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Abstract

A numerical study of natural convection in tilted isosceles triangular enclosure filled with air is
presented by using a finite element based adapting meshing technique. In this present study, two upper
walls are maintained at constant cold temperature, whereas a constant heat flux js symmetrically
embedded at the bottom wall, and the non-heated parts of the bottom wall are considered adiabatic.
The Grashof number based on the enclosure height is varied from 10° to 10°. This study reports the
effect of various aspect ratios, ranging from 0.5 to 1, and inclination angles of the enclosure from 0° to
60°, on the thermo-fluid characteristics. Results are presented in the form of streamline and isotherm
plots as well as the variations of the Nusselt number and maximum temperature at the heat source

surface under different conditions.
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1. Introduction

Natural convection heat transfer and fluid
flow in enclosed spaces has been studied
extensively in recent years in response to
energy-related applications, such as thermal
insulation of buildings using air gaps, solar
energy collectors, furnaces and fire control in
buildings and so on. The enclosures encountered
in these applications are highly diverse in their
geometrical configurations and most
investigated enclosures include the annulus
between horizontal cylinders, the spherical
annulus, the closed rectangular cavity and the
hollow horizontal cylinder. Effective cooling of
electronic components has become increasingly
important as power dissipation and component
density continue to increase substantially with
the fast growth of electronic technology. It is
very important that such cooling systems are
designed in the most efficient way and the
power requirement for the cooling is minimized.
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The electronic components are treated as heat
sources embedded on flat surface [1, 2]. In many
applications natural convection is the only
feasible mode of cooling of the heat source.
Several earlier studies have been performed
for triangular enclosures in general {3 — 5], but
the focus of this paper is on isosceles triangular
enclosures with discrete heating from below. In
modeling natural convection inside an isosceles
triangular enclosure, nearly every numerical
study previously reported in the literature
employed a symmetry condition at the midplane
and performed the simulations using only one
half of the physical domain. Akinsete and
Coleman [6] wused a finite difference
representation  of the steady-state stream
function, vorticity, and energy equations with an
adiabatic boundary condition for the vertical
wall in a right triangular enclosure, and made
the claim that the problem could also represent
the case for an isosceles triangular enclosure due
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to symmetry. Poulikakos and Bejan [7] used a
similar numerical approach, except that transient
simulations were performed and an actual
symmetry condition was used at the midplane
for Gr up to 10° and 4 = 0.2 to 1.0. The use of
the symmetry condition for this problem was
continued by Ghassemi and Roux [8], Salmun
[9], and Hasani and Chung [10]. Del Campo et
al. [11] numerically modeled natural convection
in triangular enclosures using a Galerkin finite
element method with a stream function-vorticity
formulation of the steady-state cases. They
considered symmetric boundary conditions and
heating from below, and no symmetry
assumption was made. Triangular elements with
linear interpolation were used, and the resulting
graded mesh was symmetric. The solutions
obtained were all symmetric about the midplane.

A continuing source of discrepancies in the
literature is the calculation of average Nu
(average dimensionless temperature gradient)
along the base for the triangular enclosure.
Akinsete and Coleman [6] recognized the
existence of unbounded heat transfer at the
corner of the enclosure where a temperature
discontinuity exists, and calculated the limiting
value of Nu using a method outlined by Collatz
[12]. Poulikakos and Bejan [7] proposed starting
the integration of the temperature gradient from
a set distance away from the corner, thereby
avoiding the singularity. Del Campo et al. [11]
proposed a convective Nu defined as the
difference between Nu for the case considered
and Nu for pure conduction (using the same grid
resolution). Salmun [9] and Hasani and Chung
[10] did not specifically discuss the problem of
the singularity and reported similar results for
their average Nu due to having used the same
grid resolutions. A limited number of laboratory
experiments have been conducted for natural
convection in triangular enclosures with base
heating. One experiment reported in the
literature, involving symmetric temperature
boundary conditions for an isosceles triangular
enclosure and base heating, was done by Flack
[13]. The flow was reported as ‘‘turbulent’” for
Gr =3 x 10° with 4 = 0.58 and for Gr = 8.9 x
10° with 4 = 1.0. Nu values were inferred using
a Wollaston prism Schlieren interferometer.
Flow patterns were determined qualitatively
using a particle-based visualization technique
and quantitative measurements were taken using
a laser velocimeter. For the heated base

25

experiments, no mention was made as to the
symmetry of the flow. Poulikakos and Bejan
[14] conducted experiments in a right triangular
enclosure with an insulated vertical wall, and
noted that the flow phenomenon should be
similar to that found in a symmetric triangular
space.

In the present study, the response of the
two-dimensional, non-linear system to changes
in all parameters is explored numerically using
finite element discretization schemes. First the
physical model and finite element formulation
are described and the results are discussed in
detail. Finally, some concluding remarks are
stated. The main purpose of this paper is to
provide  steady-state  numerical  results
considering the entire triangular region. The
effects of aspect ratio, inclination angle, and
Grashof number on the flow structure and heat
transfer are investigated. Results are presented

in the form of streamline and isotherm plots.

2. Mathematical Model

The physical model considered here is
shown in Fig. 1, along with the important
geometric parameters. It consists of an isosceles
triangular enclosure whose upper walls are
cooled to a constant cold temperature, 6. The
bottom wall has a discrete heat source with
constant heat flux, ¢”, and length L. The

remaining parts of the bottom wall are adiabatic.
The dimensionless governing equations of
continuity (1), momentum (2)~(3), and energy (4)
for steady state laminar flow of an
incompressible Boussinesq fluid with negligible
viscous dissipation are as follows:

U, v _
X Y (D
2 2
U__+VCLU _opP Q__g, 572
oY X |gx2 ay Q)
+(Grsin qn)e
2 2
U?l yoV__oP 10 Vﬁ%
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UB Ly _1[a% % A
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The dimensionless parameters used for
non-dimensionalizing the governing equations
are defined as follows:

&)

The boundary conditions for the present
problem are specified as follows:

U=V =0 forall walls
0 =0 for upper walls

0, for0<X< 0.5—%
P11 fros-fsx<os+E  ©
oY 2 2
0, for0.5 +§ <X<1
for the bottom wall only.
Also the dimensionless heat transfer
parameter is symbolized as follows:
1
Nuy =
X 85(X)
18 1 )
Nu=-—[- dX
€ 0_(X)
where 6,(X) is the local dimensionless
temperature.
2.1 Finite Element Formulation
The velocity component and the
temperature distributions and linear
interpolation for the pressure distribution

according to their highest derivative orders in
the differential Egs. (1)-(4) are:
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U(X,Y)=NgUg ®)
V(X,Y)=Ngy Vyu )
8(X,Y)=Nqy Ty (10)
P(X,Y)=H, P, an

wherea =1, 2, ... ..., 6;2=1,2,3; N, as

the element interpolation functions for the
velocity components and the temperature, and
H, the element interpolation function for the
pressure. To derive the finite element equations,
the method of weighted residual is applied to the
Egs. (1)-(4). We get:

ou oV

N “(ax aY)dA 0 (12)
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(14)
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320 (13)

ANa| 22
PI‘ A axz 6Y2

where A is the element area. Gauss’s
theorem is then applied to Egs. (13)-(15) to
generate the boundary integral terms associated
with the surface tractions and heat flux. Then
Egs. (13)~(15) become:
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Here Egs. (13)<(14) specify surface tractions
(Sx S,) along outflow boundary S, and Eq. (15)
specifies velocity components and fluid
temperature or heat flux that flows into or out
from domain along wall boundary S..
Substituting the element velocity component
distributions, the temperature distribution, and
the pressure distribution from Eqgs. (8)-(11), the
finite element equations can be written in the
form:

KaB,xUB+KaB,yVB:0 (16)

Kaﬁy,x UBUY +K VBUY

+Mau,xpu +(Sa[3,xx +Sa]3,yijB

~(Grsin®)Ke 0 =Q,,

aBy.y
(17

VBVY +M PH +

KopyxUpVy tK oy

apy.y
(SaB,xx +S(xﬁ,yy jVﬁ ~(Gr cos®)Ko a0
= Q(X. \4

KaBy,x
1
Pr (SaB,xx + SaB,yy jef’ = Qa,T

(18)

UBO‘{ +K VBGY +

afy.y
(19)

where the coefficients in element matrices
are in the form of the integrals over the element
area and along the element edges So and S,, as:

KaB,x = JANaNB,XdA,
Kopyy = ANgNpN, (dA,
Kapy = AN Ng ydA,

K apyx = IANaNpNy xdA .
Kap = JANaNBdA,

S(xB,xx = IANG,XNB,XdA >

=N
SaB,yy Ia a,yNB,ydA’

27

Maux = aHgH, <44
={,H A
Moy =IaHgH, ydA.
Q= I, NaSx 9505
QOL’V = '[SO NaSde() ,

Qa,T = Isw Ny dwdSy -

These element matrices are evaluated in
closed-form ready for numerical simulation.
Details of the derivation for these element
matrices are omitted herein for brevity. The
derived finite element equations, Eqs. (16)-(19),
are nonlinear. These nonlinear algebraic
equations are solved by applying the Newton-
Raphson iteration technique by first writing the
unbalanced values from the set of the finite
element Eqgs. (16)-(19) as:

F :KaB,xUB+K VB

ao,p af,y

F U,U_+K

By
Ma“,xP“ +(S0L[3’xx +SaB,yy)UB -
(GrSinq))KaBeB -Quu

au = Kapyx apry Uy *

Fo v =Kapyx UBVy +K VBVy+ M, Pu+

apy,y ap,y
(Saﬁ,xx + SaB,yy)VB - (GrcosCD)KOLBOB - Q(x,v
Fa,T = KaBy,x Upby + Ka[}y,yVBGY +

%[Saﬁ,xx + Saﬁ,yy) 0p -~ Qq,T

This leads to a set of algebraic equations
with the incremental unknowns of the element
nodal velocity components, temperatures, and
pressures in the form:

K uu K uv K uT K Up | (Au Foc,u
K Ky Kot Kvp Av| Fa,v
Ky Ky Kpp AT Fer
Kpy Kpy 0 0 Ap Fpp
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Kuu =Kapy,xUy +Kayp,x Uy + Kopy,y VB +(Sap,xx +Sap,yy ). Kuv =Kapy,yUr..

Kug =

-sin®K g, Kup =Moy,x » Kvu = KoaBy,x VY,

Kyy =Koy xUp + KayB,yVy +Kopy,yVy + (S +Sap,yy ) Kvo = —cos® Ko,

Kyy =Kopy,xUp +Kayp,yVy +Kapy,yVy + (Sop.xx +Sap,yy)- Kvp =Mayy-Kou =Kapyx0 »

Koy =Koy y0rKen =Kopy,xUp +Kay.y VB + pr o xx +Sof yy - Kep =0..

Kpu = KaB,x , KpV = K(xB,y’ er =0, Kpp =0.

The iteration process is terminated if the
percentage of the overall change compared to
the previous iteration is less than the specified
value.

3. Results and Discussion

Equations (1)-(4) with boundary conditions
given above have been solved numerically using
a finite element based adapting meshing
technique. It provides smooth solutions at the
interior domain including the corner regions. Six
noded triangular elements are used in this paper
since the six noded elements smoothly capture
the non-linear variations of the field variables.
All six nodes are associated with velocities as
well as temperature. Only the corner nodes are
associated with pressure. This means that a
lower order polynomial is chosen for pressure
which is satisfied through the continuity
equation. Solutions are assumed to converge
when the following convergence criteria is
satisfied for every dependent variables at every
point in the solution domain:

¢new — ¢old

¢01d

<10°®

Where ¢ represents a dependent variable U,
V, P, and 6. The working fluid is chosen as air
with Prandtl number, Pr = 0.71. The normalized
length of the constant flux heat source at the
bottom wall, ¢ = L/W, was varied from 0.2 to
0.8. For each value of ¢, the Grashof number, Gr
was varied from 10° to 10°, the aspect ratio, 4
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was varied from 0.5 to 1 and the inclination
angle, &, was varied from 0° to 60°.

In order to obtain a grid independent
solution, a grid refinement test is performed for
A4=1.0, Gr= 10’ with ¢ = 0.2 and @ = 0°. Fig. 2
shows the convergence of the average Nusselt
number, Nu, at the heated surface with the grid
refinement. It is observed that grid independence
is achieved with 4082 elements where there is
insignificant change in Nu.

In order to validate the numerical code, the
results were compared with those reported by
Holtzman et al. [15]. Figure 3 shows the
comparison of streamline and isotherm of
present model with that obtained by Holtzman et
al. [15]. The agreement is found to be excellent
which validates the present computations
indirectly.

3.1 Flow and Thermal Fields Characteristics
The effects of aspect ratio and inclination
angle on the flow and thermal fields in a
triangular enclosure for the lower values of
discrete heat source size and Grashof number
are presented in Fig. 4. A Smaller aspect ratio of
the triangular enclosure with minute heated strip
gives the formation of two circulating cells of
different intensity and opposite directions of
rotation at @ = 30°. Due to the weaker intensity
of the vortices, diffusion is the principal heat
transfer mechanism. Increasing the aspect ratio
makes the primary circulating cell spread inside
the enclosure space, resulting in higher
recirculation strength, and a pocket of fluid is
trapped at the top vertex. Thus, diffusion heat
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transfer becomes profound. At @ = 60°, the
expansion of the primary vortex inside the
cavity suppresses the secondary vortex at the
right alcove of the enclosure. This flow scenario
indicates that the convective current 1is
responsible for the heat transport mechanism.
An increase in aspect ratio strengthens the
primary vortex, but still there are pockets of
fluid entrapped at the top and right corners of
the triangular enclosure. Here, the heat transfer
rate increases, though a major portion of the heat
is carried out by diffusion rather than a
convection heat transfer mechanism. At & =
30°, the isotherms indicates a diffusion heat
transfer mechanism. As the aspect ratio
increases, the temperature gradient becomes
precipitous, indicating strong diffusion heat
transfer. While tilted angle is 60°, at low value
of aspect ratio, isotherms become nonlinear and
a plume formation is visualized pointing
towards the settlement of buoyancy driven
natural convection currents. Further increases in
aspect ratio imply that the heat transfer increases
albeit convection is overwhelmed by the
diffusion heat transfer mechanism.

Figure 5 also shows the influence of the
aspect ratio and the inclination angle on the
thermo-fluid characteristics insitde the enclosure
of larger discrete heat source size for higher
values of Grashof number. In case of @ = 30°
and small aspect ratio, two circulating cells of
relatively lower strength are formed. For higher
values of Grashof number and inclination angle,
the secondary vortex experiences oppression,
due to the rapid growth of the primary vortex.
Then the secondary vortex subsides and is
entrapped at the right recess of the enclosure.
Thereby convection heat transfer surmounts
diffusion heat transfer. The isotherms also show
the supremacy of buoyancy effect through
prolonged plume formation.

The change of flow and heat transfer
attributes inside a triangular enclosure of aspect
ratio 0.5 and heat source size 0.4 for different
values of Grashof number, while the inclination
angle is fixed to 0° is shown in Fig. 6(a). In the
presence of the lower magnitude of Grashof
number, two circulating cells of almost equal
strength and reverse directions of motion are
developed. With increasing of the buoyancy
effect, the intensity of the circulating cells
increases, which is a sign of the supremacy of
convection heat transfer. The isotherms are
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similar for the Grashof number ranging from 10
to 10°. At Gr = 10° a strong plume is formed,
resulting in better thermal convection heat
transfer.

Figure 6(b) shows the effect of the
inclination angle on the natural convection heat
transfer within the cavity. At @ = 15°, a primary
vortex of relatively higher strength and large
size and a secondary vortex of weaker strength
and small size, appear inside the enclosure. This
type of flow situation indicates that convection
is the key mode of heat transfer mechanism. As
the enclosure, is tilted at higher inclination
angles, the large circulating cell spreads over the
space inside the triangular  enclosure
strengthening its circulation. And the secondary
vortex located near the right corner of the
enclosure becomes minute. Thereby, buoyancy
dominated natural convection prevails here. The
isotherms show similar temperature distribution
profiles within the enclosure for all values of the
inclination angle. The evolution of the plume
formation signifies that convective current is
dominant.

3.2 Heat Transfer Analysis

The variation of average Nusselt number
and maximum non-dimensional temperature
along with Grashof number for different values
of discrete heated strip is reported in Fig. 7 and
8. In general, the average Nusselt number
remains invariant up to a certain value of
Grashof number and then increases briskly with
increasing Grashof number. Maximum Nu is
obtained at small heat source size for higher
value of Gr while @ = 60°. Maximum non-
dimensional temperature of the heat source does
not change up to a certain value of Gr. After that
it changes its profile as Gr increases. It is
noticed that a lower value of 8,,,, is obtained at a
higher value of Gr for all inclination angles.
Therefore, better thermal performance is
achieved for the triangular enclosure of small
heat source size at higher Grashof number and
inclination angle.

4. Conclusions

Two dimensional, steady, natural
convection flow in a tilted isosceles triangular
enclosure, partially subjected to constant heat
flux at the bottom wall while the upper walls are
cooled at a constant temperature, has been
investigated numerically for a wide range of
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Grashof numbers, aspect ratio of the enclosure,
discrete heat source size and inclination angles.
The synopsis of the investigation is that average
Nusselt number decreases as the heated strip
enlarges, and increases along with inclination
angle. Optimum heat transport phenomenon is
gained for higher value of Grashof number and
aspect ratio of the enclosure.

NOMENCLATURE
A aspect ratio (H/W)
g  gravitational acceleration [m/ 57
Gr  Grashof number

H  height of the cavity [m]
k  thermal conductivity [W/m’K]
length of the heat source [m]

Nu  Nusselt number

p  pressure {Pa]

P dimensionless pressure
Prandtl number

g~ Heat flux at the source

T  Temperature [K]

AT  Temperature difference [K]
u,v  dimensional velocity [m/s]
UV dimensionless velocity

W  length of the cavity [m]
x,y  dimensional coordinates
X,Y non-dimensional coordinates

Greek Symbols:
Thermal diffusivity [m?/s]

a
B Thermal expansion coetficient [1/K]
£ discrete heat source size (L/W)
0 Dimensionless temperature
p  Fluid density [kg/m’]
n  Kinematic viscosity [m?/s]
@  Inclination angle [deg]
Subscripts:
c cold wall
s local

max — max
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Fig. 1: Schematic diagram of the physical domain and boundary conditions
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Fig. 2: Convergence of Nusselt number with mesh number for4=1, Gr= 10’ withe=0.2 and @ =0°

31



Thammasat Int. J. Sc. Tech., Vol. 12, No. 4, October-December 2007

w
]
g
E G. A. Holtzman et al. [15]
5
(751
////
o
E G. A. Holtzman et al. [15]
<
E
<&
2
B 0. A4S
> 0.5%. X
o 3.6% N
e 0.85 o ==
Present
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Fig. 5: Streamlines and isotherms in the enclosure with & = 0.6 and Gr = 10°.
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Fig.6 (a): Streamlines and isotherms in the enclosure with ¢ = 0.4, ®=0%and 4 = 0.5

. 6 (b): Evolution of the flow in the enclosure with inclination angles (Gr = 10°, 4= 0.5, ¢ = 0.4)
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Fig. 8: Variation of the &, at the heated surface with Grashof number.
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