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Abstract In this study, natural convection in a vertical chan-
nel is studied experimentally and numerically. One of the
channel walls is heated discretely by two flush-mounted
heaters while the other is insulated. The effects of the clear-
ance between the heaters on heat transfer and hot spot temper-
ature while total length of the heaters keeps constant are in-
vestigated. Four different settlements of two discrete heaters
are comparatively examined. Air is used as the working fluid.
The range of the modified Grashof number covers the values
between 9.6 × 105 and 1.53 × 10.7 Surface to surface radiation
is taken into account. Flow visualizations and temperature
measurements are performed in the experimental study.
Numerical computations are performed using the commercial
CFD code ANSYS FLUENT. The results are represented as
the variations of surface temperature, hot spot temperature and
Nusselt number with the modified Grashof number and the
clearance between the heaters as well as velocity and temper-
ature variations of the fluid.

Nomenclatures
D Channel depth [m]
Dh Hydraulic diameter [m]
g Gravitational acceleration [m/s2]
Gr*Dh Modified Grashof number
h Convective heat transfer coefficient [W/m2K]
k Thermal conductivity [W/mK]

L Channel length [m]
Nu Nusselt number
q Heat flux [W/m2]
s Clearance between the heaters [m]
t Thickness [m]
T Temperature [°C]
Greek letters
α Thermal diffusivity [m2/s]
β Thermal expansion coefficient of the fluid [1/K]
ε Surface emissivity
υ Kinematic viscosity of the fluid [m2/s]
ρ Density [kg/m3]
Subscripts
cond Conductive
conv Convective
cu Copper
f Fluid
in Inlet
ins Insulator
out outlet
tot Total
0 Reference
p Polycarbonate
rad Radiative
s Solid

1 Introduction

In recent years, design of electronic devices with higher per-
formance and lower dimensions has become essential. With
the development of technology and increase in performance,
heat generation by a circuit component also increases, which
causes an excessive temperature rise. In order to provide safe
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and continuous operation of the system, temperatures of the
circuit components need to be kept as low as possible, which
should not be exceed the certain limits.

Since natural convection air cooling is a common choice
for electronics cooling due to its reliability and easy applica-
tion, it has received a great deal of research interest. Natural
convection in parallel-plate channels is one of the most stud-
ied geometries in the existing literature. However, many of
those studies assumed differential heating from the sides, i.e.
different but uniform temperatures or heat fluxes from the
sides. Comparatively, studies on other non-uniform heating
from the surface like discrete heating are scarce.

Natural convection in a parallel plate channel with discrete
heating was examined in Refs. [1–13]. Conjugate mixed con-
vection with radiation from a vertical plate and in a vertical
channel with a discrete heat source were studied numerically
by Rao et al. [14–16]. Natural convection in an inclined dis-
cretely heated parallel plate channel was studied experimen-
tally for different inclination angles, wall distances, Rayleigh
numbers and heater combinations by Manca et al. [17]. The
effects of material parameter, Reynolds number, modified
Richardson number and channel aspect ratio on turbulent

conjugate mixed convection in a vertical channel with discrete
heaters on each wall was analyzed by Mathews and Balaji
[18]. Natural and mixed convection in a stack of parallel
boards were investigated by Desrayaud [19], and Rao and
Narasimham [20]. They focused on the similar geometries
with different convection regimes. Conjugate mixed convec-
tion from a vertical wall with multiple discrete heat sources
was studied numerically by Sawant and Rao [21]. Mixed con-
vection in an inclined channel with discrete heat sources was
investigated in Refs. [22, 23]. Laminar aiding and opposing
mixed convection in a vertical channel with discrete heat
sources was studied numerically by Laouche et al. [24].

Moreover, studies considering wall conduction and surface
radiation effects are very scarce, either. Premachandran and
Balaji [25] studied the effects of material and surface

Fig. 1 Schematic of
experimental set-up (a), test
section (b)

Table 1 Thermal
conductivities and
surface emissivities of
the materials

Material k (W/mK) ε

Copper 387.6 0.05

Polycarbonate 0.217 0.9

XPS Foamboard 0.035 –
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properties of channel walls and heaters, modified Grashof and
Reynolds numbers on conjugate mixed convection with radi-
ation from a vertical channel with discrete-protruding heaters
installed on one of its surfaces. They pointed out that, for an
accurate prediction of heat transfer and temperature distribu-
tion, radiation heat transfer should not be ignored. Kumar and
Rao [26] numerically studied conjugate mixed convection
with radiation from a vertical plate with non-identical discrete
heat sources. Three discrete heaters were installed on the plate,
and the effects of different operating conditions on heater and
wall temperatures were investigated. Gavara [27] investigated
natural convection in a vertical channel with discrete heaters
on opposite conductive walls. Londhe and Rao [28] carried
out a numerical study on mixed convection-radiation heat
transfer in a vertical channel with three discrete heaters on
one of its vertical surface. Recently, the authors of the present
study [29] conducted an experimental and numerical study
examining the effects of surface radiation on buoyancy in-
duced flow and heat transfer in a discretely heated vertical
channel. It was disclosed that radiation heat transfer changed
the flow field and affected convective heat transfer positively
since it aided buoyancy forces.

There are also optimization studies on enhancement of con-
vection heat transfer from discrete heat sources in different
geometries in the literature. Chen et al. [30] performed an
experimental study to determine the clearance between heated
obstacles on cooling of electronic components. Five equally
heated obstacles on the bottom of the channel were installed
and five different clearances were analyzed for various values
of the Reynolds number. They obtained that heat transfer im-
proved when the distance between heated obstacles was high.
Da Silva et al. [31] determined the optimal distribution of
discrete heat sources on a vertical wall and on a horizontal
plate in natural convection case using the constructal theory.
Da Silva et al. [32] optimized the clearances between discrete
heat sources in vertical channel via the constructal theory.

Natural convection in channels with discrete heaters at one
vertical surface is encountered in many different applications.
Electronics cooling is one of them. The discrete heaters re-
semble the chips on the printed circuit board. The discrete
heaters in electronic packages can operate at different times
or in different switch time periods. Accordingly, the positions
of the heat sources and the clearance between them may vary.
Placement of heat sources is very critical for an effective

cooling. For this purpose, four discrete heaters are placed on
one of the sidewalls of the channel representing an electronic
package and only two of which are thermally active while
other two of them are thermally inactive. Four different oper-
ating conditions are considered and the clearance between the
heaters vary while total heat source length is constant.
Therefore, the rationale of the study stands on determining
the effect of the clearance between the flush mounted heat
sources on thermal performance to reduce the hot spot tem-
perature and to enhance convective heat transfer. It is aimed at
experimentally and numerically investigating the buoyancy-
induced flow and heat transfer in a vertical channel with two
flush-mounted discrete heaters placed on its one wall, includ-
ing the wall conduction and surface radiation effects.

2 Experimental apparatus and procedure

The schematic of the experimental set-up and the test section
are shown in Fig. 1. The experimental set-up consist of a data
acquisition system, a computer, a DC power supply, a diode
laser, a fog generator, a camera, an optical table, an
uninterruptible power supply and the test section. The test cell
is placed on an optical table to minimize the vibration effects
and oriented by a digital protractor. Experiments are per-
formed in a vertical channel with four identical flush-
mounted discrete heaters on its one wall. During the experi-
ments, because of the interest of the present study, only two of
the four heaters are powered (Bon^ position) while the other

Table 2 Grid independence study

Cell
number

1,265,616 Cells
(20×300×30)

Relative
error (%)

1,736,856 Cells
(40×300×30)

Relative
error (%)

2,235,024 Cells
(60×300×30)

Relative
error (%)

2,706,264 Cells
(80×300×30)

Nuave, 1 16.426 4.671 15.693 0.757 15.575 0.238 15.538

Nuave, 2 13.201 4.306 12.656 0.676 12.571 0.215 12.544

Vmax 0.27956 0.014 0.27952 0.007 0.27954 0.01 0.27957

Fig. 2 Flow visualization unit
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two are non-powered (Boff^ position). The remaining surfaces
are unheated and thermally insulated. Channel walls are made
of 10 mm thick (tp) polycarbonate plate. Heater surfaces are
made of copper with 1.5 mm thickness (tcu), 25.4 mm length

(Lh) and 152.4 mm depth (D). The copper surfaces are heated
by polyimide insulated flexible heaters with thickness (th) of
0.35 mm. Thermal insulation is ensured with XPS foamboard
having a thickness of 30 mm and insulation material is
mounted on the back of the flexible heaters and the polycar-
bonate plates. The total length of the channel (Ltot) is
314.33 mm. There is an unheated inlet and outlet section with
the dimensions 25.4 mm and 130.18 mm, respectively. The
width of the channel (W) is 25.4 mm, and the depth of the
channel is equal to the depth of copper plates (D) with the
dimension of 152.4 mm. With given dimensions, the hydrau-
lic diameter of the channel (Dh) is 43.54 mm. The copper
surfaces are polished, and polycarbonate surfaces are treated
as black. Air is used as the working fluid, which enters the
channel from the bottom. Thermal conductivities of the mate-
rials was measured with Fox 314 thermal conductivity mea-
surement equipment according to ASTMC518 and ISO 8301.
Surface emissivities of the polycarbonate plate and polished
copper plates can be found in Ref. [33]. Thermal conductivi-
ties and surface emissivity values of the materials are given in
Table 1.

Three T type thermocouples with a diameter of 0.4 mm are
placed 1 mm under each of the copper plates. Eighteen ther-
mocouples are used along the centerline of the polycarbonate
plates and two thermocouples are used at the inlet-outlet sec-
tions of the channel. Also, 12 thermocouples are located at the
back of heaters and insulation material. The input electric
power to the flexible heaters is supplied and controlled by a
DC modular power system (Agilent 66000A with 66102A
power modules). Experiments are performed in an air-
conditioned room and the test cell is placed in a chamber in
order to minimize environmental impacts. Before starting
each experiment, temperature and relative humidity were kept
at 24°C and 50% by an air-conditioner. For each measure-
ment, the flow is considered to have reached to the steady
state condition when temperature measurements do not
change with time anymore Table 2.

Smoke visualization technique is applied to display the
flow field. Safex F2010 fog generator, a 50 mW diode laser
and a camera are used to visualize the flow domain. After
temperatures reach steady state, flow visualization process is
started. The smoke is passed through a long copper pipe be-
fore being injected to the test section to reduce its temperature.
Temperature of the smoke is measured with a thermocouple at
the outlet of the copper pipe and it is observed that smoke
enters into the test section at a temperature close to the ambi-
ent. The sketch of the flow visualization unit is represented in
Fig. 2.

The uncertainty analysis is performed by following the
methodology described by Holman [34]. Uncertainties of
voltage, current and temperature are obtained from the manu-
facturers’ instruction manuals. Uncertainties of the voltage,
current and temperature are 0.008 V, 0.003A and 1°C. In

Fig. 3 Schematic of the problem

Fig. 4 Grid structure: (a) Fluid domain, (b) fluid domain and all solid
bodies
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addition, the error caused by the device (Agilent 34972A) for
temperature measurements is given as 1.1°C. The maximum
uncertainty of the applied power is obtained as 0.575% while
the total uncertainty of the temperature measurements is 1.4%.

3 Numerical study

In the numerical part of the study, ANSYS Fluent software is
used to solve the governing equations. Flow is assumed to be
three dimensional, incompressible, steady and laminar.
Constant fluid properties are assumed except for the density
change. Density change with temperature that induces buoy-
ancy forces is modelled by adopting Boussinesq approxima-
tion. Radiative heat transfer between surfaces and conductive
heat transfer inside the solid walls are taken into account. The
continuity, momentum, energy and radiation equations are
solved via ANSYS Fluent software with the above assump-
tions. The governing equations can be found in Ref. [33, 35,
36]. The schematic of the problem is shown in Fig. 3.

The modified Grashof number is defined as a function of
the volumetric heat generation inside the heaters.

Gr*Dh ¼
gβ q• D4

hth
kυ2

ð1Þ

Fig. 5 Comparison of the numerical and experimental results for Case 2

Fig. 6 Sketch of the cases tested
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Unheated WallHeated Wall

Fig. 7 Heated and unheated wall temperatures versus Gr*Dh for different cases
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where g is the gravitational acceleration, β is the thermal dif-
fusivity, k is the thermal conductivity, υ is the kinematic vis-
cosity of the fluid, q• is the volumetric heat generation and th is
the thickness of the heaters.

The hydraulic diameter of the channel is defined as:

Dh ¼ 4WD
2 W þ Dð Þ ð2Þ

From the energy balance on the copper surfaces:

qconv ¼ qtot−qcond−qrad ð3Þ

Here, qtot is the total heat input, qcond is the conduction heat
loss and qrad is the radiation heat loss from the copper
surfaces.

The heat transfer coefficient on the heater surface is:

h ¼ qconv
Ts−T0ð Þ ð4Þ

where Ts and T0 denote the surface temperature of the heater
and ambient temperature of the air.

The local and average Nusselt numbers on the copper sur-
faces are calculated by following equations, respectively:

Nu ¼ hDh

k f
ð5Þ

Nuave ¼ hDh

k f
ð6Þ

The Nusselt number ratio which gives the effectiveness of
the heaters according to the 1st case is:

Nueff ¼ Nuave
Nuave;case1

ð7Þ

*

DhGr =9.56x106 *

DhGr =1.53x107

Fig. 8 Flow pattern at the inlet section for Case 2

                        (°C)                                (°C)                              (°C)                            

(°C)                  

Case 1 Case 2 Case 3 Case 4 

Fig. 9 Temperature contours at
Gr*Dh = 1.53 × 107
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Pressure inlet and pressure outlet boundary conditions are
used at the inlet and exit of the channel. Inlet and outlet pres-
sures of the fluid are equal to the hydrodynamic pressure of
the stagnant ambient air. No-slip boundary condition is used at
the channel walls.

At the channel inlet:

p ¼ p0; T ¼ T 0 ð8Þ

At the channel outlet:

p ¼ p0;
∂T
∂y

¼ 0 ð9Þ

Coupled boundary condition is used at all of the wall-to-
fluid and wall-to-wall interfaces inside the channel where tem-
perature and heat flux must be continuous, which is treated as:

−ks
∂T
∂x

¼ −k f
∂T
∂x

þ qrad;net ð10Þ

−ks1
∂T
∂x

¼ −ks2
∂T
∂x

ð11Þ

where s and f denote solid and fluid, respectively, and 1 and 2
represents different solid bodies. qrad, net denotes the net radi-
ative heat flux from the boundary, and it is the difference of the
outgoing and incoming radiation heat fluxes.

Convection flux boundary condition with the heat transfer
coefficient of h = 5W/m2 is implemented at the outer surfaces
of the channel walls and insulation material.

For radiation calculations, external black body tem-
perature is set to the reference temperature T0 at the
inlet-outlet boundaries, and internal emissivity value of
these boundaries is 1. The emissivity value ε of the
black channel surface and polished copper surfaces are
0.9 and 0.05, respectively.

Numerical computations are performed via ANSYS
Fluent software based on the control volume method.
Pressure based-segregated solver is used for incompress-
ible flow. In this method, governing equations are
solved sequentially. SIMPLE algorithm is used for the
pressure-velocity coupling. Momentum and energy equa-
tions are discretized by a second order upwind scheme
and pressure interpolation is provided by PRESTO
scheme which is recommended for natural convection
flows. The under relaxation factors for pressure, density,
body forces, and momentum and energy equations are
taken as 0.3, 1, 1, 0.7 and 1, respectively. In the nu-
merical computations, the thermophysical properties of
air are assumed to be constant and the ambient temper-
ature at 24°C is taken as reference. Radiation heat ex-
change between the surfaces is taken into account by

          (m/s)                          (m/s)              (m/s)               (m/s)  

Case 1 Case 2 Case 3 Case 4 

Fig. 10 Contours of the vertical
velocity component at Gr*Dh =
1.53 × 107
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surface to surface radiation method (S2S) which as-
sumes the surfaces gray and diffuse. View factors are
calculated by the program using a face to face basis and
ray tracing method. More information about the numer-
ical model can be found in Ref. [35, 37]. The conver-
gence criterion is set to 10−5 for the continuity, momen-
tum, energy and S2S model eqs.

A non-uniform grid structure is employed in the so-
lution domain. In order to encounter higher gradients
within the boundary layers accurately, finer grid is
adopted in the flow field, interior of the heaters and
channel walls. The grid is denser in the x-direction
while coarse grid covers the y and z-directions. Grid
size is successively refined until two successive grid
size present negligible differences in the corresponding
output parameters. Four different grid structures
consisting of 20×300×30, 40×300×30, 60×300×30 and
80×300×30 cells in the flow field are comparatively
tested, which correspond to the following cell numbers:
1,265,616, 1,736,856, 2,235,024 and 2,706,264. Tests
showed that grid size of 40×300×30 is adequate for

grid-independent solutions. The grid structure is shown
in Fig. 4.

Grid independent numerical results were compared against
the experimental results on the heated and unheated walls for
the Case 2 defined below. Temperature values on the heated
sidewall are represented as the temperature difference between
the temperatures of measurement points and reference ambi-
ent temperature (T0). It is clearly seen from Fig. 5 that numer-
ical results agree fairly well with our experimental measure-
ments, and maximum difference between numerical results
and experimental measurements is about 3.1%.

4 Results and discussion

An experimental and numerical study of natural convec-
tion heat transfer in a discretely heated vertical channel is
performed. Four different cases are tested (see Fig. 6).
Two heaters are combined at the entrance of the channel,
and they behave like a single heater (Case 1). Two dis-
crete heaters are placed discretely with the distance of

Fig. 11 Variation of the temperature in the horizontal direction at the trailing edges of the heaters at various values of Gr*Dh (Case 2)
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19.05 mm (Case 2), 63.50 mm (Case 3) and 107.95 mm
(Case 4). The experimental study covers four different

values of the modified Grashof number (Gr*Dh =
9.56 × 10,6 1.15 × 10,7 1.34 × 10,7 1.53 × 107) while
the numerical ones are in the range of 9.6 × 105 and
1.53 × 10.7

Figure 7 illustrates temperature variations at the heated

and unheated walls for different values of Gr*Dh. The cop-
per surfaces are heated at the back with flexible heaters in
the experimental study, which is simulated with volumet-

ric heat generation in the numerical part. Gr*Dh is also a
function of volumetric heat generation. Hence, surface
temperatures of the heaters and unheated parts of the

channel wall increase with Gr*Dh, as expected. It is seen
from the figure, surface temperature rises sharply from the
entrance of the channel, and temperature of the heater
remains uniform due to the high conductivity of the cop-
per plate. Surface temperatures are higher due to the heat
generation on the heater surface, and they decrease to-
wards the channel exit. Air entering the channel at ambi-
ent temperature (24°C) is heated by contacting the heater

surfaces and moves upward under the influence of buoy-
ancy force. The second heater has a higher temperature
since cooling air temperature increases when fluid moves
upward. As it is clearly seen, the clearance between the
heaters has a significant influence on the surface temper-
atures and heat transfer.

Radiation heat exchange has a remarkable effect on natural
convection, and it aids the buoyancy induced flow. The un-
heated opposing wall temperature varies depending on the
temperatures of the heaters. This becomes obvious especially

at higher values of Gr*Dh. Surface temperature increase with

Gr*Dh, taking the highest value at the opposite of the second
heater. The highest temperature on the unheated wall shifts
towards the channel exit with an increase in the clearance
between the heaters.

As an example, the streamline patterns obtained exper-
imentally and numerically at the center (D = 76.2 mm) of

the channel depth for Gr*Dh = 9.56 × 106 and Gr*Dh =
1.53 × 107 are shown in Fig. 8, for Case 2. Depending
on the increase in fluid temperature, buoyancy effects be-
come significant, and air ascends along the channel. The

Fig. 12 Variation of the vertical velocity component in the horizontal direction at different locations at various values Gr*Dh (Case 2)

1078 Heat Mass Transfer (2018) 54:1069–1083



surface temperature of the unheated wall increases due to
radiation heat transfer between channel walls, and this
causes streamlines to be parallel to the surfaces.
Previously, we investigated the effects of surface radiation
by setting the surface emissivities to zero [29]. Flow re-
versal was obtained near the unheated wall when the sur-
face radiation was not taken into account. Similar obser-
vations were made by others [8, 19], too.

For Gr*Dh = 1.53 × 10,7 isotherms are shown in Fig. 9. It is
seen that the isotherms become denser in the vicinity of the
heaters. Thermal boundary layer is thinner at the entrance
region and gradually increases along the channel. Therefore,
convective heat transfer rate from the first heater to the air is
higher than the second heater. With an increase in the heater
clearance, air cools down before contacting the second heater.
Thus, convective heat transfer increases, and maximum tem-
perature value in the flow domain decreases by 10°C. In ad-
dition, temperature of the unheated wall increases due to the
radiation heat exchange.

Figure 10 illustrates the vertical velocity contours for

Gr*Dh = 1.53 × 10.7 When air contacts with the heater, it

accelerates as a result of buoyancy forces. Velocity of the
air near the heaters increases with the buoyancy forces,
which results in an asymmetric velocity distribution in the
channel. Vertical velocity component takes the highest
value just above the second heater. This point moves up-
ward and the maximum velocity decreases with increasing
distance between the heaters. Additionally, as it can be
seen from the streamlines, no reverse flow is observed
in the channel.

Temperature variation in the horizontal direction at the
trailing edges of the heaters is shown in Fig. 11 for Case
2. Although the temperature is almost equal to the inlet
temperature at large part of the channel, higher tempera-
tures are observed in the vicinity of the heaters. Heat
transfer from the first heater is higher than the second
heater, which can be discernable from the boundary layer
structure. The thermal boundary layer is thinner at the
trailing edge of the first heater, and this situation becomes

more evident as Gr*Dh increases. As a result of the radia-
tion heat exchange between the surfaces, temperature of
the right surface increases, and the temperature of the air

Fig. 13 Variation of the temperature in the horizontal direction at the trailing edges of the heaters at various values of Gr*Dh
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near the surface also increases, especially for higher

values of Gr*Dh.
Effect of Gr*Dh on vertical velocity distribution at dif-

ferent stations is illustrated in Fig. 12 for Case 2. Due
to enhanced buoyancy effects as a result of the temper-
ature rise, air ascends along the channel, and velocity
values become higher near the heated wall. An asym-
metric velocity distribution is observed with an increase

in Gr*Dh. This situation is especially noticeable at the
trailing edge of the second heater where the air temper-
ature is high.

Temperature and velocity variations in the horizontal
directions at the trailing edge of the heaters are shown
in Figs. 13 and 14. As it is seen from the figure, tem-
perature distributions are almost uniform especially for

low values of Gr*Dh at the trailing edge of the first
heater. When the trailing edge of the second heater is
examined, it is seen that the clearance between the
heaters is an important parameter influencing air flow

and heat transfer. This becomes more apparent as Gr*Dh
increases. In all the cases examined, velocity profile is

almost symmetrical, and velocity values are low at the
first heater zone. In the second heater zone, together
with the temperature rise, the effect of the buoyancy
forces becomes important, the symmetry breaks down
and boundary layer formation is seen more clearly (see
Fig. 14).

Figure 15 shows the variation of the local Nusselt
number Nu along the heater surfaces for various values

of Gr*Dh. Nu takes its maximum value at the leading
edge of the heaters, and it then decreases along the
heater surface taking its minimum value at the trailing
edge of the heater. This trend becomes more apparent

with an increase in Gr*Dh. For Case 1, Nu is maximum
at the leading edge compared to the other cases but its
value is lower at the trailing edge. This is due to the
overheating of the heaters since there is no clearance
between the heaters. As the clearance between the
heaters increases, convective heat transfer from the sec-
ond heater increases.

Figure 16 illustrates the hot spot temperature varia-

tion with Gr*Dh. The maximum temperature reached is

Fig. 14 Variation of the vertical velocity component in the horizontal direction at the trailing edges of the heaters at various values of Gr*Dh
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called as hot spot temperature [31]. The hot spot tem-
perature is observed to depend on the heater clearance

and Gr*Dh. In order to investigate the effect of heater
clearance on convective heat transfer from the heaters,

the total heater length is kept constant. It is seen from
the figure that hot spot temperatures are close to each

other for lower values of Gr*Dh, and there is no signif-
icant difference in temperature values, which is an indi-
cation of uniform cooling. The effect of the heater
clearance becomes more apparent with an increase in

Gr*Dh. For all the values of Gr*Dh, hot spot temperature
takes its highest value for Case 1 while the lowest value
is obtained for Case 4. For a fixed heater length, in-
creasing the heater clearance enhances heat transfer
from the heaters.

The variation of the effective Nusselt number Nueff with
Gr*Dh is shown in Fig. 17. The effective Nusselt number is
defined as the ratio of the average Nusselt numbers calculated
on heater surfaces in any case to that in the Case 1. This ratio
indicates how effective the heaters are when compared with
the first case. It is seen that Nueff decreases with an increase in
Gr*Dh for the first heater. Surface temperatures are higher for

Case 1, especially for higher values ofGr*Dh. When the second
heaters are considered, heat transfer increases with the

Fig. 15 The variation of the local Nusselt number Nu with Gr*Dh

Fig. 16 The variation of the hot spot temperature with Gr*Dh
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clearance and Gr*Dh. When Figs. 15 and 16 are examined
together, it is clear that convective heat transfer increases with
the distance between the heaters, which results in more effi-
cient cooling.

The results show that an increase in the modified Grashof
number or in the clearance between the heaters increases the
average Nusselt number. As a result of the numerical calcula-
tions, a correlation equation was developed to predict the var-
iation of the average Nusselt number with the modified
Grashof number and the dimensionless clearance between
the heaters as follows:

Nuave;1 ¼ 0:4867 Gr*Dh
� �0:2082

s=Ltotð Þ−0:0105 ð12Þ

Nuave;2 ¼ 0:3312 Gr*Dh
� �0:2286

s=Ltotð Þ0:0484 ð13Þ

Themaximum andminimum errors between computed and
correlated values by Eqs. 12 and 13 are 1.46 and 0.021%,
respectively.

5 Conclusions

Some of the important findings obtained in the study can be
summarized as follows:

& Surface temperatures of the heated walls increase from the
entrance and decrease towards the exit in all the cases
examined. They are also shown to be affected from the
surface radiation.

& Surface radiation significantly affect flow and heat transfer
by aiding the buoyancy forces.

& It is disclosed that increasing the clearance between the
heat sources enhances convective heat transfer from the
second heater. It is also shown to decrease the hot spot

temperature. This situation becomes more pronounced
with an increase in the modified Grashof number.
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