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FORCED CONVECTION FROM HEAT SOURCE ON A CONDUCTIVE
PLATE IN AN AIR RECTANGULAR CHANNEL
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ABSTRACT

Forced convection heat transfer from heat source attached to a conductive base
plate in a horizontal rectangular channel is investigated experimentally. The heat
source module is a highly polished aluminum parallelogram of 27mm wide, 16mm
height and 120 mm long is fixed on a sheet of aluminum of 137 mm long, 120 mm
wide and 1 mm thickness. The dependence of the heat flow characteristics on
Reynolds number and the heat-generated in the heat source module were investigated
for a range of Reynolds number 20500 to 63700, meanwhile the generated power from
the heat source changes from 6W to 70 W. The conductive base plate absorbs heat
from the heat source, which in tums decreases the level of the local heater surface
temperature. Reynolds number has a great effect on the absorbed heat flux by the
conductive plate from the heater and with the increase of Reynolds number, the local
surface temperatures of the heater and base plate decrease. The maximum temperature
and average Nusselt number along the five surfaces of the base plate and the heater is
correlated with Reynolds number for fixed values of heat generation by power
relations. Also, flow visualization is performed indicating the pattern of the flow path
of air over the heater module.
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INTRODUCTION

An area which has a considerable amount of research activity in the recent years
is that of heat removal from electronic circuitry. Since the performance of electronic
components is often strongly temperature dependent, there is a growing need to
develop suitable methods for the cooling of electronic packages that are employed in a
wide wvariety of applications, such as air space travel, communication and naval
systems and computers. Air-cooling is still the most attractive method for computer
systems and other electronic equipment, due to its simplicity and low cost. Thermal
engineers in the electronics industry are always trying to achieve the best possible
performance out of air-cooling. In this effort, the need for understanding the flow
phenomena and convective heat transfer mechanisms that are present in air-cooled
electronic systems is obvious.

Previously, many investigators studied the various modes of heat transfer and
relevant configurations along with the associated heat transfer. Extensive surveys of
literature in this field have been presented by Jaluria [1], lncropera (2], Papanicolaou
and Jaluria [3] and El-Kady and Araid [4].

Among the work dealing with forced convection cooling of electronic equipment, is that
of Ramadhyani et al. {5], the heat transfer from discrete heat sources mounted on one
wall of a channel and exposed to fully developed laminar flow is studied theoretically.
Incropera et al. [6], investigated experimentally the convection heat transfer from a
single heat source and an in-line four rows array of 12 heat sources which are flush
mounted on a wall of ahorizontal rectangular channel. Davalath and Bayazitoglu [7]
developed a model for numerical prediction of various flows and forced convection
between parallel plates with finite block heat sources. Wadsworth and Mudawar [8],
investigated heat transfer from smoocth simulated chip to a two-dimensional jet of
dielectric fluorinate FC-72 liquid issuing from a thin rectangular slot into a channel
confined between the chip surface and nozzle plate. Kim and Anand [9] studied
theoretically laminar developing flow and heat transfer between a series of parallel
plates with surface mounted discrete heat sources. Kim and Anand [10], through a
theoretical study, investigated the turbulent heat transfer between a series of parallel
plates with surface mounted discrete heat sources using the K—& model. Molki et al.
[11], focused their work on the effect of entrance length on heat transfer coefficients
and associated thermal wake effects. Their experimental data is used to correlate the
heat transfer coefficient, entrance length and operating parameters. Hwang and Liou
[12] studied the heat transfer and friction in a low aspcct ratio rectangular channel with
staggered perforated ribs on two opposite walls. They showed the effects of perforated
rib open area ratio, rib pitch to height ratio, rib-height to channel hydraulic diameter
ratio, rib alignment and Reynolds number on heat transfer and friction factor.
Nakayama and Park [13], obtained experimentally and theoretically the conjugate heat
transfer from a single surface mounted block to forced convection air flow in a channel,
They have taken into account the effect of thermal wake shed from the block on the heat
transfer from the floor of the test section. Fowler et al. [14], developed through
experimental and numerical study, the optimum geometric arrangement of staggered
parallel plates in a fixed volume with forced convection heat transfer rate.

These studies illustrate the lack of the experimenial knowledge in forced
convection from protruding heat sources, specially those attached on conductive base
plate, which is the more realistic thermal condition. The present study is directed to
investigate experimentally the heat transfer characteristics due to thc forced
convection from one protruding heat source attached to a conductive base- plate ina
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rectangular horizontal channel. The dependence of the heat flow characteristics on
Reynolds number and the heat-generated in the heat source module are investigated.
Correlations for the average Nusselt number and maximum heater surface temperature
are developed as a function of Reynolds number for fixed values of the generated heat
energy. Also, flow visualization is performed indicating the pattern of fluid flow
adjacent to the heater and base plate surfaces.

EXPERIMENTAL WORK

The test-rig which is constructed for the planned experimental work, is shown
in Fig. 1-a. It consists ofa wind channel with 120x120 mm square cross section of
wood and 1500 mm long. The air from the laboratory room is drawn through the
system by a centrifugal fan (10), driven by one horsepower electric motor (12) and
having its inlet connected to the working section. Air enters the apparatus by way of a
bellmouth (2) and a fine mesh screen (1) to ensure a fairly uniform flow with
negligible turbulence through the testsection. After the working section a transition
piece leads to the fan inlet and carries a honeycomb flow straighter (8) intended to
prevent the transmission of swirl from the fan back into the working section. The fan
discharges to a graduated throttle valve (13) by means of which the air velocity
through the apparatus may be regulated. In between the main channel and the fan,
flexible textile plastic connection (9) is fitted in order to eliminate any vibration
transmission to the honeycomb section (8).

The air velocity is measured with the help of a Pitot-tube (5) and an inclined
alcohel manometer (21) at the centers of nine imaginary equal areas into which the
Pitot tube is situated 500 mm downstream. The air velocity is also measured by a hot
wire probe (6) located at 750 mum downstream. The difference in velocity values
measured by the two methods is less than + 1.5%.

The heating element construction with its base plate is shown in Fig. 1-b. The
heating element face is made of a Nickel-Chromium electric heater with rectangular
cross section of 0.5x1.5 mm is wrapped at equal pitches over the sides of Bakelite core
of 22 mm wide, 14 mm height and 120 mm long (26). This core is surrounded by
mica sheets of 0.5mm thickness (27) and is inserted inside a highly polished aluminum
channel of 27mm wide, 1 6mm height and 120 mm long (23). The heat source moduie
is fixed on a sheet of aluminum of 135 mm long, 120 mm wide and 1mm thickness
{24). The aluminum sheet is fixed on a sheet of mica of 0.5mm thickness (25) and
then fixed on the wall of the channel, which is made of 20 mm thickness wood.

An auto transformer (17) is used to control the heat input to the heating element
as well as one voltmeter (16) and an ammeter (15). The input power to the heating
element was checked by using a Wattmeter (20) as shown in Fig. (1-b).

The heater surface temperature was measured by six copper-constantan
thermocouples of 0.5-mm diameter and the temperature of the base plate was
measured by 14 thermocouples from the same kind. The thermocouple distribution
along the heater surfaces and the base plate is shown in Fig. (1-b). The
thermocouples were connected to a 24-points Yokogawa digital temperature recorder
of a sensitivity of 0.1°C (23).

During the course of the experimental work nearly two hours were needed to
reach the steady state condition. This condition was satisfied when there were no
change in the temperature reading within a time period of about 15 minutes.
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Fig. 1.a Experimental Test Rig

'):f- Fine mesh screen, 2- Bellmouth, 3- Straight channel. 4- Supports. 5- Pitot tube.
6- Hot wire anemometer probe, 7- Test section. 8- Honeycomb. 9- Flexible
connection, 10- Downstream blower, 11- Blower supports, 12- Electric motor. 13-
Discharge control gate, 14- Movable table. 15- Ammeter, 16- Voltmeler. 17- Auto
transformer, 18- Temperalure recorder, 19- Hot wire anamometer. 20- Wattmeter,
21- Inclined manometer, 22- Healing element.
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Fig. 1.b. Heating Element Construction With [ts Base Plalc

23- Aluminium channel.  24- Stainless-stcel sheet, 25- Mica sheet. 26- Backalile

core, 2_7.- Nickel-Chromium electric heater. 28- Capper-constantan thermocouple
29- Stabilizer .
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Fig. 3 Varation of maximum temperature of the downstream and upstream base
plate sections OA and DE and the three surfaces of the heater AB, BC, and CD for

Reynolds number 20500 £ Re < 63000 and fixed heating values of Q=6, 22, 51
and 70W.
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and 70W. For all values of generated power, and the whole range of Reynolds
number, the maximum temperature occurs at the horizontal upper surface of the
heater. With the increase of the generated power Q, the maximum temperature of the
right beater face (C-D) becomes closer to the maximum temperature of the upper
surface (BC). The maximum temperature of the heater which occurs at the upper
horizontal surface can be correlated by both Reynolds number and heat generated
power by the following relations:

Truax = 2694.97 Re-0-3646  forQ=70 W
Trnax = 1814.59 Re-0.346 for Q=51 W
Trmax = 1283.69 Re-0.3766 for Q=22 W
Tomax = 176.71 Re-0.2125 forQ=6W

Figure 4 shows the variation of average Nusselt number along the downstream
and upstream base plate sections OA and DE as well as the three surfaces of the heater
AB, BC, and CD for Reynolds number values 20500 < Re £ 63700 and fixed heating
values of Q =6,22, 51 and 70W. For all values of the heat generated, and the whole
range of Reynolds number, the maximum value of the average Nusselt number occurs
at the left vertical surface (A-B) which faces the colder inlet air flow then followed by
the horizontal and the right surfaced of the heater respectively. The base conductive
plate, which absorbs part of the generated heat in the heat source, less values of
Nusselt number than those of any of the generating heater surfaces. The upstream part
of the conductive plate OA, which is met by the cold air flow, has higher values of the
average Nusselt number than those of the downstream part of the base plate DE.

The variation of the average Nusselt number along the five surfaces of the base
plate and the heater surfaces with Reynolds number is shown in Fig. 4 by the dashed
lines. It can be correlated to Reynolds number for fixed heating values of heat
generated by the following relations:

Nu=0.375 Re0-583 forQ=70 W
Nu = 0.38] Re0.571 for Q=51 W
Nu = 0.220 Re0.625 for Q=22 W
Nu =0.13] Re0-654 forQ=6W

Fiow Visualization Patterns:

Beside the heat transfer experiments, flow visualization was performed using
the oil-lampblack technique [16]. To get these visualization experiments, the surface of
heating element with its base was covered with aluminum foil before the mixture of oil
and lampblack powder was applied. When the air flow in the wind tunnel was initiated
and maintained, the aerodynamic forces acting on the heating element and its base
caused the mixture to move and take a pattern indicative of the pattern of fluid flow
adjacent to the surface. To obtain a record of the visualization pattern, the aluminum
foil was removed from the three heating element surfaces and its base plate, laid flat,
and photographed. The results shown in Fig. 5, presents pattern of streaks which reveal
the flow path of the air on the five different surfaces at Reynolds numbers from 20500
1o 63700. The separation of the flow occurs on the surfaces of the heater A-B, B-C,
AND C-D, and increases with the increase of Reynolds number. It is shown also that,
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at low values of Reynolds number, no strikes are noticed on the upstream surface of the
base plate O-A, while, with the increasedof Reynolds number, the strike pattern is
noticed and its intensity is strongly increased. On the downstream plate surface, It is
also noticed that, with the increase of Reynolds number, the strike pattern intensity
increases also, but with lower rates than it on the upstream base plate surface.

CONCLUSION

Experimental results were obtained for the forced convection from a single
protruding heat source, which is attached on a conductive plate. The range of air flow
velocity is from 2.56 to 7.96 m/s which gives range of Reynolds number from 20500
to 63700. The power generated from the heat source was varied from 6 to 70W. The
effect of Reynolds number, the generated heat power from the heater on the local and
maximum surface temperatures and the average Nusselt number were presented, and
the following conclusions were obtained:

The temperature at the base plate decreases suddenly in the downstream and
upstream regions adjacent to the heater vertical surfaces. In the rest of the base plate
the temperature decreases with lower rates as the distance from the heater increases.
With the increase of the base plate length, it absorbs more heat from the heat source,
which in turn decreases the level of the local heater surface temperatures. With the
increase of Reynolds number the local surface temperatures of the heater and base
plate decrease.

The maximum temperature occurs at the horizontal upper surface of the heater.

With the increase of the generated power, the maximum temperature of the downstream
vertical heater face becomes closer to the maximum temperature of the upper surface.

The maximum value of the average Nusselt number occurs at the upstream
vertical surface and is followed by the horizontal then by the vertical downstream
surfaces of the heater, respectively. The base conductive -plate has less values of
Nusselt number than that of any of the generating heater surfaces. The upstream part
of the conductive plate has higher values of average Nusselt number than that of the
downstream part.

The maximum temperature and the average Nusselt number along the five
surfaces of the base plate and the heater surfaces is correlated with Reynolds number
for fixed values of heat generated power by power refations: ’

Tmax=aReb, Nu = ¢ Red

Where, a, b, ¢, and d are constants depends on the generated power.

B’. NOMENCLATURE

Channel hydraulic diameter, m Q Generated heat from the heater
k Air thermal conductivity, W/mK surface, W
L Heater length, m Rep  Reynolds number, Re =u, Div
Ny, Local Nusselt number along the heater T Temperature, C
- surface T,  Inlet air temperature, C
Nu;  Average Nusselt number u, Free air velocity, m/s
Pr Prandtl number, via a Air thermal diffusivity, m2/s
q heat flux from the heater surface, W/m?2 v Aie kinematic viscosity, m2/s
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