <1.5. The results showed that the average Nusselt number increases as
Aspect ratio and Rayleigh number increases. In addition, he asserted that the Aspect ratio of the flow domain is
one of the most important parameters that determines the rate of heat transfer.

Most of the previous researches have considered the effect of the Aspect ratio on a laminar flow field. This paper
documents the effect of the Aspect ratio on the distribution of the flow fields in a Boussinesq buoyancy-driven

turbulent airflow in a locally heated and cooled enclosure with adiabatic walls.

2. Governing Equations
2.1 The Assumptions

The equations that govern Boussinesq buoyancy-driven turbulent flow result from invoking the laws of

conservation of mass, momentum and energy. We however modify the momentum equation to incorporate the

buoyancy term and neglect energy transfer through thermal conduction and radiation in the energy equation.

Therefore, the derivation of the equations governing this flow regime is based on the premise that

. The fluid is Newtonian

o The flow is buoyancy-driven and turbulent.

o The dynamic and chaotic behavior inherent in turbulent flow does not violate the conservation
laws

. All the flow variables are continuous functions of space

. Density is constant in the continuity equation and in all inertial terms in the momentum equation

except in the buoyancy term.

. The heat transferred by conduction and radiation means is negligible.
. The viscous dissipation effects in the energy equation are negligible.
. The only body force acting on the fluid is gravity.

. Density gradients is purely as a result of temperature difference.

In a buoyant flow, a fluid of density 0, displaces a fluid of density © , where [, is the reference fluid density

and O is the instantaneous fluid density and © < O, . This is due to buoyancy force caused by the imbalance

between the gravitational and pressure forces acting on the fluid particles arising from density variations
associated with temperature difference. A recirculating process thus characterizes buoyant flows. From

Archimedes principle, the net force F, acting on a unit mass of the fluid is

56


http://www.iiste.org/

Mathematical Theory and Modeling www.iiste.org

ISSN 2224-5804 (Paper) ISSN 2225-0522 (Online) jLINE
Vol.7, No.6, 2017 IISTE
F, =(0, - p)oV (1)

Where V is the volume of the fluid displaced. But the volume of a unit mass of a fluid is
V=— )
Hence

=——4¢ ©)

The density gradients that induces the buoyant force are due to temperature difference in fluid particles, thus,
temperature is the primary variable in the flow. We thus express the buoyancy force in terms of temperature
using the coefficient of volumetric expansion of the fluid. From definition, this coefficient is a measure of the

rate of change of the volume of a fluid with temperature at constant pressure (Rajput, 2015)
1(oV
B=\% )
V, L oT .

For a unit mass of a fluid, density is inversely proportional to the volume, therefore

1(&) __i(a_p) o
Voot J, P\ T J,
Thus, at constant pressure
1(A
p= ——(—pj ©)
Po \AT
It then follows that
1 (,0 _po)
p=——

-T
po (T-T,) -
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Hence,

Po—P

oL = g -T,] ®)

Po

Substituting equation (8) into (3) gives

F,=9p[T-T,] ©)

It is apparent from equation (9) that the buoyancy force is a function of the coefficient of volumetric expansion

of the fluid, the gravitational field strength and the temperature difference. Hence, for a Boussinesq fluid,

buoyancy is purely a function of the temperature difference.

Considering a fluid flow with velocity component U, in time t and spatial Cartesian co-ordinate X;, the

equations of continuity, momentum and energy respectively becomes (Currie, 2012)

ou,

S B o
0X;

(10)

ou, - ou, 10p 0%y
—+U, —=———+V—>+, —T,
o ax,  pox 91T =T

o, o _ kot

ot lox, pc, ox

2.2 Decomposition and Averaging of the Conservation Equations

(11)

(12)

In order to incorporate the fluctuations that characterizes a turbulent flow, we subject equations (10) to (12) to

the Reynolds decomposition and averaging process so that a flow variable ¢ is expressed as sum of a mean

value and a fluctuation value as illustrated in the equation below

Pt =) +4' (x,1)
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where ¢ denotes the instantaneous value of the variable whereas E and @' denotes the associated mean and

fluctuating value respectively. The mean value is determined by taking the time average of the variable over a

long period compared with the time scale of a typical fluctuation as expressed in the equation below

— i t+At
g=lim [ p(x.tydt (14)

where At is the time averaging interval. Consequently, E does not change with time but with space.

We substitute the decomposed forms of the instantaneous variables present in equations (10) to (12) and subject

the resulting equations to the Reynolds rules of averaging to obtain the time-averaged equations below

8ui 0
ox (15)
aai " aai 1 dp = = 0 8l]i S
—+tUj—=——+4+4d. -T +— = _suu
ot J@Xj o ox g.[ﬂo(T 0)} 8XJ- ,Uaxi pul. (16)
a0 oT - —
pcpgz—a —Kg+pCpUjT -I—pCpUJ-T (17)

The time-averaged equations (15) to (17) describes an average turbulent flow field. However, equation (16) and
(17) contains unknown quantities pm and pu T respectively. These terms referred to as turbulent stresses
and turbulent heat flux respectively represents the additional transfer of momentum and energy due to the

fluctuations in the turbulent flow.

3.0 MODELING THE TURBULENT QUANTITIES
3.1 The Boussinesq Approximation

Boussinesq postulated that turbulent stresses is linked to the mean strain rate through an apparent viscosity £ ,

whereas the turbulent heat flux is linked to the temperature gradient through an apparent coefficient of

conduction k; . This implies that, an average turbulent flow field is comparable to the corresponding laminar

flow field (Versteeg & Malalasekera, 2007). However, both £, and k;, unlike the laminar viscosity 4 and

thermal conductivity K are not fluid properties but flow properties. Based on this analogy referred to as the
Boussinesq approximation the turbulent stresses and the turbulent heat flux are expressed in terms of the mean

strain rate and temperature gradients respectively as
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- Ui ou i, 2
p Uy =—4, &J"’a_xl +A5ijpk (18)
C, X

where K is the turbulent kinetic energy. The turbulent viscosity is a function of turbulent kinetic energy k and

the turbulent scale length L (Rodi, 1993)
u =¢,pLk (20)

where Cﬂ is an empirical constant determined experimentally. Thus, to complete the model, we require an

equation for the determination of turbulent kinetic energy and another equation that allows for the determination

of the turbulent length scale.
3.2 Transport equations for the turbulent scalar quantities
3.2.1 Equation for Turbulent Kinetic Energy

This equation derived from the Navier-Stokes equation is of the form (Gatheri et al., 1993)

Ko, K i M pgpur -2 | L U+ pU; - K| o
Pt TP # x| 27 Yo, | Mo o, @
I 1 11 v ! Vil Vil

Each term in equation (21) represents an energy process occurring within the flow field. Apart from the terms
I,nandvi representing the temporal, convection and molecular diffusion respectively, all other terms in the
equation contains unknown correlations associated with the turbulent fluctuations. The correlations are modeled

using similarity considerations coupled with the Boussinesq approximation as below.

Applying the Boussinesq approximation, the production term mi , denoted as P, becomes

u—%_ aﬁi+aﬁj 8ai_35 k@_ai .
| Mlox " ax |ox, 37 ox )

i i i i i

: . OUi :
However, from the equation of continuity, a—' = (0. Equation (22) thus becomes
X .
J
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Fo= b ox ' ox |ox
j i i (23)
Similarly, from equation (19), the buoyancy generation term v , denoted by Gk becomes
— oT
G, =—BgpuT = pg T @
C, 9%
But
C
k= ) (25)
Oy
Thus
M oT
G =89 —— (26)
o, OX;

where o is the turbulent Prandtl number.

The turbulent diffusion termv , is modeled using the assumption that kinetic energy diffuses down the gradient.
The Fourier’s law of heat flux supports this assumption. According to this law, heat diffuses from hot to cold

regions (Rajput, 2015). Applying this law, we obtain

1 ——
—puuu, =—-+— (27)

The diffusion of turbulent Kinetic energy due pressure gradient is small and consequently negligible. In addition,

instead of modeling the turbulent dissipation term, an equation for its transport is developed.

Now using the modeled terms, we obtain the modeled equation for the transport of turbulent kinetic energy as

%4_ aa_k—i +& ﬁ + aai_l_aaj aal_*.ﬂgﬂi_ %%
Pa ek ox x| ax T ax [ax 7o o, ox, ox,

i i i i

Oy
(28)

3.2.2 Equation for the Turbulent Dissipation Term

From equation (28) for the transport of turbulent kinetic energy, the turbulent dissipation term is dependent on

the descriptors of the large-scale motion K and L . The relation between these descriptors and the dissipation
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K 3
2
&E=C4 — (29)
‘L
where C, is an empirical constant. Rearrangement of equation (29) gives
3
2
L — Cak? (30)
&
Substituting equation (30) into (20) results into
d<2
lut = C,u (31)
&
where Cﬂ is an empirical constant. From Wilcox (1998)
&= awc, k (32)
where ¢ is the specific turbulent dissipation. This implies that
u = 2K (33)
w
From the Wilcox formulation, the transport equation for @ is given as
ow - 0w O pk |ow K’ @ >
p—+pU,—=—|| pu+— | |[+| B——F—|p G, - pBo". (34)
ot oX  OX; o,0 ) OX; o, /cﬂ K

Equations (28) and (34) provide the transport equations for the turbulent scalar quantities for the standard

k — ¢ turbulence model. However, this model is sensitive in the freestream region.

3.3 The Modified Turbulent Transport Equations

On realizing the strengths and weaknesses of the standard turbulence models, Menter developed a blended model

referred to as the Shear Stress Transport K — v turbulence model to overcome the strong freestream sensitivity

of the k —® model in order to improve its predictions in regions with adverse pressure (Menter, 1994). He

based its development on the results of physical experiments conducted to reveal flow behavior for engineering

applications. The blended model switches to the k — @ turbulence model in the inner regions of the boundary
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layer and transition regions and to k —¢ turbulence model in the freestream regions. Therefore, in order to

adequately reveal the flow behavior in the entire flow domain, the SST k — @ turbulence model is the most

appropriate model for resolving turbulence. The model is a variant of the K — @ model obtained by expressing
the K — & model in terms of k and @ resulting into an additional term in the transport equation for ¢ called

the cross-diffusion term defined as

1 ok dw
D =2i-F]po, =@ 35
»=21-F]p " ox X, (35)

where |:1 is a blending function. The turbulent viscosity of the model is obtained by modifying the turbulent

viscosity term of the standard kK — @ model given in equation (33) to include a term that make the model switch

to K —& turbulence model in the freestream regions. The modified turbulent viscosity is as given in the equation

below U, = paK (36)
max (a, , QF,)
where F, is a function defined as
F, = tanh(¢7) 37
¢2 _ max[é\m i SOO,LZI :| (38)
lLla) pwy

The first term in equation (36) originates from the definition of £, for a kK — @ model while the second term

vary with the normal distance from the boundary layer. This term reduces the turbulent viscosity in the regions

where adverse pressure gradients are present thus enhancing the performance of the model.

The turbulent kinetic energy production term for the model is obtained using the equation below
G, = 1,S°? 39)

S is the modulus of the mean strain rate tensor S;; , defined as

S = /25,5, (40)

and
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1|0 ou, |’
u. i
2| ox;  OX
The production term for ¢ is given by
G, =L oG, (42)
pan
where
a, | a,+Re/
o= o 0 t RW (43)
ax| 1+Re/R,
The dissipation rate of K and @ are respectively given as
Y = PP ke (44)
2
Vo = PPO (45)
Where
B =B+ F(my) (46)
and
_ A
4 N Re,
B =p. E— (47)
Re
1+ { t }
L LR
F (m,) is a compressibility function defined as,
0, m <m,
F (mt ) - 2 2 (48)
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2k
rnt2 == —2
a
m, = 0.25 (49)

a=.RT

p=p {kﬁ—fﬂ(mt)} 0
B =Fp, +(1_ Fl)ﬂi,Z' (51)

The modified turbulent transport equations thus becomes:

Transport equation for turbulent kinetic energy k

ok - ok 0O k ok ’S?ak .
p—+pU, — = + P% + P> % — pf ok

ot % O, o, max (e, QF,) JoX; | o, max(a,m, QF, )

(52)
Transport equation for specific turbulent dissipation (0
— 2 22

pa—”+pui6—”=iﬁu+ pak Ja_a)]+ gk P

ot ox, X o, max(a,m,QF, ) | 0x, c,[C, |o, max(ao QF,) (53)

o, K 0w

2(1-F)p—2——-— 2

(1-F)e @ OX; OX, phe

The coefficients in the modified transport equations are blended forms of the standard K — & and k — @ models

coefficients. The blended coefficients are obtained using the blending function =, defined as

F, = tanh [¢14] (4)

where

@, = min| max vk 500u) 4po,k (55)
' Cya)y pa)yz CDK(uy2
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Y is the normal distance to the wall and CD,__, is the positive component of the cross-diffusion term defined

as

1k 00

CDK = Mmax 2,00' 5 ) 107 56
¢ “% w OX; OX 56)

Accordingly, the blended coefficients are obtained using the relation below
¢:¢1F1+(p2(1— Fl) (57)

where @ is the blended coefficient, ¢, is a coefficient from the standard k —® model while @, is the

corresponding coefficient from the standard k — ¢ model. The blended coefficients for the model are given in

table 1 below.
Table 1: Coefficients for the SST k — e model
*
Oy1 Ok2 0u1 02 % a, %o a, Bis B,
1.176 1.0 2.0 1.168 0.31 1 0.52 1/9 0.075 0.0828
* * K
ﬂoo Rﬂ Rk Ra) g rnto Gk Ga) C/l
0.09 8 6 2.95 15 0.25 2.0 2.0 0.09 0.41

3.4 The Modeled Equations for an Average Turbulent Flow Field

For clarity, the upper-case letters represent the mean-value component of the flow quantities while the lower-
case letters represent the corresponding fluctuating component. For temperature, T represent the mean-value
component while T represent the fluctuating component. Accordingly, the equations governing a Boussinesq

buoyancy-driven mean turbulent flow field are

Equation of Continuity
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ou,
OX

Equation of Momentum

ouU. ouU, 10P 0 o, —
—+U, —=———+9 T-T,)|+—| u—— puu.
at j an ani g||:ﬂ( O)il GXJ :uaxj 10 1] (59)
Equation of Energy
oT 0 oT —
,ocpE:—a —zcaﬂ)chjT +pc,u;T (60)

! J

Transport equation for turbulent kinetic energy

2¢2
pa—k+pUi %:i J7ES palk i + P S alk —p,b’*a)k (61)
ot ox, X, o, max (@, QF,) |ox; | o, max(a,w, QF, )

Transport equation for specific dissipation rate

2 2g2
pa_a)+pui6_a) 0 Hl“L pok ]&o}{ﬁ_ K } P S‘aw
(7(

ot X, :axj o, max (o, QF,) ) ox i /Cy o, max (o, QF, )
o ok dw (62)
2(1-F) pZe L9 _ 5B07
( 1),0  OX% OX; PP

4.0 MATHEMATICAL FORMULATION

When the Rayleigh number of the flow is constant, the coefficient of heat transfer is dependent on the
geometrical setup of the flow domain. This implies that the geometry of the flow domain affects the flow
behavior. In order to establish the effect of the Aspect ratio of the flow domain on the flow field, we determine
and analyze the distribution of velocity and temperature fields for a Boussinesq buoyancy-driven turbulent
airflow of Ra =5.5x10" in a locally heated and cooled enclosure for 0.5 < AR <1 and Pr =0.71. The
distribution of the flow field is revealed by the distribution of the velocity and temperature contours. Figure 1

below shows the physical set-up of the flow domain.
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Figure 1: The physical set-up of the Enclosure

We define the Aspect ratio AR as the ratio of the convection height to a horizontal length of the flow domain.

Accordingly, the Aspect ratio of the enclosure is defined in the equation below.

AR =2 (63)

From the figure, | = 2.5 whereas2.5<L, <4.5,hence0.5< AR<1.

In order to reduce the number of variables in the governing equations we non-dimensionalize equations (58) to
(62) using a non-dimensional scheme that combines several dimensionless variables into non-dimensional

numbers that are significant to the prevailing flow conditions and ensures that the solution is bounded. Since the
main goal is to find the value of U; and Ti at position X; in the enclosure, each of the flow variables is non-

dimensionalized using a characteristic dimensionless variable in respect to the non-dimensional scheme

proposed by Lankhorst in which the characteristic velocity U, is defined as (Lankhorst & Marinus, 1991)

U, :L (64)
pocp0 IO

We further select |0 and T, as the characteristic length and temperature respectively. All other flow variables
are non-dimensionalized by their respective values at temperature T, . Accordingly, we introduce the following
non-dimensional scaling variables in which the superscript prime denotes the non-dimensional quantities, the

subscript star denotes a variable defined in respect to the non-dimensional scheme and the subscript () denotes
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the variables evaluated at a reference state. The mean value and the corresponding fluctuation component of a

variable share the same scaling variables

g=2 (65)
g

Ui o (66)
ox;
oU. oU. Ra Pr? % Pn 1 oP Ra Pr
—tirU, —it=- — 4 (BOAT,)+
ot OX S, Gn p ox; S,
(67)
o oU,
— Prv——uiuj
OX; OX;

e 200
P ot OX

PnflKg_g+pCpUie+pCpl‘li_6:| (68)
X.

2¢2
R akzpri[[’” pak J@_k]JrRaPr[ 'Stk j_pﬂ*wk

ot j &. X o, max (e, QF,) Jox, | & | max (o, QF,) (69)

2 2¢2
pa—w+pUja—w=Pri e pak Jo +RaPrQ f- K p°Sak _
ot ox  ox, o,max(aw,OF,) Jox, | & k| o, \/{ max (a0, QF, )

%

2

2 1| RaPr 2(1—':1)% ok oo
@ 0% OX;

n

(70)
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Temperature boundary conditions

For a bounded solution, we bound the non-dimensional temperature g — T —T. within the flow domain. We
AT,
conveniently choose T, =T_ so that on the heated region, T =T, hence,
T, -T, T, —T
O=-"L_—c=_" ¢c=1 (71)
AT, T, —T,
On the cold region, T =T_ hence
T, T T —-T
O=——=-=—"—"°=0. (72)
AT,  T,-T,

Thus within the enclosure, 0 < 8 <1.
The walls of the enclosure are adiabatic, thus taking N as a scalar of the outward unit vector normal to the walls,

80:()

e 73
n (73)

Velocity boundary conditions

The walls of the enclosure are stationary and impermeable. We specify the state of the fluid motion at the
boundaries in terms of the velocity of the fluid particles. The non-slip velocity boundary condition apply on all

the bounding surfaces of the enclosure as outlined below.

ux=0,y,)=vx=0,y)= 0 (74)
U (=L, Y) =V (x= L, ¥)=0 (75)
uX,y=0)=v(x,y=0)=0 (76)
u(x y=L,)=v(x,y=L,)=0 (77)

However, the pressure field is not specified since it is deduced from the velocity field.
5. Numerical Method

Based on the assumption that a piecewise profile describing the variation of the dependent variable across
neighbouring nodes exist, the solution domain is decomposed into a union of non-overlapping finite volumes
whose centroids are the computational nodes. To ensure that the conservation laws are satisfied at both the local

and global level, quantity balance of each dependent variable at each node of the computational domain is
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determined using a generic conservation equation that comprises of all physical processes of transporting a

quantity in the flow domain. We thus express each of the equations (66) to (70) in a conservative form as

0 0 0 0
= _— D) — —— _— = 78
p p¢+|:axj (pu;9) P~ £F¢ o, J:| S, (78)

J

where L, is the exchange coefficient of ¢ and S¢ is its source (Pinho, 2001). The equation contain four

distinct terms. The first term on the left shows the change of the variable with time; the second term shows the

advection of the variable with the flow whereas the third term shows the diffusion of the quantity. Both the

second and third term thus represent the flux of ¢ across the boundaries of the finite volume. The term on the
right hand side shows the source of the quantity. Consequently, the rate of change of ¢ in a finite volume with
respect to time is equal to the sum of the net flux of ¢ due to convection into the finite volume, the net flux of

¢ due to diffusion into the finite volume and the generation rate of ¢ inside the finite volume (Douglas,

Gasiorek, Swaffield, & Jack, 2005). The equation thus incorporates all the transport processes of a quantity and

hence represents the flux balance in a finite volume. Therefore, by sequentially setting ¢ to
1, u,v,w, T,k @ and with the appropriate values of 1“¢ and S¢ , the equation of continuity, momentum,

energy and the turbulent transport equations can all be written in the form of equation (78).

Integrating equation (78) over a finite volume, we obtain

5 5 o (. o
Cppdv +[-Z(pugyav —[-2|T,Zpldv =(s,adv. 79
atvfmf +Vjaxj (pu;9) Jaxj( oax ¢Jd Vf , (79)

Using the Gauss’s divergence theorem, we convert the volume integrals in equation (79) into integrals over the

entire surface S bounding the finite volume to obtain

o o
avj(,o¢)o|V+ _!(p¢u)ds— r¢a—xj¢ ds :Vjs¢ dv (80)

The integrals are discretized using the finite volume method to obtain a system of algebraic equations of the

form

a¢ + Z anb b — b (81)
nb

The coefficient @ contains the contributions of all the terms corresponding to @. The coefficient &, contain

the corresponding contributions of each of the neighbouring finite volumes whereas the coefficient b contains

the contributions of the source terms. The SIMPLER algorithm is used to obtain the pressure field. Since each
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finite volume provides one equation for each dependent variable, we obtain an equation set for each finite
volume. However, these equations are coupled in sense that the coefficients in the equations depend on the
previous values of the dependent variables. This implies that the coefficients are functions of the solution.
Consequently, we use an iterative segregated pressure-based solver built in Fluent 16.0 that solves equations
sequentially for each dependent variable. In each equation, the unknown is assumed to be a single field variable
and hence the equation is solved without regard to the solution of other field variables. In order to improve the
stability of the iteration process, we use under-relaxation factors to lower the variations of the dependent variable

from one iteration to the next. The absolute residual measure of ¢ at a point in the computational domain is

obtained using the equation below.

R =

ag — > a, b, — b‘ (82)
nb

In every iteration, the value of the coefficients anb and b changes in each finite volume. The overall measure

of the scaled residual in the entire computational domain thus becomes

>

R¢ __all cells

a ¢_Zanb nb_b|
2 lad

all cells

(83)

For convergence, we set R? <107°.

6. Results and Discussion
6.1 Validation of the results

For validation of the results, we compare the current results with the experimental results of Markatos &
Pericleous, (1984) Figures 2 and 3 below respectively shows a comparison between the distribution of the
velocity and temperature contours obtained in the current study at Ra =10 and the Markatos and Pericleous

experimental results at the same Rayleigh number.

Current results Markatos and Pericleous experimental results
Figure 2: The distribution of velocity contours
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Current results Markatos and Pericleous experimental results

Figure 3: The distribution of temperature contours

From figure 2, both results reveals the presence of recirculating vortices in the central region of the flow domain.
It is also apparent from both results that velocity in the upper left and lower right regions of the flow domain is
higher than the upper right and lower left regions. In addition, the results shows that the flow velocity is high in
the regions near the heater and the cold wall while the interior is virtually stagnant. In both cases, the distribution
of the velocity contours in the flow domain agree considerably. From figure 3, it is apparent from both results
that the alignment of temperature contours is the same. In both cases, the temperature of the contours decrease
gradually from the upper region of the flow domain to the lower side. Therefore, both results indicate that the
flow domain is thermally stratified. Both results further reveals the existence of high temperature gradients
along the vertical walls. This due to the effects of the buoyant forces. The results are therefore consistent with

the experimental results. We therefore conclude that the results obtained satisfactorily reveals realistic flow

behavior and hence are valid.
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6.2 The distribution of velocity field in the Enclosure at different Aspect ratios

Figure 4 below shows the distribution of velocity contours in the enclosure at the indicated Aspect ratio.

Velocty p
Contos pis - = s 99
t::;i ;3;233: (15)3.177e-001
3 (14)2.9500-001
(13)3.252e-001 (132 7;35 001
(1229816001 |l g (12)2.496e-001
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x?u Zggegg: . (8)1.589-001
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Figure 4. The distribution of velocity contours in the enclosure

The distribution of the velocity contours provides a snapshot of the velocity field in the enclosure at the indicated
values of the Aspect ratio. Therefore, the variation of the alignment of the velocity contours with the Aspect ratio
as evidenced in figure 4 is a demonstration that the velocity field is dependent of the Aspect ratio of the flow
domain. As the Aspect is increased from 0.5 to 1, the intensity of the velocity contours along the walls of the
enclosure increases significantly leaving the central region with a low concentration of the velocity contours.
These distributions depicts the distribution of kinetic energy in the enclosure at the specified Aspect ratio. It is
also apparent from results that the distribution of the velocity of flow is high along the walls of the enclosure
than the inner region. In addition, the flow velocity is generally high in the upper left and lower right hand
regions of the enclosure whereas in the central region the velocity is low by one order of magnitude. Further, the
velocity is low in the upper right and lower left regions of the enclosure, hence, the enclosure is velocity

stratified. As the Aspect ratio increases, the alignment of the contours generally remains unchanged but the
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magnitude of the flow velocity in the entire enclosure reduces significantly. Since the flow velocity is dependent
on the buoyancy forces, we conclude that at constant Rayleigh number, distribution and the magnitude of the

force that induces and sustains the flow is a function of the Aspect ratio of the flow domain. Therefore, for a

confined convective flow, the velocity field is a function of the Aspect ratio of the flow domain.

6.3 The distribution of Temperature field in the Enclosure at different Aspect ratios

The influence of the Aspect ratio of the flow domain on the temperature field is revealed by the distribution of

the temperature contours in the enclosure at the indicated values of the Aspect ratio as shown in the figure 5

below.
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Figure 5. The distribution of temperature contours in the enclosure
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The results reveals that the magnitude and distribution of the temperature contours is dependent of the Aspect
ratio of the enclosure. Generally, the upper region of the enclosure is at higher temperature than the lower region.
However, the contours are highly concentrated in the upper left and lower right regions of the enclosure while in
the central region the contours are sparsely distributed. As the Aspect ratio increases, the gradient of the contours
increases significantly and they split into two sets. One set of the contours diverges towards the upper left corner
while the other set diverges towards the lower right corner of the enclosure. The enclosure is thus stratified into
three regions; the upper left region where the temperature is high, the lower right region where the temperature is
low and the central region where the temperature is moderate. We thus conclude that at constant Rayleigh

number, the temperature field is a strong of function of the Aspect ratio of the flow domain.

7.0 Conclusion

e At constant Rayleigh number, the magnitude of the buoyancy force is a function of the Aspect ratio of
the flow domain.

e  The Aspect ratio of a flow domain significantly influences both the distribution and the magnitude of
the flow field.

e The thermal state of a confined flow domain is a function of its Aspect ratio.
8.0 Recommendations

¢ Inthe management of the thermal state of a confined flow domain, the Aspect ratio of the flow domain
should be considered.
e Further research on the effect of the ratio of the heated area to cooled area on the distribution of the

flow field to be conducted.
Nomenclature

Roman Symbols

AR Aspect ratio of the flow domain

a., Coefficients of the neighbouring finite volumes
Cp Specific heat capacity at constant pressure

Cﬂ Empirical turbulence constant

Co Cross-diffusion term
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[T |

HSTE

Cq

AT

At

An empirical constant

Model constants

External body force per unit volume

Buoyancy force per unit volume

Blending functions

Acceleration due to gravitational

Turbulent Kinetic energy

Turbulent coefficient of conduction

Buoyant production of turbulent kinetic energy

Shear production of turbulent kinetic energy

Characteristic length of the convection

Thermodynamic Pressure

Thermodynamic Temperature

Characteristic Temperature

Temperature difference

Time

Time interval

Instantaneous velocity components

Mean velocity components

Characteristic velocity

Unit vectors in the X, Y directions respectively
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LX, Ly Dimensionless lengths of the flow domains in the X, Y directions respectively
S Source term
d Diffusion term
n Normal vector
R Residual measure
Pr Prandtl number
Ra Rayleigh number
Gr Grashof number
Nu Nusselt number
Gn Gravity number
Greek Symbols
a Thermal diffusivity
Y’ Co-efficient of volumetric expansion
Yo Density of fluid
[0 Dissipation rate per unit of turbulent kinetic energy
M Dynamic viscosity of the fluid
y2A Turbulent viscosity
A Thermal conductivity
0 Non-dimensional temperature
& Dissipation rate of turbulent kinetic energy
@ A flow-field variable
Q Blended coefficients

Vi Vo Dissipation rate of kK and () respectively
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K Coefficient of thermal conductivity of the medium

Xi Flux vector

& Non-dimensional temperature difference

0 Differential operator

Oy Turbulent Prandtl number for k

Subscripts

0 Reference state

h Heater

t Turbulent

nb Neighbuor

* Characteristic value

Superscripts

Mean value

Fluctuating component

Non-dimensional quantity

Time

Momentum equation

Turbulent kinetic energy equation

Specific dissipation rate Equation
Acronyms
SIMPLER  SIMPLE Revised

CPU Computer Processing Unit
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