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Abstract

The present numerical study investigates the laminar natural convection heat transfer and the

effect of Prandtl number in a two dimensional rectangular enclosure with discrete heaters. Four

different cases are considered based on the number of discrete heaters which is maintained at

isothermal condition 7}, (T, > T,). The right vertical wall is maintained at cold temperature 7, and the

remaining all other walls are thermally insulated. The above schematic setup can be modeled into

mathematical form and the governing non-dimensional equations are solved using Finite Volume

Method with power-law scheme. SIMPLE algorithm is employed for the pressure-velocity coupled

momentum equations. Numerical simulations are carried out to find the effect of different Prandtl

numbers (0.054, 0.71, 1.4 and 7.0), internal heat generation parameter Ri ranging from 0.1 to 10.0 and

the distribution of discrete heaters. Results are given in the form of streamlines, isotherms, the velocity

profiles and average Nusselt number. It is found that the maximum heat transfer rate is achieved for the

distribution of discrete heater and also for increasing values of Prandtl number.
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1. Introduction

A rapid increase in the growth of electronic equip-
ments needs an effective cooling to achieve the optimal
performance. The mechanism of cooling in closed con-
figurations by natural convection is preferable due to its
low maintenance cost and high efficiency. Hence natural
convection in rectangular enclosures has received much
attention among researchers to consider different combi-
nations of aspect ratios, location of discrete heaters on
the walls and boundary conditions. The numerical and
experimental investigation on natural convective heat
transfer in a vertical rectangular enclosure with four dis-
crete heaters for different aspect ratios was carried out
[1]. The natural convective heat transfer of micropolar
fluids in an enclosure with an isoflux discrete heater on
one of the sidewalls was investigated and reported that
the heat transfer rate was an increasing function of Ray-
leigh number [2]. Later, the numerical study of the same
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process in a square enclosure with a heat generating fluid
was done [3]. The study of discrete isothermal bottom
heating was investigated [4] to report the effect of aspect
ratio of the horizontal rectangular enclosure. The nine
different location of heater on the vertical rectangular
enclosure which was partially active to describe the na-
tural convection has been examined [5] and they found
that the middle-middle active location of the heater was
effective in transferring the heat. In a similar study [6],
the maximum heat transfer rate was achieved when the
thermally active hot and cold location was placed at the
middle of the vertical walls.

The numerical investigation of the natural convec-
tion respectively in the rectangular and square enclosure
with partial isothermal heating and cooling on the verti-
cal walls was studied by the authors in [7] and [8]. They
reported that the rate of heat transfer increased with in-
creasing Rayleigh number and it reached the maximum
value when AR = 1.0. Laminar natural convection of
Newtonian fluids in rectangular enclosures with differ-
entially heated side walls along with the influence of
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boundary conditions has been analyzed [9]. A special at-
tempt was made by placing two discrete sources at the
bottom of the enclosure with the isothermally cooled
vertical walls and adiabatic top wall [10]. The computa-
tion of the melting of PCM with natural convection in-
side a rectangular enclosure heated by discrete protrud-
ing heat sources was done numerically [11]. Both the nu-
merical and analytical solution for natural convection in
a cavity with volumetric heat generation was obtained in
[12]. Very recently, the laminar steady mixed convection
flow from a discrete heat source in a lid-driven square
enclosure filled with water-based micropolar nanofluids
was numerically examined [13]. They found that the av-
erage Nusselt number along the heat source decreased
for increase in the heat source length while it was in-
creased for the solid volume fraction. A recent numerical
study of 3D natural convection heat transfer and fluid
flow in a cubical cavity induced by a thermally active
heater was described [14].

Some of the authors had developed the studies on
natural convection problem to find the influence of vari-
ous Prandtl number in a rectangular enclosure [15]. The
steady laminar convection flow of two different nature
namely uniform and non-uniform heating for the case of
0.7 < Pr £ 10 was analyzed [16]. It is proposed that the
average Nusselt number increased for both uniform and
non-uniform heating. A numerical study was made to
find the effects of Reynolds and Prandtl number on a
mixed convection having heat generating solid circular
block [17]. They concluded that the effect of Prandtl
number was negligible on the streamlines and consider-
able influence was found on the isotherms for different
values of Richardson number by analyzing the MHD
mixed convection having heat conducting circular block
placed in the middle of the cavity. A similar problem has
been done for the case of rotating cylinder [18].

The authors [19] used various Prandtl numbers (0.1,
1, 10) in a rectangular enclosure with a fin attached to the
vertical cold wall. An investigation on natural convection
horizontal enclosure having a fixed adiabatic square body
at the center and the fluid with three different Prandtl
numbers 0.01, 0.7, 7.0 was made in [20]. They observed
that the oscillatory thermal behavior was obtained for the
case of Prandtl numbers 0.01 and 7.0 with high Rayleigh
number. Recently the problem of natural convection for
the purpose of finding the effects of Prandtl numbers on
entropy generation, heat transfer and fluid flow in the
presence of magnetic field was studied [21]. From the
above reviews of literature, they had handled different

Prandtl numbers and concluded that for increasing value
of Prandtl number, the heat transfer rate increases.
Several theories have been explained by the research-
ers in order to explain the theory of discrete heaters but
they have considered only the particular number of dis-
crete heaters and no comparison was found between them.
Hence the authors take this opportunity to investigate the
effect of Prandtl number on a natural convection problem
in a rectangular enclosure with discrete heaters on one of
the vertical walls of the enclosure. Simulations are carried
out for the parameters like internal heat generation Ri,
Prandtl number Pr and distribution of discrete heaters.

2. Mathematical Formulation

Figure 1 (a—d) shows the schematic of the problem
which considers a two dimensional rectangular enclosure
of height H (2.0) and length L (1.0) filled with different
fluids like liquid metal, air and water. Case-1 describes the
enclosure with a single discrete heater placed at the mid-
dle of the left vertical wall Figure 1(a). In Case-2, the
heater is divided into two discrete heaters Figure 1(b). In
the same way, the heater is divided into three and four dis-
crete heaters for the Case of 3 and 4 which is shown in
Figure 1(c—d). The length of the heater is equal to the half
of the height of the enclosure in each case. The thick solid
lines represent the discrete heater and its position, which
is maintained at constant temperature 7}, while the oppo-
site wall is maintained at cold temperature 7, and the re-
maining walls of the enclosure are thermally insulated.
Four different Prandtl numbers 0.054, 0.71, 1.4, 7.0 are
used in the present study. Thermophysical properties of
the fluid are assumed to be constant, except the variation
of density in the buoyancy term due to Boussinesq ap-
proximation. The governing dimensional equations of the
conservation of mass, momentum and energy can be con-
verted into the following dimensionless form:

U I _, 1
oX oY M
2 2
a_U+Ua_U+Va_U=_a_P+Pr a_Li_}_a_lf (2)
ot oX oY oX oxX* oY
2 2
8_V+U6_V a_V:_a—P+Pr 8V2+5_I; +Ra, Pro(3)
ot oX oY oY oxX* oY )

(4)

2 2
D,y Dy D00, 70 g,
ot oX oY ox® oY

using the non-dimensional parameters,
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Figure 1. Schematic of the cavity with discrete heaters (a)
Case-1, (b) Case-2, (c) Case-3, (d) Case-4.
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where Ri is the internal heat generation parameter. The
governing equations (1)—(4) are subjected to the fol-
lowing boundary conditions:

1=0:

>0 :

U=V=0, =0, 0<X<L,

U=V=0, 6=0,, X=1L,
o0

U=V=0, —=0, Y=0,H, 0<X<IL, 6
3% (6)

U=V=0, 6=0,, on heaters;

@20 elsewhere, X =0, 0<Y <H
oX

The heat transfer coefficients in terms of local Nusselt
number (Nu) is defined by

o
on

Nu= @
where ‘n’ denotes the normal direction in a plane. The
average Nusselt number at the hot and cold vertical walls
are computed as

— 1 — 17
Nuy =— |Nu,dy, Nu.=— |Nu,d

i=s ,J s y Oj oy (8)
The average Nusselt number is taken as the sum of all
average Nusselt number of each heater.

3. Numerical Method

The governing equations (1)—(4) associated with the
boundary conditions are numerically solved by Finite
Volume method with Power Law scheme using uniform
staggered grid arrangement. A Semi Implicit Method for
Pressure-Linked Equation (SIMPLE) algorithm [22] is
used to solve the pressure-velocity coupled equations.
The obtained discretized equations are solved by TDMA
(Tri-Diagonal Matrix Algorithm) line-by-line method.
At each step, the solution is obtained by iterative tech-
nique and the steady state solution is established by the
following convergence criteria:

ZI(I),.,_,"” B (I)i,jn

=0 e ©)

>,

In the above equation € is chosen of order 10, n is any
time level and ¢ represents 0, U or V. Grid independent
test has been performed for various grid sizes from 22 x
42 t0 102 x 202 for Case 1. Table 1 shows that, increas-
ing the grid size from 82 x 162 to 92 x 182, there is no
significant change in the average Nusselt number. Since
large grid size leads to time consumption, so we have
fixed the grid size as 82 x 162. In order to check the
computing FORTRAN code of the present problem va-
lidation is carried out to ensure that the code is free from
error. Benchmark solutions of Davis [23] and Mobedi et
al. [24] have been taken into account. Table 2 shows the
comparison of the present and previous results so that
we can found the results are in good agreement. Based
on the confidence of the results, the code is extended to
this present study. In this study, all of the computations
were performed at Raz = 10° on the CPU of Intel(R)
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Table 1. Grid independent study for Case-1 at Ri = 0.1, Pr=0.71, Rag = 10°

Grid size

22 x 42

32 x62

42 x 82

52 x 102

62 x 122 72 x 142 82 x 162 92 x 182

Nu

7.24778

6.78569

6.69594

6.65568

6.67628 6.66057 6.59845 6.59635

Table 2. Comparison of the present results with the

benchmark solutions of Davis (1983) and
Mobedi et al. (2010)

Average Nusselt number

Ra

Davis Mobedi et al.  Present study
10° 1.118 1.113 1.115
10* 2.243 2.237 2.247
10° 4.519 4.510 4.547
10° 8.800 8.833 8.978

Core(TM) (model name: i3-2120, CPU frequency: 3.30
GHz, memory size: 4 GB) at Bharathiar University. Ty-
pical CPU time is around 14,400 s for a productive run.

4. Results and Discussion
Natural convection in a rectangular enclosure with

the presence of discrete heaters on the vertical wall is nu-
merically simulated for several combinations of parame-

ters like internal heat generation, Prandtl number and the
distribution of discrete heaters. The qualitative study of
results is expressed in the form of streamlines and iso-
therms while the quantitative study is represented th-
rough Nusselt number and velocity profiles.

Figure 2 and Figure 3 illustrates the flow field and
thermal field for Case-3 with different Ri, Pr=0.054 and
1.4 respectively. The streamlines demonstrates that the
flow is rotating in anticlockwise direction indicated by
the negative values. At the earlier stage, the center por-
tion of the cavity is stagnant but for increasing values of
Ri leads to the formation of bean shaped cell in the stag-
nant region. The large value of Ri provides the fluid flow
to gain more energy from the internal Rayleigh number
and also this enormous energy paved a way to form more
cells inside the cavity. This is due to the minimum den-
sity hotter fluid moves very faster by forming a second-
ary cell on the top left corner of the cavity which tries to
dominate the primary cell. It is ensured from values of
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Figure 2. Streamlines and isotherms for different Ri with Pr=0.054 for Case-3.
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Figure 3. Streamlines and isotherms for different Ri with Pr = 1.4 for Case-3.

streamfunction that, increasing the value of Ri leads to
increase the fluid motion.

Initially, the isotherms are crowded around the posi-
tion of the discrete heaters and also we can see the natu-
ral convective flow of heat towards the cold wall from
the discrete heaters. The internal temperature is main-
tained for low values of Ri indicated by the labels of the
isotherms. For descending values of Ri, a significant
change on the heat flow is observed since the internal
Rayleigh number is high which leads to increase in the
average fluid temperature dominating the temperature of
the discrete heaters, hence the effect of distribution of
heat from the discrete heater is entirely reduced. Due to
buoyancy mechanism, the fluid with high temperature of
the fluid is seen at the top portion of the cavity.

Now the discussion is extended to the natural con-
vection of discrete heaters with the effect of Prandtl
number on Case-3. When the value of Pr is fixed at
0.054, the new secondary cell is observed along with the
elongated circular motion of the fluid flow but at Pr =
1.4, we can observe a significant change in the flow pat-
tern of the streamlines. The domination of secondary cell
is reduced because of the increase in the momentum
diffusivity. The flow field exhibits a widened anticlock-

wise circular motion with high intensity along the active
vertical walls which can be noticed from the streamfunc-
tion values. The isotherms in Figure 2 show high internal
temperature throughout the whole cavity and it bends to-
wards the bottom and finally it reaches the cold wall but
in Figure 3 the temperature of the flow is maintained be-
cause of rapid convection of heat transfer inside the cav-
ity. Hence we can conclude that increasing the Prandtl
number of the fluid results in increasing both the fluid
flow and heat transfer.

Figure 4 and Figure 5 represent the streamlines and
isotherms for different Prandtl numbers on Case-1, Case-
2 and Case-4. The streamlines in all the cases shows that
the pattern of the fluid flow is significant mainly in the
core of the cavity and the fluid circulation increases with
increasing value of Prandtl number which we can iden-
tify through the values of streamfunction. When the
Prandtl number increases, the fluid becomes heavier due
to increase in momentum diffusivity hence there is for-
mation of hydrodynamic boundary layer along the verti-
cal walls. At low Prandtl numbers, the isotherms are
more curved whereas for high values of Pr, it exhibits
only the vertical flat isotherms. The stratification of iso-
thermal layers is found along both the cold wall and
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Figure 4. Streamlines for different Prandtl number with Ri = 2.0 for Case-1, 2 & 4.

around the discrete heater by forming a thermal bound-
ary layer due to increase in Prandtl number hence result-
ing in increased rate of heat transfer. When the discrete
heater is split into small heaters, the circulation of the
heat flow increases and more heat is transferred from the
heater to the cold wall.

Figure 6 illustrates the variation of average Nusselt
number with internal heat generation parameter Ri for
four different cases. The average Nusselt number for dif-

ferent Prandtl number in Case-1 and Case-2 is displayed
through Figure 6(a). It is seen that, increasing values of
Ri leads to decrease the average Nusselt number since
the internal temperature is higher than the temperature
on the discrete heaters, hence there is no transfer of heat
from the discrete heater. At Pr=0.054, the minimum rate
of heat transfer is obtained because of low thermal dif-
fusivity. The heat transfer rate increases with increase in
Pr. Also, the negative value of Nusselt number indicates
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Figure 5. Isotherms for different Prandtl number with Ri = 2.0 for Case-1, 2 & 4.

the domination of internal temperature so that the direc-
tion of heat is towards the discrete heaters instead of
away from it. Similarly, Figure 6(b) showed the quantita-
tive values of average Nusselt number for Case-3 and
Case-4. On comparing the values of Nusselt number in
all the four cases, Case-4 has maximum heat transfer rate
because of the distribution of the discrete heaters.
Figure 7 evaluates the value of average Nusselt num-
ber for Case-1 and Case-3 against various Prandtl num-
ber is plotted for different Ri. A slow and steady increase
in average Nusselt number is observed with increase in

Pr and the heat transfer rate is decreased with increase in
the heat generation parameter Ri. Table 3 displays the av-
erage Nusselt number for different Prandtl numbers and
four Cases have been considered with fixed Ri =2.0. The
rate of heat transfer increases with increase in both the
Prandtl numbers and partitioning of the discrete heater.
The midheight horizontal and vertical velocity pro-
file for different Prandtl number in Case-1 and Case-3
can be seen in Figures 8(a) and 8(b) respectively. Ini-
tially the velocity values are influenced towards the cold
wall and the colder fluid due to high density moves only
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Figure 7. Variation of average Nusselt number with Pr for
Case-1 & Case-3.

with minimum velocity. Also, the liquid metal with Pr =
0.054 attains the most negative and positive values when
compared with the other three Prandtl numbers. In the
middle of the enclosure, there are some oscillations and
finally they have attained the positive values since the
hotter fluid moves with greater velocities. On comparing
Case-1 and Case-3, the largest velocity values are at-
tained for Case-3. The vertical velocity reveals that the
maximum velocity values are attained for all Pr’s except
Pr = 0.054. Except liquid metal, the speed of movement
of all other fluids is similar which is ensured from the
streamlines of the all the cases.

5. Conclusions

Numerical simulations have been performed for un-

tion parameter have been analyzed through streamlines,

isotherms, velocity profiles and heat transfer rates.

From the above study, we can conclude the following

remarks:

e Among the four different cases, Case-4 yields the bet-
ter heat transfer rate than the other three cases. Hence,
the distribution of discrete heater produces the maxi-
mum heat transfer rate and the fluid motion than other
discrete heater.

e Increasing the values of internal heat generation pa-
rameter Ri, internal temperature exceeds the tempera-
ture of the discrete heater, hence the effect of discrete
heater is entirely reduced.

e Increasing values of Prandtl number leads to in-

crease the fluid flow and heat transfer thereby form-

ing hydrodynamic and thermal boundary layers re-
spectively.

The heat transfer rate increases with increase in the

distribution of discrete heater and Prandtl number but

decreases with increase in the internal heat generation
parameter.
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