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ABSTRUCT

Laminar natural convection heat transfer and fluid flow due to heating element inserted at
different positions over the inclined side wall of equilateral triangle enclosure has been analyzed
numerically in this study. The enclosure has filled with air as a working fluid with Pr=0.71. The
walls of the enclosure are insulated except an element on one side where the heat flux are applied.
The value of heat flux (¢ ) are 10, 30, 70 and 100 Watt with corresponding Rayleigh number of
10°, 10°, 107, 10® respectively. The length of the heating element was taken as 10% of the triangular
enclosure side wall length where the length of the wall equals to 10 cm. The governing mass,
momentum and energy equations are applied to the enclosure and solved by finite element using
commercial code (ANSYS 5.4) based on TDMA method. Three different situations (normal, side
and inverse) of the triangular enclosure with different positions of heating element are examined in
this study to obtain the maximum stream function. The results show that the maximum value of
stream function and high rate of heat transfer occur for normal situation of the enclosure and when
the heating element is applied at position2 (Po.2 is a distance over the inclined side wall which
takes a position limited between 0.2L to 0.3L from the edge of the triangle enclosure).

Keywords: Laminar Flow, Natural convection , Equilateral Triangle, Finite Element, Stream
Function.
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1. INTRODUCTION:

The phenomenon of natural convection heat transfer plays an important role, both in nature
and in engineering systems. Many investigations have been performed for cavities both
theoretically and experimentally for a wide range of Gr (Grashof number). Natural convection in an
air filled closed space has been studied extensively in recent years in response to energy-related
applications, such as thermal insulation of building, solar energy collector, furnaces and fire control
in buildings, differential heating and cooling in lakes, pollutants diffusion in sea and natural
convection in reservoir sidearm etc. Natural convection heat transfer mostly analyzed in
differentially heated square or rectangular enclosures due to simplicity of numerical solution, in
order to obtain temperature and flow field. However, the number of studies about partially heated
enclosure is very limited and they investigated mostly square cross sectional geometries[1]. A few
studies on flow and thermal investigation in triangular enclosure were carried for various
applications. Hajri et al.[2] studied the natural convection and mass transfer in an equilateral
triangular cavity. The buoyancy ratio and the Lewis number value have a profound influence on the
thermal, concentration and dynamic fields. The numerical results for steady and laminar two-
dimensional convection show that for small values of this parameter, there is little increase in the
heat and mass transfer over that due to conduction. For the higher values, the convection mode
dominates. Many researchers investigated natural convection in triangular cross-sectional roofs
using different numerical techniques. Yasin et al[3], Yasin et al.[4], Ahmet et al.[5],
Ahmet et al.[6] and Hakan et al.[7] studied numerically the laminar natural convection inside a
different shape of roofs, saltbox roof, gable (triangular) and gambrel roofs. They are studied the
flow fields and isothermal lines inside the roofs, The results show that a single cell was formed for
gambrel and gable (triangular) roofs with opposite direction but double circulation cell was formed
for saltbox roof. Yadan Maa et al.[8] analyzed numerical simulation of natural convection in a
triangular enclosure induced by solar radiation. The results show the variation of the dominant
mode of heat and the flow status with the horizontal position along the wedge. In the near tip
region, conduction dominated, and the thermal layer indistinct. In the middle region, convection
dominated and the thermal boundary layer was distinct and stable. In deep region, the thermal
boundary layer was unstable, and heat transfer was dominated by unstable convection. Ahmet Koca
et al.[9] studied the natural convection heat transfer and fluid flow numerically to obtain effects of
Prandtl number in a triangular enclosure which was partially heated from the bottom wall.
Temperature of inclined wall is lower than the temperature of the heater while remaining walls are
adiabatic. The size and location of the heater, Rayleigh number and Prandtl number were taken as
governing parameters on heat transfer and fluid flow. The results show that the heat transfer
increase when heater length, Prandtl number, Rayleigh number increase and when heater was
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located near the right corner. Yasin Varol et al.[10] studied numerically the natural convection heat
transfer from a protruding heater located in triangular enclosure. Temperature of inclined wall of
triangle was lower than the temperature of the heater, while the remaining wall were insulated.
Various Rayleigh number, height of heater, heater width, heater location, aspect ratio of the
triangular enclosure were examined. Goutam Saha ef al.[11] solved numerically, two dimensional,
steady, natural convection flow in a tilted isosceles triangular enclosure, partially subjected to
constant heat flux at the bottom while the upper wall are cooled at constant temperature. They
showed that average Nusselt number decreases as the heated strip enlarge, and increase along with
inclination angle. Roy et al.[13] conducted a steady for natural convection flow in an isosceles
triangular enclosure due to uniform and non-uniform bottom heating using penalty finite element
analysis with biquadratic elements. They found that the average Nusselt number for the bottom wall

wasy/2 times that of inclined wall. Tanmay et al.[14] investigated the laminar natural convection in

an isosceles triangular enclosure with uniform and non-uniform heating at the side wall for various
Rayleigh numbers (Ra) (10°<Ra<10°) and Prandtl numbers (Pr) (0.026<Pr<100). They found that at
small Prandtl numbers, geometry does not have much influence on flow structure while at Pr=100,
the stream function contours were nearly triangular showing that geometry has considerable effect
on the flow pattern. Xu Xu et al.[15] carried out a numerical investigation of steady laminar natural
convective heat transfer from a heated cylinder to its concentric air filled triangular enclosure. The
effect of the Rayleigh number, aspect ratio, inclination angle, and cross-sectional geometry of the
inner cylinder on the flow and heat transfer were systematically studied. The computed results
indicated that at constant aspect ratio, both the inclination angle and cross-section geometry had
insignificant effects on the overall heat transfer rates though the flow pattern were significantly
modified.

The main objective of this work is studying the flow behavior and temperature distribution
due to the natural convection inside triangular enclosure and finding the maximum strength of
stream flow which is important in many applications such as electronics cooling, electricity
generation and so on.

2. PHYSICAL DESCRIPTION AND GOVERNING EQUATIONS:

In this study, the model consists of equilateral triangular enclosure with side wall length (L)
equal to (10cm) for three different situations of the enclosure (normal, side and inverse situations).
The inclined side wall of triangular enclosure is divided to (10) of subdivisions each one represents
(0.1) of triangle wall length (L) and then the heating element exposed over these subdivisions. The
walls of the triangle are kept at adiabatic boundary conditions except at the heating element where
constant heat flux (¢ ) are applied. From the mentioned details of model, 120 cases are examined
to find the maximum stream function strength and the higher rate of heat transfer under the effect of
heat element positions and triangular enclosure situations, but only 60 cases are presented in this
paper which represents the most important results. Figure(1) indicates the schematic diagram for the
used configuration and geometrical details. The two-dimensional governing equations, steady state,
laminar incompressible buoyancy-induced flows with one phase are:

Continuity Equation:

o(or,) , ooV, _
ox 0y

0 0y

Momentum Equation:
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Where Vy and Vy are the velocity components in the x and y direction respectively, P is the pressure
and T is the temperature. The stream function is computed for 2-D structure and is defined in form
of its derivatives:

(&)
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In this study, the commercial code (ANSYS 5.4) was used to solve the above governing
equations in dimensional form. The Rayleigh number (Ra) was computed by using the following
relations:

Ra = Gr *Pr (6)
where
gBAT L’ qg'L 1 T,+T
Gr = =2"——— AT =T, - T, = = — Tr, =——F~ 7
V2 s h c k H ﬂ Tf ° f 2 ( )

The Boundary Conditions:

The velocity and thermal boundary conditions for the present study are specified as follows:

e Along the walls of triangular enclosure, no-slip velocity boundary condition are imposed,
iLe.

Vy =V, =0 forall walls.

e All walls of triangular enclosure are adiabatic except the position of heat flux where the heat
flux boundary condition are applied.

The Prandtl number (pr) is taken as 0.71 that corresponds to that of air ,so the effect of Prandtl
number are not studied. The effect of Rayleigh number which controls the magnitude of the applied
heat flux (¢ ) are examined in this study. The magnitude of the applied heat flux (¢ ) are 10, 30,
70 and 100 Watt corresponding to Rayleigh number (Ra) of 10°, 10°, 107, 10°® respectively. The
natural convection flow within this range of Rayleigh number (10°<Ra<10®) is inherently in laminar
regime and thus justified, in general, the steady-state assumption.

In order to investigate the effect of various of parameters on the heat transfer, Nusselt number is
selected as an indicator for the heat transfer rate. The local Nusselt number is defined as [12]:

q !!L (8)

Ny=—-=—"__
! k(Th _Tc)
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Fig.(1): Schematic diagram of the physical domain and boundary conditions.

623




Tahseen Ali Hussein
Laminar Natural Convection in Equilateral Triangular Enclosure for Three Situations Ali Safa Nouri
with Heating Element Applied at Different Positions in the Inclined Side Wall Farooq Hassan Ali

3. NUMERICAL SOLUTION:

The grid system over the computational domain is created using unstructured quadratic
element, which are unevenly distribution and concentrated near the three corner of the triangular
enclosure where higher grid densities are desired as in Figure(2). It provides smooth solution at the
interior domain including the corner region. Employing the finite element approach, the governing
equations were iteratively solved with the convergence criterion of 10™ for each variable. The set of
governing equations is integrated over the domain using exponential interpolation in the mean flow
direction inside the finite element. The (ANSYS 5.4) program using the Tri-Diagonal Matrix
Algorithm (TDMA) to solve governing equations (continuity, momentum and energy Equations).
ANSYS program solves the governing equations in dimensional form. The TDMA method is
described in detail in Patanker [16]. The method consists of breaking the problem into a series of
tri-diagonal problems where any entries outside the tri-diagonal portion are treated as source terms
using the previous values. For a completely unstructured mesh, or an arbitrary numbered system,
the method reduces to the Gauss-Seidle iterative method. The set of algebraic equation is solved
using Successive Under Relaxation (SUR) technique and 0.1 is taken as under relaxation parameter.
A grid independence test is applied to ensure the accuracy of the numerical results and to determine
an appropriate grid density. Comparison of the maximum and minimum of stream function among a
variety number of elements on the wall are listed in tablel and Figure(3).

In order to validate the numerical code, the results were compared with this obtained by Roy
et al.[13]. Figure(4) illustrate the comparison of streamline and isothermal body contours of the
present study with that obtained by Roy et.,al.,[12]. Very good agreement is found to be excellent
which verification the commercial CFD code (ANSYS 5.4).
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Table 1
Variation of Max. and Min. Stream Function with Number of Elements
Grid No. No. of el.ements v,
on line
1 30 0.467¢-03
2 60 0.575e-03
3 90 0.583e-03
4 100 0.589¢-03
5 110 0.589¢-03

Streamlines
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Fig.(4): Comparison of Streamlines and Isotherms for Verification
with Results of Roy ez, al., [13] .

4. RESULTS AND DISCUSSION:

In order to investigate the effect of position, triangle situation and the amount of heat flux of
the heating element on the flow and temperature fields and heat transfer characteristics of the
typical enclosure, 120 cases are examined. As mentioned before, only 60 cases are presented in this
work which are the most interested results.
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4.1. Flow and Temperature Fields:

Stream function and isothermal body contours for the typical cases with heating element at
five positions and for three situations( normal , side and inverse )are presented in Figures(5, 6, 7, 8
and 9). The plots are arranged going from left to right with the ascending of heat flux (10,30,70 and
100 Watt) and from top to bottom. The first three rows describes stream function (Part A) and the
next three rows describe isothermal contours for different situations (Part B). The values of stream
function and temperature for each case is also presented in each Figure.

4.1.1 Flow Fields (Part A)

Figure(5-Part A) represents the flow structures for the typical case with heating element at
positionl (Po.1) for three situations. The first row of Figure(5-part A) represents the stream
function for normal situation when the heating element at the top edge angle and for different heat
fluxes value. When heat flux equals to 10 Watt, two small vortex appear in the enclosure with
opposite direction since the conduction effect was dominating the heat transfer more than the
convection and the heat flux is too weak to make a large vortex. At heat flux equal to 30, 70 and
100 Watt, the stream function body contour are similitude and consist of a main vortex having
clock wise direction in the center of triangle and anti-clock wise direction near the walls. The
second row of Figure(5-part A) represents the stream function body contour when heating element
at the head angle of the triangular enclosure and for different heat fluxes in side situation. The flow
consists of main vortex appears near the center of the triangle with clock wise direction. The value
of absolute stream function increases with increasing the heat flux because the temperature
difference increase and buoyancy force increase. Third row of Figure(5-part A) represents the
stream function for the inverse situation. The flow contains two small cells with opposite direction
of flow at two top angles. The maximum value of stream function (y) equals to (0.66 m?/s) and
occurs when the triangular enclosure at normal situation and heat flux equals to 100Watt because
the air near the heating element becomes light in weight and moves speedy to the bottom wall of the
enclosure and replacing by cold air.

Figure(6-Part A) describes the stream function contour when the heating element at
position2 (Po.2). The stream function for normal situation is more uniform and having higher value
of stream function when it compared with the previous position (Po.l) of heating element. The
value of stream function increases with the increasing in heat flux value. It is seen that the core of
the enclosure has higher strength of stream function with anti-clock wise direction and this strength
decreases near the walls of the enclosure because the velocity at the walls is equal to zero. For the
case of side situation, the enclosure occupies by one main vortex and has longitudinal shape with
clock wise direction. Same behaviors appear for all values of heat flux with unequal strength of
stream function. For the case of inverse situation, the flow field having triple non-uniform shape
vortex at three angles of enclosure. With the increasing in the value of heat flux, the top left vortex
vanish.

Figure(7-Part A) shows the stream and isothermal body contours when the heating element
at position3 (Po.3),where it located at the mid of the inclined wall. For normal situation, main
vortex occupied the triangular enclosure and the center of vortex shift to the left bottom angle due
to the position of heating element. It is also seen that the strength of stream function is lower than
that when the heating element at position2 (Po.2). For the side situation flow consist of main vortex
with clock wise direction at the center of the enclosure. For inverse situation, hot vortex becomes
large in size and the cold vortex centered at lower angle since the temperature distribution becomes
more spread in the triangular space. The values of absolute stream function for normal situation are
lower than that of the previous cases (Po.1 & Po.2). Figures(8 & 9-Part A) show the contours when
heating element at position4 (Po.4) and position5 (Po.5), respectively. For the normal situation, the
main vortex becomes near the bottom wall and spread along it because the heating element located
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near the base wall. For the side situation, the main vortex becomes opposite in direction due to the
vicinity of heating element to the top angle which pushing the hot air to flow in clockwise direction
near the walls and with anti-clock wise at the center of enclosure. For inverse situation, the flow
consists of main circulation cell appears at the center of triangular enclosure with anti-clock wise
direction near the walls and clock wise direction at the center of enclosure because that the heating
element at the right tip angle. Also it can be deduce that the strength of stream function of the last
positions (Po.4) & (Po.5) are lower than that of the previous positions for all enclosure situations.

4.1.2 Temperature Fields (Part B)

Figures(5 to 9-Part B) illustrate the temperature contours for the typical cases with different
heating element positions and for three enclosure situations.

Figure(5-Part B) presents the temperature distribution body contour for triangular enclosure
when the heating element at positionl (Po.l) for three cases of enclosure situations (normal, side
and inverse) and for different values of heat flux (10,30,70 and 100 Watt). For normal situation, the
temperature distribution when (heat flux=10 Watt) differs from the other cases when (heat flux= 30,
70 and 100 Watt) where the heat spread at the left half of the triangular enclosure while for other
cases, when (heat flux= 30, 70 and 100 Watt), the heat spread at the right half of the enclosure due
to the effect of conduction and convection mode. For the side situation, the temperature distribution
at low half of the enclosure and the area of temperature distribution increase with the increasing in
heat flux. For inverse situation, the temperature distribution at low edge of triangular enclosure was
very weak because that the conduction mod is dominant. Figure(6-Part B) describes the temperature
distribution when heating element at position2 (Po.2). The heat spreading area is larger than that of
the previous case (Po.1) for all values of heat flux and for all situations. Also, the heat spreading
area increases with the increasing in the value of heat flux because the thermal boundary layer
moves freely along the inclined wall of the enclosure.

Figure(7-Part B) represents the temperature contour for three different situation of the
different values of heat fluxes when heating element at position3 (Po.3). In this case, the
temperature distribution take a large space in triangular enclosure because the heating element lies
at the mid of the inclined wall. Figures(8 & 9-Part B) show the temperature contour when the
heating element at two positions (Po.4) and (Po.5). The positions of heating element make the
spreading area of the temperature distribution less than that of the previous cases because the
heating element located near the base wall of the triangular enclosure.

4.2 Heat Transfer field

In order to evaluate how the heat element positions and heat fluxes effects on the heat
transfer rate for three different situations, the average Nusselt number for all cases as a function of
element position and values of heat flux are presented in Figure(10). For all cases, the average
Nusselt number increases with increasing in heat flux because the energy transport increases.
Figure(10-a) represents the average Nusselt number for normal situation of triangular enclose while
Figure(10-b) for side situation and Figure(10-c) for inverse situation. The maximum heat transfer
rate occurs when the triangular enclosure at normal situation and when heating element at position2
(Po.2) because the natural convection becomes more predominant. The minimum Nusselt number
appears when the heating element located at two positions (Po.5 & Po.1).

5. CONCLUSIONS

Heat transfer by natural convection in equilateral triangular enclosure with the presence of
heating element at different location on the inclined side wall and for different enclosure situations
of a triangle shape enclosure have been numerically studied and solved using commercial code
(ANSYS 5.4). The TDMA method helps to obtain smooth solutions in term of stream functions and
isothermal body contours for different heat fluxes (q"=10,30,70 and 100Watt) and Prandtle number
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is equivalent to that of air (Pr=0.71). In view of the obtained results, following conclusions can be
drawn:

1- The maximum absolute and uniform stream function can be obtained when the triangle at
normal situation and heating element at position2 (Po.2).

2- The positions of heat flux are one of the most important parameters on flow and temperature
field.

3- At low heat flux, conduction mode is dominant while at high heat flux the advection mode
(natural convection & conduction) is dominant.

4- Heat transfer is very week when the heating element at positions (Po.1) & (Po.5) for all
different situations of the triangular enclosure when it is compared with other positions
(Po.2, Po.3 & Po.4).
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Fig.(5-PartB): Isothermal Body Contour (Kelvin)

Fig.(5): Stream and Isothermal Body Contour for Three Different Enclosure Situations
and Different Heat Fluxes When Heating Element Located at Positionl (Po.1).
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Fig.(6-PartA): Stream function Body Contour (m°/s)
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Fig.(6-PartB): Isothermal Body Contour (Kelvin)

Fig.(6): Stream and Isothermal Body Contour for Three Different Enclosure Situations
and Different Heat Fluxes When Heating Element Located at Position2 (Po.2).
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Fig.(7-PartA): Stream function Body Contour (m’/s)
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Fig.(7-PartB): Isothermal Body Contour (Kelvin)

Fig.(7): Stream and Isothermal Body Contour for Three Different Enclosure Situations
and Different Heat Fluxes When Heating Element Located at Position3 (Po.3).
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Fig.(8-PartA): Stream function Body Contour (m*/s)
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Fig.(8-PartB): Isothermal Body Contour (Kelvin)

Fig.(8): Stream and Isothermal Body Contour for Three Different Enclosure Situations
and Different Heat Fluxes When Heating Element Located at Position4 (Po.4).
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Fig.(9-PartA): Stream function Body Contour (m’/s)
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Fig.(9-PartB): Isothermal Body Contour (Kelvin)

Fig.(9): Stream and Isothermal Body Contour for Three Different Enclosure Situations
and Different Heat Fluxes When Heating Element Located at Position5 (Po.5).
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Fig.(10): Variation of average Nusselt number (Nu) with the heat flux
values for different heating element positions and triangular situations.
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NOMENCLATURE:
Symbols Descriptions Units
g Gravitational acceleration m/s’
Gr = ngf o Grashof number -
k Thermal conductivity of fluid W/mK
L Side Length of triangular enclosure m
Nu Average Nusselt number
p Pressure N/m’
Pr= :; Prandtl number -
q' Heat Flux value w
Ra Rayleigh number -
T Temperature K
Ty Film temperature K
Ty Hot temperature K
T. Cold temperature K
Vy Velocity component in x-direction m/s
v, Velocity component in y-direction m/s
X Cartesian coordinate in horizontal direction m
y Cartesian coordinate in vertical direction m
Cp Specific heat Jkg K.
Greek Symbols
a Thermal diffusivity m’/s
S Volumetric coefficient of thermal expansion K’
U Viscosity N.s/m’
v Kinematic viscosity of the fluid m’/s
p Density of the fluid kg/m’
7 Stream Function m’/s
Abbreviation
Po. Position of heating element
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