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FORCED CONVECTION HEAT TRANSFER FROM A FLAT PLATE
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ABSTRACT

An experimental work on  heat transfer by forced
convection was conducted in order bEto study the heac
transfer £from hot rectangular tlat place (155 x 115 mm)
o an air stream. The  hot place was situated becween
unheaced plactes array at various locations in cthe flow
directicen.The air iflow stream enters the tunnel ducc
laterally from one side and {rom two sides. The scudy ,was
mainlvy concerned with the effect of the lateral air [low
on the average film coefficient of heat cransfer . An
experimental cest rig was designed and constructed for
this investigation. The experiments covered the place
locations of x = 12.5, 22.5, 32.5, 42.5 and 62.5 mm, and
extended over a range of Reynoclds number from apout 6,800
to  109.300. Two correlations between the average Husselt
numoer and the Reynolds number were deduced, one was for
the case of air entering the tunnel duct lateraily from
one side and the other was for the case of air entering
the ducz Zrom two sides. The experiments were performed
for —che case of uniform heat flux. A comparison with the
available work in the literature review was also made.

INTRODUCTION

The heat transfer from a flat plate situaced at
diZferent Ilwcations in :the wind cunnel channel has been
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studied recently by Shalaby (1 and 2land presented some
formulas for the average Nusselt number. The flat plate
was looated vertically, as a single place and as a plate
between Dplates array,in the direction of air flow strsam.
In the case of the single placte the obtained formula does
not indicate that the plate location has 2 significant
a2ffect on the average neat transfer coefficient. The
obtained zorrelation is in zhe form:

Nu = 1.97 pr9.23 ReO.44 (1)

whers 4,300 £ He = 57,000

In cthe <case of rthe ©ctlate which 13 situated wvertically
becween plates array, tne obrained <orrelacion was 1n the
form:

oo __-0.055
Nu = 0.573 xU.<% Ral.33X (2)
wiiere X is the dimensionless distance from the right hand side wall of the wind tunnei

and equals {2x/b] . Its value ranged between © 2 and 1 at 6.680 < Re < 107,170
Zk {5 obrserved that the dimensiornless distance X appears
-n he obtained correlation, i.e. zthe Nu -ralues depend on
“he test plate location (X).

This paper introduces <the resulbts 21 a subsecuenc
investigation conductad to =2stablish a correlation for the
average HNusselt aumber 2f the heot plate situated, in zhe
Wwind tunnel channel, ar ditferent locations hetween
number of wunheated plates arrav. In this weork the air
flow str=am encers the wind channel f£rom cthe lateral

Jirscrion.

Recent advances In semiconductor tachinelogy gprove
that , as elgctbronic componencs are nmade smaller, zhe
Jquancity of Thear that wust be dissipated ger unit volume
ot a device increases dramatically. The peak heat IZluxes
in a recent computer ¢ixcui:s are 10 Cimes grsater than
rhose 1in an older computer {2} . Foroed zonvect:i:on cooling
0of the circuitry is commonly used to maintain che desired
Qperating temperakture in such a device.This work 1S a part

of & continuing program to understand becter zhe limits of
ailr cooling, and =z=o develop wmethods for =xbanding ics
usable range. Several investigatcrs have attempcad to
increase the rate of heat transfer in a circuit board{d-
12!, Shalaby, =t. al,{il-13] studied ZIorced zonveccion
heat transfer ac an inclined and yawed recrangular flac
place. They scuodied the EIrirping wires z2ffact on heatc

transfer during ailr flow over the nasc plate.

The fundamental heat fransfer literature on =2
squicmenc zooling ! A i3] shows that the sest
and the o2ptimal LRY
paciages that zre c
work Concerned wit
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5 am. This may develcp concrste means [or
ding the best location of the neated ZIlac plate
ted wn 2 wind tunnel channel between urheated plates
/', in the case of lamirnar flow. The sroblem considered
hat of air flow through arrav of bpnheated £lat pliates
ed 1n rthe wind tunnel guct. The heated £lat plate,
w X 155 mm, is situated between the flat glates
During =the cgurse of the exper:imental work the
plats location changes to have lateral distance {x
£, 22.3, 32.3, 42.5 and 52.5 mm) bectween its center
and rignt inner vercical-wall-face of the duct. The wing
tunn=sl duct 2as  a sguared crass-section of 125 mm X% 125
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EXFERIMENTAL TEST RIG AND PROCEDURE

Tig. i1} shows the test rig constructed for the planned
axperiments .The C2st rig consisted of a low -tZurpulanoce
wind channel ,in  which air from the ilaboratory room is
drwn  Throught che system by 3 downstream nlowexr (Z0).The
Test section 18 2xXisted withen the channel a %0 cm from
the channel sncrance .A throtile valve {13) i1s uased to
concrel che race of air flow . In between the main
tnanneli{23) and cthe Dblower a flexible textile plastic
connecton (8lis fizted in order to elaminaca any
vibration tramsmission o the honey comb section (§) . The
velacity of  air drawn :snrough the main channel is
measurad with the help of Pitot tube (5] and an inclined
gicohol manometsr (21)lat  zhe centers oI nine imaginary
equal ara=as intoc wnich .The Pirtot zupe is situaced 50 zm
upscream .The air wvelocity is ,alsc,measured sy tihe hoc-
Wwirs probe 16} Iocated 75 Tm upstream .The differnce in
velogity wvalues neasured by zhe two mechods 15 akouc =10
Fig.il-a! shows :ne  layout of the constructed zest
rig.The heated et plate 7 s situated vercically

¥ ob unheated wooden slapes .This clates

tically by zhe help 5% wacden zlawves 'z5) as

B : a).The leading edges of the wooden
{25} have s triangular shabe with 15 deg,on the
tal surface to avoid the air disturbance motion
e test plartes entrantces,

The array unheated plates have the same dimensions as
thoes o©f the a life one . The alifa place takes places

i

rar from che right vertical wind channel wail =gual to
¥x=12.%3,22.,5,32.5,42.5,and 52,mm.The distance from =he
centers of 2ach adjucent plates 10 om.

The Z2sTt zlaca as shown in Iig. {2) :s made from two
soliskad  aluminum  sheecs (1), =zach of them has 1.2 mm
“heines ne

Tnermocouples copper-conscansan (5) are
o the baclk surfacs oY =ach plate z
! ’ ' iglilary =2jual

areas “nzy thermocouplsas are mage from 30 FJauge
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wires.They Zixed in thin sleots (0.5 mm deep)cut on the
under side of the place :the htermocouples calibration was
performed .the average of thie nine local cemperakbures

is obtained for =ach face of =test section place as

folliows:
9
Tw= 2Tn® (3)
n=|
Where -—- n — is the location number of the measured
temperature point
A 7
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Fig. {2) Hot Plate Construction
v sluminum pHlales of I mm thickness 2- Two miea plates of 0.5 nsm thickens
Teylanguine cross seclivn cleclric heater 4- Miea pinte of 0.5 mm {hickens
T aceenpsantan thermocouple 6- Glass wool insulation
‘fe Elcelric heater couuection



M.27 F. F. Araid

Since the local ctemperatures are seneedat adepth of
about ¢.% mm from the top polished surfac= ,they can be
consedered as aluminum outer surface temperature.

It is found that ,the difference between the calculated
outer surface temperature and the measured one was less

than 0.03 °C

An electrical heater made of nickel-chromium heating
wire 1is uased for heat the test plate .The heating wire
is wounded around a threaded mica sheet {4). This sheet
is sandwiched between two mica sheets (2) .Each mica sheet
has 153 mm ,length,113 mm width and 0.5 mm thickness .The
cutside dimensions of the test plate are 155 mm lenght
,115 width and 5 mm thickness . The leading edge of the
plate i3 rounded in the direction of flow to avoid the
disturbance 1in the trailing edge .The test plate sides
are insulated by three layers of glass woll tape.Eight
thermocouples are placed and embeded at the mid-height of
the surrounding tape (6).These thermocouples help in

finding the conduction heat loss | Qgond )from the plate

sides .0On other side ,the mean bulk air temperature are
measuread by using tow movable thermocouples facing each
side .All the thermocouples are connected to a six-point-
temparature recorder ([(18)-Fig.{l )J}.The <channel walls
temperatures are measured by three thermocouples existed
on the right ,leift,upper walls of the wind channel ,and
the dry bulb temperaturs at the intake and the outlet of
the working section are,also,measured.

An outo-transformexr (17} ig used to contreol the heat
input as well as one voltammecer (16) and ammeter (15} as
shown in Fig. (1}.

During the course of this experimental work nearly 2.5
hours are needed to reach the steady state condition.
the satisfacion of temperature reading is considered when
there 1is no any change within a time period of about 15

minutes.The principle of conservation of energy is
applied to give:
Qin=Rcond +Qconv+Qrad fa)
The amount of heat conducted away through the

thermocouples wires and the power leads can be neglected
because they have very small c¢ross sections and the
various connections in the apparatus are wmade of
insulated materials.

In order to find the heat lost by radiation (Qrad’ the
average value of the emissivity of 0.24 for polished
aluminium plate was taken from [16,17), in which they
reported that no significant dependence of emissivity on
temperature was observed:r The =stimated values of Zcond
and those of Qrad were of order 15 to 35% of the input
power to Lhe hot plate heater. The average convecrcive
heat transfer coefficient is determined £rom the
following expression;
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i

h = (Qin - Qcond - Qradl/{ A{Tw - T, )} {5}

The probable error in finding the average heat
transfier coefficient was estimated to be about + 10%. The
projected area of the test place on a vertical plane
perpendicular to the tunnel axis egquals the cross-
sectional area of the test plate ( the plate width x the
plate thickness)., It is found that if the blockage of the
wind tunnel free stream cross-section area is about 10%,
Test and Lessmann{l5] have reported cthat their heat
transfer results with and without blockage differ by a
maximum of 7%. In the present work the blockage of the
wind tunnel free stream cross-section area is aboutbt 44%.
Therefore, the blockage may aiffect the heat transfer
results . So, the Reynolds number wvalues have been
corrected to meet this blockage effect in the air flow
crogs-sctional area.

RESULTS AND DISCUSSION

For finding the average heat transfer coeifficients and
their correlation with air flows, some dguantities are
measured for each data run. The power input o the test
piate heater, the rate of neat lost by radiation from the
plate surfaces to the wind channel walls, the heat lost
by wconduction from the test plate sides, the average flat
plate surface temperature, the air flow stream velocity
and the free stream temperature are recorded. The net
rate of heat transfer by convection is used to calculate
the average heat transfer coefficient fram eguation (5}.
The characteristic length used in both Nusselt number and
Reynolds number 1s the test plate length (L). The air
density is taken at the bulk temperature, while the other
properties are taken at the mean film temperature.

The parameters that are changed independently during
the course ot experiments included the main air stream
velocity f{or Rel and cthe test plate location (%} . The
Reynolds number spanned the range between 6,806 and
108,837 and the wvalues of x chosen are 12.5, 22.5, 32.5,
12.5 and 62.5 mm.

The results of different plate locations are displavyed
in the form of Nusselt aumber versus Reynolds number, as
shown in Fig. ({3}, in the case of air flows laterally into
“he wind duct from one side . The same results have been

rencriaa  also, 1in the case of air flows laterally into
the w:iad rchannel from two sides ,as shown in Fig. (4).
fach c-.gures Is plotad for wvalues of x equal to 12.5,
S S2.3 and 52.5 mm. The figures, also, have
Tne dasneq line optalned irom correlation {1) as well as
-ne solid Zine obtained from correlation (2)and the

votted line representes the following correlation[17};
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Nu = 0.6795 Pr0.33 Rel.5 {6}

where Re £ 3Ix105

The above correlation has been obtained by 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 see 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 seclid line of equation
{1) ,the dotted line of equaticn {2} and the dashed line
of equation {6). This may be because of the lateral air
flow effect. It is alsc seen that the slop of the present
results line is higher than the slops of the three lines
obtained by equations (1), {(2) and (&). The present data
show some appreoach with the same obtained by equatien (1)
at law Re values and at high Re values the Nu values are
,in general, higher —than the same obtained by eguation
(1) . The recorded data show a remarkable increase in Nu
values ranged between 5% and 20%.This may be because, in
the case of air flow through a rectangular duct {like the
air flow through the plates array}, the coefficient of
friction decreases with the increase of Reynolds number
(18], as well as the effect of the lateral air flow into
the duct.

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 the same Figure. The main observation, coming out for
the case of x= 12.5 mm is valid for the cases of x equals
22,5, 32.5, 42.5 and 62.5 mm. One may observe that the
slop c©f the Nu values versus Re values decrease with the
increase of x, 1.e. as the test plate locaticon moves far
from wvertical channel wall. This may be because of the
shape of the air flow velccity profile at the plates
array entrance. In the case of fully developed laminar
flow, the air velocity value increases with x toc have the
maximum wvalue at the duct center. The results reported in
Fig.(4) are for the case of air flow laterally from two
sides of the tunnel duct. These results show the same
main cbservaticns like tHose reported in Fig. (3} for all
x"s wvalues. The new only observation shown in Fig. (4] is
the Nu data c¢cbtained in Fig.(4) higher than the same
obtained in Fig.(3) by values ranged between 2% and 6%.

In all, 154 data points obtained are represented in
Fig. (S)and 147 data points obtained are represented in
Fig.(6}. One may observe chat, the Nu values, generally,
increases with Re. The data show a weak dependence of Nu
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on the test plate location (x). Along the course of this
work the heat input to the test plate heater varies
between 3.70 W and 240.0 W.

Figure (7] shows Nu values versus x at Re eguals
100,000, 80,000, 60,000, 40,000, 20,000 and 1,000. One
may observe that the Nu values show avery little increase
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 that comes from (18].

General Heat Transfer Correlation:

The results cof the plate locations 12.5 mm to 62.5 mm
may be taken as one group as shown in Fig.{5 and 6). A
trial was made to find out a correlation between Nu and
Re . The obtained correlaticon was in the form:

Nu = C ReM (7}
where £,B068 € Re £ 108,837 and
C= 1.35 and m= 0.49, in the case of air flow into the

tunnel duct from cne side,and C= 0.85 and m= 0.53, in the
case of alr flow ints the tunnel duct from two sides.

One may observe that the dimensionless distance X
‘tx/bl does not. appear in the obtained correlation, i.e.
the Nu wvalues independant cf che test plate locatian (X},
as previously observed. The experimental data, shown in

Fig. (5 and &), agrez with the wvalues obtained from
correlation (7} by = 15%.
CONCLUSIONS

As a result of the present investigation the following
conclusions have been derived:

1- &as Reynolds number increases the average Nusselt
number wvalue increases, i.e., the average heat transfer
coefficient increases with Reynolds number.

2-There is no a significant effect on the average heat
transfer cofficient when the air enters the channel
lateraly from cne side ar from two sides,

3= Tae  air filow into the tunnel duct from the lateral
sidz2s has a significant . effect on the average heat
“rarnfer coefficient, specially at high Reynolds number
TdlliEgb .

4- The test plate location does not affect much the
gver>ge heat rranefar cnafficiant
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NOMENCLATURE

The symbols used 1in :the paper have the following
meanings:

A = Plate surface area, [m2],

b = Wind tunnel channel width, [m],

Cp s Specific heat of the fluid, [kJ/kg.X]

h = Average heat transfer coefficient, [W/m2.X],

k = Thermal conductivity of the fluid, {W/m.K],

L = Test plate length, [m],

Nu = Average Nusselt number, [h.L/X],

Pr = Prandtl number, [u Cp/k],

Qcond = Rate of heat lost by conduction, (W],

Qeonv = 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, [uav L/Vv ],

Tn = Test plate surface local temperature, ([C],

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

T, = Ambient temperature, ([C],

nayv = Axial average velocity component, [m/s}],

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

X = Distance from the right hand side wall of the wind
tunnel channel, [m],

i = Dynamic viscosity of the fluid, [N.s/m2],

v = Kinpematic viscosity of the fluid, [m2/s],
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