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ABSTRACT:- Laminar natural convection in two-dimensional Prismatic enclosure is
studied and analysis numerically. For the enclosure top inclined walls are considered at low
temperature, two vertical walls are adiabatic and strip heater at constant high temperature
mounted on the bottom enclosure, while the reminder bottom wall kept at low known
temperature. The partial differential equations for two dimensional conservation of mass,
momentum and energy are solved using finite element software package (FLEXPDE.5). For
Rayleigh number varying from 10° to 10° and for constant Prandtal number Pr=0.7 the
change in temperature and flow fields (stream functions) were investigated for different
heater locations and for different number of heaters. The effect of the number and locations
of the strip heaters on local and mean Nusslet number were examined. Results were presented
by streamlines, isotherms and Nusselt number and it indicates that the Nusselt number is
significantly affected by increasing both Ra and number of heaters. A comparison of the
streamlines, isotherms curves and average Nusselt at the same boundary conditions was made
with that obtained by Tanmay et al.(”, and showed a good agreement.

Keywords: Free convection, Prismatic and trapezoidal enclosures, Uniform Wall

Temperature

1- INTRODUCTION

Over the past decades, internal (in enclosure) and external natural convection heat
transfer has been important in many engineering applications. Several studies have been
achieved in the problem of laminar flow forced convection in ducts (enclosures) of various
cross-sections because of its applicability in various fields such as compact heat exchangers,
air conditioners, nuclear reactors, solar collectors, solar stills, electronic cooling etc @,

Natural convection is formed in some parts of buildings due to temperature difference
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between surface and fluid . The roof is an important part of the building because it protects

the building from the environmental effects ®).The geometry of roofs may be different. For
instance, it can be Gable roof (triangular), Gambrel (pentagon) or saltbox (trapezoidal) .
Natural convection in an enclosure is as varied as the enclosure geometry, its orientation and
thermal boundary conditions ®). A large number of literature is available which deal with the
study of natural convection in enclosures with different shapes. Ahmet. K. and Yasin.V.®
study the natural convection heat transfer and flow field inside a saltbox roof with eave in
winter day conditions. The governing equations of natural convection in stream function-
vorticity form were solved using central difference method to obtain flow and temperature
fields inside the enclosure. Parametric study for the wide range of Rayleigh number, aspect
ratio of the roof and length of eave has done. The results indicated that both eave length and
aspect ratio could used as control parameter for heat transfer. Tanmay Basak et al ®. study
the natural convection within trapezoidal enclosures for uniformly and non-uniformly heated
bottom wall, insulated top wall and isothermal side walls with inclination angle ¢. Numerical
simulations were performed using Galerkin finite element method with penalty parameter to
solve the nonlinear coupled partial differential equations for flow and temperature fields.
Parametric study for the wide range of Rayleigh number Ra 10%to 10° and Prandtl number
0.026 < Pr < 1000 with various tilt angles. The local Nusselt numbers has also been shown
for side and bottom walls. It was founded that average heat transfer rate does not vary
significantly with ¢ for non-uniform heating of bottom wall. Tanmay B, et al ©®. reported the
numerical results of natural convection in trapezoidal enclosures for uniformly heated bottom
wall, linearly heated vertical wall and of insulated top wall. Parametric studies for the wide
range of Rayleigh numbers Ra (103-10°) and Prandtl numbers Pr (0.7 -1000) with various tilt
angles of side walls ¢ have been performed. It was found that, higher heat transfer rates for
¢=0 and the overall heat transfer rates at the bottom wall was larger for the linearly heated
left wall. Tanmay Basak et al () investigated the effects of uniform and non-uniform heating
of inclined walls on natural convection flows within a isosceles triangular enclosure using a
penalty finite element analysis. The numerical solution of the problem is presented for
various Rayleigh numbers (Ra) 10%to 10° and Prandtl number 0.026 < Pr < 1000. Numerical
results are obtained to display the circulations and temperature distributions within the
triangle. It has been found that at small Prandtl numbers, geometry does not have much
influence on flow structure while at Pr = 1000, the geometry has considerable effect on the
flow pattern. It is observed that non-uniform heating produces greater heat transfer rates at

the center of the walls than the uniform heating.
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In the present study, a Prismatic enclosure with a strip heater mounted on the bottom

wall was studied. The effect of Rayleigh number, location and number of strip heaters on the
flow and thermal fields were studied in detail.

2- BOUNDARY CONDITIONS AND ASSUMPTIONS

Consider laminar natural convection of (Newtonian fluid) in a Prismatic enclosure.
The temperature of the bottom wall (T¢) is the same as that of the incline walls. The discrete
heater was assumed at constant temperature of (Tn) is higher than that of the Prismatic wall
(T¢) and both are uniform (at constant wall temperature). The lengths of the bottom wall is
(L) and height is (h+w). The dimensionless length of the heater, £ /L, is constant at 0.2 while
the relative location s/L changes as 0.2, 0.5 and 0.75. These positions refer to placing the
heated section at the bottom corner, the middle and at the last part of the bottom wall. The
interest domain was shown in Fig. (1), the origin of the Cartesian coordinates (x,y) is
positioned at the left bottom side of the Prismatic. The range of Rayleigh number 103°<Ra<10°
and Pr=0.7 were considered in this study. The fluid was assumed to have constant physical
properties but obeys the Bussinesq approximation according to which the compressibility
effect everywhere is neglected except for Buoyancy force term. Viscous dissipation and heat
generation are absent.
The appropriate boundary conditions are as follows
- Isothermal surfaces i.e. 6=0 on the incline walls and 6=1 on the hot strip heater.

-No-slip velocity boundary condition, U=V=0 on all solid walls.

. . oP . .
-pressure gradient normal to all surfaces is zero, 8_:0' where n is a normal unit vector.
n

3. GOVERNING EQUATIONS

The dimensionless form of the two-dimensional, incompressible, steady state

governing equations using conservation of mass, momentum and energy can be written as: ©
9, and 10)

o oV
oX oY @
2 2
U&+v%:—ﬁ+Pr(aU+au) (2)
oX oY oX oX? oY?
2 2
Ua_V+V8_V:_6_P+Pr(6 v +a—v)+Ra.Pr.6? )
X oY oY oX? oy?
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Non-dimensional parameters can be given as follows:
_ 2
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gp(T, T H , and Prandtl Pr= v
1904 a

Rayleigh number Ra =

4. SOLUTION PROCEDURE

It is well known in the numerical solution field that the set of equations (Egs. (1) to
(3)) may be highly oscillatory or even sometimes undetermined because of inclusion of the
pressure term in the momentum equations. In the present study, a finite element software
package (Flexpde.5) is relied on in solution of the nonlinear system of equations. In finite
element method there is a derived approach with purpose of stabilizing pressure oscillations
and allowing standard grids and elements. This approach enforces the continuity equation and
the pressure to give the following, what called penalty approach ©

ou oV j (5)

VP=2 —+—
(ax oY

The continuity equation (1) is automatically satisfied for large values of A which called the
penalty parameter and its value given as constant in our study taken equal to 107 as in

reference(”). Using Eq.(5), the momentum balance Egs. (3) and (4) reduce to(9:

2 2
Ua_U_FVa_V:_li(a_U_Fa_U)_FaUZ_}_aUz (6)
oX oY oX oX oY  oX° oY
2 2
U&+V&:_ii(@+@)+avz+6\2+(RaPr)0 (7)
oX oY oY oX oY oX oY

5. EVALUATION OF STREAM FUNCTION AND NUSSELT NUMBER

5.1. Stream function
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Analysis of the flow is displayed by mean of stream function y obtained from velocity

components U and V. The relationships between stream function y and velocity components

for two dimensional flows are M:, _dv , __dv which yield a single equation:
oy’ oX

2 2
oX® oY oY oX

2 2
81/2+81/§:6U_ﬂ )
oX oY oY oX

Hence, the continuity equation (1) was excluded from solution system and replaced
by equation (8). The no-slip condition is valid at all boundaries as there is no cross flow,

hence y = 0 on all surfaces.

5.2. Nusselt Number

Heat transfer rate is measured by local and average Nusslet number. The following
equations are used to calculate the local Nusselt number (Nup) along the bottom wall is
defined by Eq.(8):

il

Nu, =——
on (10)

where n denotes the normal direction on a plane and (2—0) is the temperature gradient normal
n

to the hot wall. The average Nusselt number Nu can be evaluated along the strip heater as
9,11).

Nu =2 [ Nu,dL (11)
2

6. VALIDATION
6.1 Software Validation

To check the validation of software, the grid dependency and the distribution values
of (0U/0X + &V/Y) over the domain Ra=10° with accuracy 10* are presented in Fig.2, a and
b. It is clear from that figure that the continuity equation is exactly validated.

6.2 Validation of numerical results

To validate the numerical analysis, this code is used in the same geometry, with the

same boundary conditions used in Tanmay et al (. This geometry is an isosceles triangular

cavity heated from below and cooled at the inclined walls. The profile of the dimensionless
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temperature and stream function at the bottom in the present study and in Tanmay et al.(” was

compared for (Ra=10° Pr=0.026) and satisfactory agreement was observed as shown in
Fig.(3). The same code was tested against the results obtained by the same reference
comparing the average Nusselt number along the bottom of the triangular enclosure.
Excellent agreement observed as reported in Table (2).

7. RESULTS AND DISCUSSION

The study considers buoyancy driven motion of air (Pr = 0.7) created by a strip heater
at constant temperature mounted on the bottom wall of the enclosure. In this numerical work,
there are some governing parameters, which describe different physical behavior of the flow
and heat transfer by natural convection in a prismatic enclosure such as Rayleigh number
value and the number and location of strip heaters mounted on the bottom wall. In the next
subsections, we will discuss the effects of these parameters on the flow and heat transfer
characteristics with the help of isotherms and the streamline patterns. Local and average
Nusselt numbers on the isothermal surfaces are plotted to evaluate the local and overall heat

transfer rates.

7.1 Flow Fields and Temperature Fields

The isothermal lines and stream functions as Rayleigh number varies from 103 to 10°
for s/L= 0.1 are shown in Fig.(4). Heat dissipated from the strip heater develops a fluid layer
that moves upward the hot fluid looses part of its energy to the cold section of the same wall
and moves along the isothermal incline wall then down along the right side wall forming a
single central cell with a center shifted to the left from that of the enclosure. The cold wall
above the heater, suppresses this buoyancy effect. The isotherms are clustered near the hot
section, in nearly parallel lines, indicating domination of diffusion heat transfer mode close to
the bottom section of the heater. It is noticed that the pattern of the streamlines changes with
increasing Rayleigh number the effect is pronounced at Ra =10° where the main cell is

distorted and prolonged to plume distribution shape in the lower part.

The streamlines and isotherms when the strip heater is placed at the center of the
bottom wall, s/L= 0.5 are presented in Fig. (5) for different Rayleigh numbers. As expected,
due to the cold incline walls, fluids rise up from middle portion of the bottom wall and flow
down along the two vertical walls forming two symmetric rolls with clockwise and anti-

clockwise rotations inside the cavity. At Ra =10° the magnitudes of stream function are very
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low and the heat transfer is primarily due to diffusion. It enhances with increasing Ra number

due to domination of convection mode of heat transfer.

When the heater is placed near the end of the bottom wall, s/L=0.7, this can be seen in Fig.(6)
at Ra=10°% and 10* two circulation cells appear a big one at the left side and a small one eddy
circulation cell appears in the right side. An increase in Rayleigh number to 10° causes the
stream function increases four times than that at Ra=103. Increase in Rayleigh number to 10°,
causes sharp temperature gradients along the bottom wall, due to the buoyant effects caused
by the temperature difference between the heater and outer walls, recirculation vortices is
formed which are clearly demonstrated by the closed stream lines the plume start to growth to
upward due to reducing the density of fluid which lead to growth the thermal boundary layer.
Distortion of the isotherms where the heat propagates more towards the cold wall opposite to
the heater.

Two symmetrical big cells and two small can be seen in Fig.(7) when using two
heaters, at equal distance on the bottom wall of the enclosure (s/L=0.25,0.75). As Rayleigh
number increases from 10° to 10° the boundary layers build-up near the heated section and
along portion of the opposite cold wall and flow down along the two vertical walls forming
two symmetric rolls with clockwise and anti-clockwise rotations inside the cavity with their
center shifted to the bottom of the enclosure.

At Ra=10° the magnitudes of stream function are very low and the heat transfer is
primarily due to diffusion. It enhances with increasing Rayleigh number due to domination of
convection mode of heat transfer. Further increase in Rayleigh number to 10°, causes sharp
temperature gradients along the hot strip.

Fig.(8) shows streamlines and isotherms for different values of Rayleigh number
when three heaters mounted on the bottom wall. There are two symmetric circulation cells
formed inside the enclosure with their center shifted to the left from that of enclosure. An
increase in Rayleigh number causes a distortion of the isotherms where the heat propagates
more towards the cold wall.

Fig.(9) is plotted for local Nusslet number along the strip heater for different locations
(s/L=0.1,0.5 and 0.7). As expected, at constant location the maximum value of local Nu
number becomes greater as Ra number increased due to the increment of the heat transfer
rate. On the other hand, the value of Nu number reduces at the middle of each strip heater and
increase at the start and the end of heater due to the large change in temperature between
heater and the cold wall surrounded the heater.

The average Nu number is utilized to represent the overall heat transfer rate within the

domain of interest. The overall effect of Ra number on the average Nu number for different
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location of heater is display in Fig.(10). From that figure, it is obvious that the average Nu

number along the strip heater is smoothly increased as Ra number increased, the increment of

Ra gives increasing in Nu, it may be attributed to increase the temperature difference and

bouncy effecting with increasing Ra. It is observed that the maximum value of Nu occurs at
s/L=0.5 (at the middle of the bottom wall).
The value of mean Nu numbers when using two heaters at locations (s/L=0.25, 0.75),

can be shown Fig.(11). As can be seen from that figure value of Nu for each heater nearly
equal, this because the heaters locate at the same distance from the sides of the enclosure, so
the heat transient from each heater equal. The increment of Ra gives increasing in the Nu
number, it may be attributed to the increase in the temperature difference and bouncy effecting
with increasing Ra number. There is no direct relation between Nu number and Ra, but for this
case and for a specific range of Ra (Ra>2100) Nu number is proportional directly with Ra.

On the other hand when using three heaters, putting at (s/L=0.2, 0.5, 0.8) the value of

Nu on each heater can be shown in Fig.(12). It is observed from that figure as Ra number

increase the value of Nu also increase. On the other hand, the value of N is the same for the

heater location of (s/L=0.2) and (s/L=0.8), since its locate at the same distance from the sides

of the bottom wall. and the lowest value of Nu occurs at (s/L=0.5)

Summary of the overall Nusselt number among those five cases is listed in Table (3).

8. CONCLUSIONS

In this paper natural convection in an air filled Prismatic cavity with a strip discrete
heater is studied. A detailed analysis for the distribution of streamlines, isotherms and Nusselt
number was carried out to investigate the effect of the locations of the strip heater at constant
temperature mounted on a bottom wall on the fluid flow and heat transfer in the enclosure for
Rayleigh numbers in the range of 10% < Ra <10°. The conclusions can be drawn as follows:

1. Flow fields and isotherms are strongly affected by changing Rayleigh number, the location
of strip heater (s/L), and the number of heaters.

2. The value of mean Nusselt number is significantly enhanced with increasing Rayleigh
number due to more contribution from natural convection.

3. For the single heater, the optimal location that gives the higher heat transfer rate, maximum
value of average Nu number, is s/L = 0.5, compared to other locations, for all values of Ra.
4. The average Nusselt number could be significantly increased by using more than one
heater due to increase the surface area of the hot heater so the heat transfer from the heater to

the cold area surrounding the heater increased.
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5. When using two heaters putting at (s/L=0.25, 0.75) the value of Nu for each one nearly

equal.

6. When using three heaters, putting at (s/L=0.2, 0.5, 0.8) the value of Nu s the same for the
heater which has a location of (s/L=0.2 and s/L=0.8), and larger than heater at (s/L=0.5).

9. REFERENCES

1.

10.

Flack,R.D,Konopnicki,T.T.and Rooke, J.H.,(1979),"The measurement of natural
convective heat transfer in triangular enclosures” ASME J. Heat Transfer 101, 648—
654

Yasin, V. Ahmet, K. Hakan,F, (2006)" Laminar Natural Convection in Saltbox Roofs
for Both Summerlike and Winterlike Boundary Conditions” Journal of Applied
Sciences6(12), ISSN 1812-5654,2617-2622.

Talabi, S, O. Olunloyo, V, O. Kamiyo, O, M. Collins, M, W and Karayiannis, T, G.
(2007) "Flow Field and Reynolds Stress Distribution in Low Turbulence Natural
Convection in a Triangular Cavity"

Ahmet, K. Hakan, F, O and Yasin. V. (2007)" Natural Convection Heat Transfer in a
Saltbox Roof with Eave in Winter Day Conditions” WellBeing Indoors.
Tanmy,B.Roy,S. Pop,l.(2009)" Heat flow analysis for natural convection within
trapezoidal enclosures based on heatline concept” International Journal of Heat and
Mass Transfer 52 2471-2483

Tanmay, B. Roy, R. Amit, S. Bishun, D,(2009)"Natural convection flow simulation
for various angles in a trapezoidal enclosure with linearly heated side wall(s)"
International Journal of Heat and Mass Transfer 52.4413-4425.

Tanamy, B. Roy, S. Krishna, S Babu, A. Balakrishnan, R(2008),"Finite element
analysis of natural convection flow in a isosceles triangular enclosure due to uniform
and non-uniform heating at the side walls" International Journal of Heat and Mass
Transfer 51, 4496-4505.

Lo,D,C.D. young,L. Murugesan, K.(2005)" GDQ Method For Natural Convection in a
Square Cavity Using Velocity—Vorticity Formulation” Numerical Heat Transfer, Part
B, 47: 321-341.

Sathiyamoorthy, M. Tanmay, B. Roy, S. Pop, I" Steady natural convection flows in a
square cavity with linearly heated side wall(s)" (2007), International Journal of Heat
and Mass Transfer 50, 766—775.

Natarajan, E. Tanamy, B. Roy, S, (2008),"Natural convection flows in a trapezoidal
enclosure with uniform and non-uniform heating of bottom wall" International Journal
of Heat and Mass Transfer 51,747—756.

Diyala Journal of Engineering Sciences, VVol. 07, No. 01, March 2014
69



NUMERICAL STUDY OF STEADY NATURAL CONVECTION FLOW IN APRISMATIC ENCLOSURE WITH
STRIP HEATER ONBOTTOM WALL USING FLEXPDE

11. Massimo, P. Francesco, C. Maria, M, (2006)" Study and analysis of the influence of a
small heating source position on the natural convective heat transfer in a square

cavity" Proceedings of the 4th WSEAS Int. Conf. on heat transfer, thermal

engineering and environment, Elounda, Greece, August 21-23, (pp305-310).

Table (1): Nomenclature

w, h Height of the bottom wall (m)
W, H Dimensional height of the bottom

L Length of the bottom wall (m) U,V Dimensionless velocity

L Heater length, (m) component

S The location of the strip heater X,y Cartesian coordinate

g Gravitational acceleration (m/s?) | XY Non-dimensional coordinates

Greek symbols
o Thermal diffusivity (m?/s)

wall B Thermal expansion coefficient
Nu  Nusselt number (1/K)
Nu Averge Nusslet number 0  Dimensionless temperature
p,P  Pressure, dimensional(N/m?) g Dynamic  viscosity (N/m?.s)
and dimensionless v kinematics viscosity (m?/s)
Pr Prandtl number p  Fluid density (kg/m®)
Ra  Rayliegh number v Stream function
T Temperature (K) A penalty parameter
u, v Dimensional horizontal & vertical Subscripts
velocity component (m/s) c cold
h  hot
L Local
b bottom

Table (2): Comparison between mean Nu number for the present work and that of

Tanmay et al.®” for Pr=0.7

Ra Nu (present) Ny Tanmay et al() Error %
107 5282 55 039
10* 59972 555 0.46
e ?
10° 5316 573 0.72
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Table (3): Summary of the present work mean Nu number for different locations
and different number of heaters.

manner s/L=0.1 | s/L=0.5 | s/L=0.7 | Two heaters | Three heaters
Ra=10° 7.62 11.727 115 11.54 10.784
Ra=10* 8.339 11.952 11.9 12.033 11.063
Ra=10° 12.036 13.96 13.4 15.3 13.006

Fig.(1): Schematic diagram of the physical system

Fig.(2):grid distribution
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Fig.(3): Comparison of streamlines and isotherms for Ra=10° and Pr=0.026
(a) present study, (b) Tanmay.B et al”,

Diyala Journal of Engineering Sciences, VVol. 07, No. 01, March 2014
72



NUMERICAL STUDY OF STEADY NATURAL CONVECTION FLOW IN APRISMATIC ENCLOSURE WITH

STRIP HEATER ONBOTTOM WALL USING FLEXPDE

T
max 1.00
k: 1.00
i 0.90
0.60
f 0.50
¢ 0.40
d 0.30
c: 0.20
=103 b: 0.10
Ra 10 : a: 0.00
< thin 0.00
T
max 1.00
u 1.00
t 0.95
s 0.90
1
k: (o]
j 0.45
1: .40
h: 0.35
g: 0.30
f: 0.25
e: 0.20
d: 0.15
c: 0.10
b: 0.05
a: 0.00
min 0.00
T
max 1.00
k: 1.00
i 0.90

g: 0.60
f: 0.50
€ 0.40
d: 0.30
c: 0.20
b: 0.10
a: 0.00
min 0.00

Fig.(4): Streamlines (right) isotherms (left) for s/L=0.1
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Fig.(5): Streamlines (right) isotherms (left) for s/L=0.5
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Fig.(6): Streamlines (right) isotherms (left) for s/L=0.7
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Fig.(7): Streamlines (right) isotherms (left) for two strip heaters
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Fig.(8):Streamlines (right) isotherms (left) for three strip heaters

Diyala Journal of Engineering Sciences, VVol. 07, No. 01, March 2014
77



NUMERICAL STUDY OF STEADY NATURAL CONVECTION FLOW IN APRISMATIC ENCLOSURE WITH
STRIP HEATER ONBOTTOM WALL USING FLEXPDE

45 60
—Ra=10"3
7 50 - —— Re=10M
35 —— Ra=10"5
30 4 40 1
Nu % Nu 30
20
a b
15 1 20
10 - 10
5
0 ‘ ‘ ‘ ‘ 0
0 0.05 0.1 0.15 0.2 0.25 0.35 0.4 0.45 0.5 0.55 0.6 0.65
X X
70
Ra=1073
60 Ra=1074|
Ra=105
50 -
Nu
C
30 A
20
10
0
0.6 0.65 0.7 0.75 0.8 0.85 0.9

X

Fig.(9): Variation of Nu. at different heater location for different Ra
number
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Fig.(10): Average Nu dependency on Ra number for one heater
at different locations
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Fig.(11): Variation of mean Nu as a function of Ra number (Two heaters)
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Fig.(12): Average Nu dependency on Ra for three heaters
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