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FORCED CONVECTION HEAT TRANSFER FROM A FLAT PLATE
AT DIFFERENT LOCATIONS BETWEEN PLATES ARRAY
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ABSTRACT

A forced couvection heat transfer experiment was conducted to
study the heat transfer from hot rectangular flat plate {155 x 115
mm) to an air stream. The hot plate was situated between unheated
plates array at various locations in the flow direction. The study
vas mainly concerned with the effect of the plate location on the
average film coefficient of heat transfer . An experimental test rig
was designed and constructed For this investigation. The esperiments
covered the plate locations ol x = 12.3, 22.5, 32.5, 42.3 and b2.5
am, and extended over a rankge of Revnolds number from about 6,680 Lo
107,170, A correlation between the average Nusselt npumber, the
Reynolds number and the hot plate dimensionless location (X) was
deduced.  The experiments were performed For Lhe case of uniform heal
Flux. A comparison with the available work in the literature review
was also made.

UCTIO]

Our previous studvy {1] on the heat transfer from a {lat plate that
situated at Jitferent localions in Lhe wind tunnel channel presented
a ftormula for the averase Nusselt number, The [lat plate was localed
vertically in the direction of air Flow stream. The obtained formula
Hoes ot indicate that the plate location has a significant effect on
Lhe averase heal transf.r coetficient. The obtained correlation is in
the lorm:

Na = 1.97 pr0.33 e0.44 ’ (1)

where §,300 - Re = 67,000
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This paper presents the results of a subsequent investigation
conducted to establish a formula for the average Nusselt number of
the hot plate swsituated, in the wind tunnel duet, at differest
locations between number ol unheated plates array.

Recent advances in semiconductor technologv have led to increasing
miniaturization in circuit design. As electronic components are made
smaller, the amount of heat that must be dissipated per unit volume
of a dJevice increases dramatically. For exumple, the peak heat fluxes
in a recent computer circuit are 10 times greater than those in an
older computer [2]. Forced convection cooling of the circuitry is
commonly used to maintain the desired operating temperature in such a
device. The present work 1is part of a continuing program to
understand better the limits of air cooling, and to develop methods
for extending its usable range. However, in the design of finned heat
exchanger surfaces and electronics packages is how to choose the best
location of heat generating plates. Several investigators have
attempted to increase the rate of heat transfer in a circuit board(3-
8}, Shalaby, et. al,{10-12) studied forced convectidn heat transfer
at an inclined and vyawed rectangular flat plate. Thev studied the
tripping wires effect on heat transfer during air flow over the test
plate.

The recent reviews of the fundamental heat transfer literature on
electronic equipwment cooling [13,14] show that the hest location and
the optimal spacing have not been determined for packages Lhat are
covled by Trerced convection. The present study concerned with rthis
problem, and develops concrete means for f{inting Lhe hest locaticn of
the heated flat plate situated in a wind runnhel chanuel between
unheated plates arrav., in the case of laminar flow. The probien
considered is that of air flow through arrav of wunheatbd flat plates
located in the wind tunnel duct. The heated flat »late, 115 am x 1535
mm, 1is situated between the flat plates arrav. During the course of
the esperimental work the heated plate location changes to have
lateral (listance {(x = 12.5, 22.3, 32.3, 42.3 and 6.3 ma) between its
center and right anner vertical-wall-face of  the duct. The »ind
tunnel duct has a squared cross-section cf 125 mm « 123 mm.

EXPERIMENTAL APPARATUS AND PROCEDURE

An  experimental test rig is desiaped ard copstructed For the
planved esperiments as shown in Fiz.(1). It consisted of a low-
turbuience open circuit wind tunnel of 4 123 mm square cross sectlion,
in whnich air from the laboratorv room is drawn through the svstew Lv
a downstream blower (13) after passing through a l3U-cm  long
Plexiglas entrance section. The flow rate is controlled bv a throltle
valve [13)., a4 flexible textile plastic connection (12) is litted
between the bivwer and the duct to prevent anv vibration transmission
{n  the honey comb section (11), the main duct (6) and the Lest
section (8). The velocitv of the air stream drawn Lhroush the main
durt is measured with the help of Pitot tube (18) and an inclined
alcohol manometer (19) at the centers of nine imaginary ewual areas
intv which ity plane was divided. The Pitol tube is situated 50 cm
upstream. The air velocity 1is. also., meawured bv the hot-wire
osrobe(3) located 75 c¢m upstream. The .difference in velocity values
measurad by the two methods is about + 1.0%Z. 4 general lavout of the
experimental apparatus is illustrated in Fig.(l-a) with the
assoclated air supply gystem and the heatiny plate. :
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Fig.(1) Experimental test rix.

Section al A-A

V-stabilicing plate, 2-collector, J-hot  wire auemowcler probe, 4-
carriers, S-hol wire ancmoneler, 6- straight channel, T-tesl section
chaunel, B-tesled plate, 9-copper—couslantan Lhermocouple, 10~
thermocouples connecliou, il-houneycomb, L2- connheclion part, 13- down
streap blower, ld-eleclrie wotor, 15-conlrol discharge gate, 16—
wovable lable, l7-electric ponel, 18~Pitot tube, 19-inclined

panometer, 20-Lemwperature tecorder, 21-autotransfomer of the Lest
plate heater, 22-vollammcler, 23-umneler, 24-wooden plales, 25-
separal ion wooden slapues,

(b)
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Figure (1-b) shows that the heated test plate {8) is located
vertically, between an array of unheated wooden plates (24), in the
®irection of the main flow stre#m. The arrav eplates are fixed in
their locations by the help of wooden slots (25). These slots are
fixed on the top and bottom of the wind tunnel channel. The front of
the wooden slots has a triangular shape with 15 deg, on the
horizontal surfaces of the channel, to avoid the air disturbance
motion near the test plate. Each wooden plate of the array wooden
plates has the same outside dimensions of the hot flat plate. The
test plate 1s located far from the right vertical wall of the wind
tunnel channel by five different distances x = 62.5, 42.3, 32.3,
22.5, and 12.5 mm. The distance between the array plates’ center
equals 10 wsn.

Fig.(2) shows a schematic diagram of the test plate. It has 133 mm
length 115 mm width and 3 mm thickness. The faces of the fest plate
are made from two polished aluminum sheets (1), each of them has 1.0
mm thickness. The back surface area of sach face is divided to nine
imaginary equal rectangular areas, each of 52 nm lemaith ‘und 38 mm
width approximately. 1In the center of each area a copper-constantan
thermocouple (3), wmade from 30 gauge wires, 1s fixed 1n thin slots
(0.5 nm deep) cut ou the under side of the plate. The calibration of
thermocouples was performed and the calibration curve was drawn from
which, the average of cthe nine local temperatures is obfained. The
temperatures are sensed at a depth of about 0.5 mm from Lhe tov
polished surface. As such, these values can be taken to represent the
outer surface temperatures because of the use of the aluminimm prate
in which the <iifference Dbetween fthe estimated outer surrace
temperatures and the measured values are found to be, in general,
less than 0.03 ¢. The plate is heated electricallsy by wmeans of the
heater{3), which consisted of nickel-chromium heafing ¢ire wound
around a rhreaded sheet of mica (1) aro sandwiched ,alsu, hetween two
sheets of mica (¢). Each mica sheet has :33 mm length, 113 mm width
and 0.5 mm thickness. The leading edge of the plate is rounded in the
direction of flow to avoid disturbance in the trailing edee. The
average of the nine local temperatures is obtaired for each face of
the test section plate as follows:

9

Tw= 2 Ta/d (2)

ns

-

xhere n ig the location numbet of the measured point.

The test plate sides are insulated by tnree lavers of glass wool
tape. On the outer surface of the tape. ei1ght thermocouples are
placed and embedded at the mid-height of the surrounding tape (6.
The purpose of these thermocouples is to determine the heal loss hy
conduction (Qcopd) from the test plate si1des. The mean bulk air
temperatures far from the two sides ot the plate are measured usiux
Lwvo movable thermocouples facing each side. All the thetmocouples are
connected to a six-point-temperature recorder {{20)~Fig.(l)). The
temperature of the duct walls is weasnred by three thermocouples
fixed on the vight, left and upper walls of the wind tunmel channel,
at the working section. The (lrv bulb temperatures at the intake of
the air Dblower and at the outlet of the working section are
measured.

The neat input to the test plate is controlled Ly using an auto-~
transformer (21) as well as one voltammeter (22} and ammeter (23),as

a
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Fig.(2) Construction of the hot plate.

l-two aluminum plates of 1.0 mm thickness,2-two plates of wmica with
thickness of 0.5 mm, 3-rectangular cross section electric heater, 4-mica
plate of 0.5 mm thickness, 5~copper-constantan Lhermocouples, 6-glass wool
insulation, 7-electric heater connection.
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seen in Fig.(1). Once the switch of the power source closes. the
heating system starts. During the course of this experimental work
nearly 2.5 hours are needed to reach the steadv state condition. This
condition 1is_ satisfied when the temperature regding does not gecord
any change within a time period of about 15 minutes. ipplying the
principle of conservation of energy gives:

Qin = Qcond * Qconv * Orad (3)

As the power leads, and the thermocouples wires have verv small
cross sections and the various connections in the apparatus are made
of insulated materials, then, the amount of heat conducted away
through these members is very small and, therefore, can be neglected.

In order to find the heat lost bv radiation (Qrad) the average
value of the emissivity of 0.24 for polished aluminium plate was
taken from (15,16], in which thev reported that no significant
dependence of emissivity on temperature was observed. The estimated
values of Qcond and those of Qrad were of order 15 to 35% of the
input power to the hot wvlate heater. The average convective heat
transfer coefficient is determined from the following expression;

h = (Qin ~ Qcond ~ Qrad)/l ATy - T, )} ()

The probable error in finding the average heat transter
coefficient was estimated to be about #+ 7X. The pro.jected area of the
test plate on a vertical plane perpendicular to the tunnel axis
equals the cross-sectional area of the test plate ( the plate width x
the plate thickness). It is found that if the Dlockage of the wind
tunnel free stream cross-section area is about 10Z., Test =and
Lessmann(12] have reported that their heat transfer results with and
without blockage differ by a maximum of 7%. In the présent work the
blockage of the wind tunnel rree stream cross-section area is aboul
44%. Therefore, the blockage mav affect the heat transter resuifs to
some extent.

DI 0

In order to find the average heat transfer coefficients ond their
correlation with air flow, some quantities are measured for each dala
run. The power input to the test plate heater, the rate of heat lust
by radiation from the plate =zurfaces to the wind tunnel channel
walls, tLhe heat lost Dby conduction from the test plale sides. the
average flat plate surface temperature, the air flow stream velocity
and the firee stream temperature are recorded. The net rate of heat
transfer by convection is used to calculate the average heat transler
coefficient from equation (4). The characteristic length used in both
Nusselt number and Reynolds number is the rest plate length (L). The
ailr density is taoken at the bulk temperature, while Lhe other
properties are taken at the mean film temperature.

The parameters that are varied independently during the course of
experiments included the main air stream velocity {or Re) and the
test plate localtion (x). The Revnolds number spanned the rauge
hetseen 6,680 and 107,170 and the values of s chosen are 12.3, 22.3,
32.5, 12.5 and 62.5 wm. The results for different locations could be
represented by equation (5) and Table (1) as follows:

Nu = ¢ Ref -(3)
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where ¢ and m are constants shown in Table (1).

Table (1): Values of the constants of heat transfer equation (3)

Plate location l Values of the constants
(x)
in mm l ¢ n
!
12.5 ] 0.372 0.58
22,5 0.428 0.36
32,5 ! 0.469 0.55
42.5 l 0.501 0.54
62.5 ] 0.573 0.53
1

The results of different plate locations are plotted in the form
of Nusselt number versus Reynolds number, as shown in Fig.(3-7). Each
figure 1is drawn at a certain value of x. The figures, also, have the
dashed line obtained from correlation (1) as well as the solid line
obtained from ithe following correlation[17];

Na = 0.6795 PrD.33 Re0.5 (6)
where Re < 3x105

This correlation has been obtained bv using integral method in the
case of laminar heat transfer and with a constant-heat flux from the
test plate surface .

Results of Nu values versus Re, in case of x = 12.5 mm, are shown
in Fig.(3), Generally, one can sece that Nu value increases with Re.
Also, it can be observed that, the Nu values obtained from the
present experimental work are, generally, higher than the solid line
of equation (8) and less than the dashed line of eaguation (1). This
may bLe because of the blockage effect. It 13 also seen that the slop
of the present results line is higher than the slops of the two lines
ohtained by equations (1) and (6). The present data show some
approach with the same obtained by equation {6) at law Re values and
show a quite good approach with the data obtained by equation (1) at
high Re values . This mav be because in the case of air flow through
a rectangular duct (like the air flow through the plates array) the
coeflicient of friction decreases with the increase of Revnolds
number [181.

Results of the Nu values versus Re values in the case of x equals
22.5, 32,5, 42.5 and 62.5 @mm, are illustrated in Figs. (4, 5, 6 and
7) regpectively. The main observation, comes out of Lhese four
figures, 1is the slop of the Nu values versus Re values decrease wilh
the increase of X, 1.e. as the test plate location moves far from
vertical channel wall. This may be because of the shape of the air
flow velocity profile at the plates arrav cntrance. In the case of
fully eveloped laminar flow, the air velocity value increases with x
to have the maximum value at the duct center.

In all, 132 data points obtained are represented in Fig. {8). One
may clearly observe that, the Nu values, generally, increases with
Re. The data shows a dependence on the test plate location (x). Along
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the course of this work the heat input to the test plate heater
varies between 3,70 W and 185.5 W.

Figure (9) shows Nu values versus x at Re equals 100,000, 50,000,
€0,000 and 7,000, One may observed that the Nu walues decrease with
the increase of x, i.e. as the test plate moves toward the channel
center. At high Reynolds number the test plate location (x) affected
more the Nusselt number values than in the case of lower Re values,
this may be because of the above notation comes from [18].

400 7 T T T T Y T
3000 -
Re =100, 000

Z 200t Re = 50,000

Re = 20,000

100} p
Re = 7,000

-~ - o —
0.0 . : L ‘ ' N \
00 10 20 30 40 s0 60 70 |
x (mm)
P1g. () Average Nussell aumber versus nof nlale location,

General Heat Transfer Correlation:

As shown in Fig.(8), the results of the plate locations 12.5 am to
2.5 mm may be taken as one group. A trial was made to find out a
correlation hetween Nu and Re and the dimensionless distance far from
the right wall of the wind tunnel channel{X = 2x/b). The obtained
correlation was in the form:

Nu = 0.573 ¥0.29 Re0a53x-0'053 .

where 0.2 X< 1.0 and 6,680 £ Re < 107,170

One may observe that the dimensionless distance Y appears in the
obtained correlation, i.e. the Nu values depend on the test plate
tocation (X} between the plates array, as previously observed. The
experimental data, shown in Fiz.{8), agree with the values obtained
from correlation (7) by + 10%.
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CONCLUSIONS

. L ‘
As a result of the present investigation the following conclusions
are derived:

1- As the Reynolds number increases the average Nusselt number value
increases, i.e,, the average heat transfer coefficient increases with
Reynolds number.

2- The obtained correlation indicates that the test plate location
between the plates array has a significant effect on the average heat
transfer coefficient, specially at hizh Reynolds number values,

3- The test plate location does not affect much the average heat
transfer coefficient, at low Reynolds number values.

NONENC R

The symbols used in the paper have the following meanings:

A = Plate surface area, [md],

b = Wind tunnel channel width, [nml,

Cp = Specific heat of the fluid, [kJ/kg.K)

h = Average heat transfer coefficient, [W/w2-K],
k = Thermal conductivitv of the fluid, [W/m.K],
L = Test plate length, {m]},

Nu = Average Nusselt number, {h.L/k],

Pr = Prandtl number, [# Cp/kl,

Qcopd = Rate of heat lost by conduction, [W],

Qconv = Rate of heat lost by convection. W],

Qin = Power input to the test plate heater., (W],

Qrad = Rate of heat lost by radiation. W],

Re = Reynolds number, {uay.L/V 1,

Tn = Teat plate surface local temperature, [Cl,

Tw = Test plate surface average temperature, [C],

Ta = Ambient temperature, (Cl{,

Uay = Axial average velocilty component, {(m/s],

X = Dimensionless distance from the right hand side wall of the
wind tunnel channel, [2x/bj,

X = Distance from the right hand side wall of the wind tunnel

channel, [m],
= Dynamic viscosity of the fluid, [N.s/m21,
= Kinematic viscosity of the fluid, [mZ2/al,
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