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ADSTRACT

This paper represents an experimental investlgation on natural convectlon
heat transfer from a finite flat plate. The plate is heated from Dboth sides with
a uniform heat flux. The orientallon of the plale has differcnt angles of inclinatlon
(8) on the vertical axls. The Incllnatlon angle (8) varles lrom - %0° to 0. The
plate dimensions are 171 mm height, 117 mm wldth and 6 mm thickness. The
cbtained heat transfer results show that therc is no a remarkable effect of
the angle of Inciination on the average Nusselt number valucs by comparisen
te those obtained in the case of vertical orfentation. During the course of the

present experimental work the value of Ra* Is ranging between 1.9x106 and 8x107.
Comparlson wlth the available experimental work s alsc made. The present
results are, in general, higher Lhan the data in comparison by about 8% and this
increase may be due to the end effect of the tested plate. :

IHTRODUCTION

In our environment and englneerlng devices heat transfer by natural
convection is frequently encountered. Free convection aleng vertical, lncilned
and horlzonal surfaces with uniform heat flux and uniform temperature has been
extensively studled theoretically and experimentally In lamlnar, transitlon and
turbulent reglens.

Rich {1] measured heat transfer at angles of inclination up to 40°
from Lhe vertical axis using a Mach-Zehnder Interfermeter. These results Indicated
that the heat transfer comparatively agrees with same of vertlcal plate within
10%. In case of the incllned plate Grashol number is multiplled by the term Cos
{B). Subsequent studles of Vlet [2], Hassan and Mohamed [3], Lloyd, Sparrow
and Eckert [4], Fuji and I mura {5], Vliet and Ross [6] and Black and orcls [7]
have all supported the suggestions of Rich.

Lee and lock [8] solved the boundary - layer equakion for air,fer inelinatien
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angles from %0° Lo - J0" Trom tlhe verktical axis. A noo-similar Lransformalion
method was utilized in [9] to oblain solutlons Lo the flow adjacenL Lo the vertical,
inclined or horizontal plates with either prescribed temperature or heab {lux
thermal boundary conditions.

The influence on heat transfer of induced llow near the leading edge
of the plate was numerically studied by [10]. A numerical study [11] shows the elfects
of trailing edge on the vertical flat plate. These cflfects devlation of he plate
Nusselt number from the classical boundary layer solutions.

A simple correlatlon for the effect of Prandtl number on Nusselt
num ber Is obtained from earlier theoretical analysis [12]. The Nusselt number results
have been obtained for natural convectlon In fluids of dlfferent Prandtl numbers
along a non-isothermal plate [13].

From Lthe review of literature, one may observe that most studles
of Tlow adjacent to horlzontal, inclined and vertical surfaces have been either
heat-transfer measurements or vlsualizatlon for surfaces heated from one slde
usually the upper one.

The main objective of Lhe present work is to cover the absence of
the experimental Investigations in the literature revlew about the natural convection
heat transfer from vertical, Inclined and horizontal flat plates heated electrlcally
from both sides wlth unlform heat flux. This paper represents the change of
characteristic of heat transfer coefficlent with angle of inclination. The dimensions
of the tested plate are 171 mm helght, 117 mm width and & mm thickess. The
plate is able to take arbitrary orientatlon in which the inclination angle (8) ranges
between - 20° and 20° from the vertical axls. The test plate is designed to give
unlform heat flux from its two sides, in which this condltion ls most practical.
The measurements are performed on the foundatlon of the average heat transfer
coefficient and to clarify the effect of the angle of inclipation.

EXPERIMENTAL APPARATUS AND PROCEDURE

The test apparatus used in this study s shown In Flg. (1). lt consists

of a wooden fram (6) 1000 x 1000 mm° and 1000 mm helyht carrylng the test
plate and other parts. fhe test plate {11), 171 mmlength 177 mm width and 6
mm thickness, is made from stainless steel sheet (12} wlth 1.5 mm thlckness,
the back surface area of it is divided to nine imaginary equal rectangular areas,
each 57 mm length and 39 mm width. In the center of each area a copper-const-
antan thermocouple (13), made from 30 gauge wires, is fixed in thin slots {1
mm deep) cut on the under slde of the plate, Thus the average of nine local
temperatures is obtained. The temperatures are sensed at a depth of about 0.5
mm from the top polished surface. As such these values can be taken to represent
the top surface temperatures beeause of the use of the stalnless steel test plate
in which the difference between the estimated top surface temperatures and
the measured values are found to be,in general,less than 0.05°C. The plate is
heated electrically by means of the heater (14) whlch consisted of a nick chromium
heating wire wound around a threaded sheet of mica (15) and sand witched also
between twosheets of mlca {(16). Each mica sheet has 170 mm length 110 mm wldth
and .5 mm thlckness. The leadlng edge of the plate is rounded to avoid disturbance
while the trailing edge is packed with plexiglass {8), which is rounded in the directlon
of flow to avoid dlsturbance In Lhe Lrailing edge. The plexlglass is plvoted with
two plexlglass supports (7) connected to the main frame to give varlable angle
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of inclination (Q) Letween - 20° and 90° using a plexiglass mechanism (1). This
mechanism seems to be like the slider crank mcchanism. The mcchanism has
a pointer {10) on the protractor {9), as shown in Fig. (1}, The mean bulk air
temperatures Far from the two sides of the plate are measured using two maovable
thermocouples Facing each side. All Lhe thermocouples are connected to a &
points Lemperature recorder {2).

The heat input to the plate is controlled by using an auto-transformer
(3) as well as one volimeter (4) and one ammeter {5), Once the switch of the
power source closes, the heating system starts. Quring the courese of this experi-
mental work nearly 20 minutesare needed to reach the steady state condition.
This condltion is satisfied when the temperature reading does not record any
change within a time pericds about 1) minutes. Applying the princlple of conservat-
ion of energy gives:

=0 Q + 9

+
cond, “eonv. rad

As the power leads, and the thermocouple wires are very small cross
section and the various connections.in the apparatus are made of insulated materials,
then the amount of heat (Q } conducted away through these members is
very small and, therefore, Cancl?gdneglegted. The heat energy carried away from the

plate by radiation {§ }is calculated during the course of this work and It has a

rad.
comparatively small value in which Lt can be neglected. On the other hand heat

cnergy convected away from the plate by alr (Qugny.) €80 be expressed using
Hewton's colling law as follows:

q=hit, -t) @)

then the coefficient of natural convection heat transfer can be calculated from
ihe following currelation:

P {3)

CONSIDERATIONS,RESULTS AND DISCUSSION

The experlment was performed In the steady state by ensuring that
the data were obtained after the recorded- temperature difference between the
plate walls and the ambient air was confirmed te be a constant. The ranges
of experimental data are shown In tahle 1, in which the minus sign of ® means
that the angle of Inclination I[s in the opposite direction to insure the unlformity
of heat flux in both the surfaces of the plate,

Table 1. Ranges of experimental data.

Parameter Range Parameter Range
-90 -60 -30 0 15 |t (°C) 26 129
0 {edgq.
edg.) 30 45 60 75 90 |Ra* 106 : 8 x 107
q( ¥/ m2) 11 : 1100 Ny 11 : 30
t, °C) 30 144
- ] |
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Average heat transfer coefficient h, the average MNusselt number Nu and
modified average Grashof numbcr Gr* are defined by these correlations:

[ S . (&)
£, =t
h,L
Nu = —-F:———c 5 (5)
4
gpal
Cr* = __f__?_e_ (6)
K-
and
L, -
I A L
c Lv + Lh {7

where q is Lhe average heat flux density on the plate. The wall temperature
tw is the mcan temperature the plate healted surface. The [luid temperature

teo is the free stream temperature. The calculation of the volumetric thermal
expansion coeffieients (B) is based on Lhe average temperalure valve from t.
Lo (tyy + tw)IZ. However, thc foundation of Lhe thermal conductivity k), kinetic

viscosity (V) and prandtl number (9., are based nn the temperature vaiue
b=t -0.25 (tw—tt,,,) v referring te reference [5). The value of the physical proper-

ties are referred Lo the precedure In Appendix el reference [14].

Fig. {2} indicates the wall Lemperature for both plate surfaces as a
Function of angle of ineclination {8). The figure shows that the difference in plate
sides lemperatures increases with the inerease of the inclination angle. It is
also seen Lhat the mean temperature of the upper side of the plate is lower
than the samc of the lower side. One may also observe that the difference in
the mean temperdtures increases with the heat flux density (i.e. Rayleigh number).
In comparison with the results obtained in [5] in whicih the plate is hcated from
the lower side or the upper one, it is found that the temperature difference
between the present plate side is smaller than the same of [5].

In the present case where the plate is heated from bhoth sldes by using
single heater the total amount of heat transferred from the plate is dlvided into
two unequal parts, in which the blgger part is transferred through the upper
side.

On the light of the above constrain one can conclude that the heat
transferred from both plate sides affects each other. This also explains the smail
difference in the mean temperatures of the heated plate sides as shown in Fig.

2}
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{a) Experimental test rig. b} T.rsted plate
Fiy. (1) Experimental test rig.
1- mechanism » £- temperature recorder , 3- auktn-.ransformer,
4- voitmeter y 3 ammeker + 6- wood2n frame,
7- support y 8- packing y - protractor,
10--pointer y 11 -tested plate »12- stalnless steel sheek
13- thermocouples ,14- electric heater + (15 and 16} mica sheets
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Flg. (2} Examples of the mean wall temperature lor different
angle of incllnatlon (@).
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The heat transfer data is first obtained with the plate In vertical posltion
{(i.e.8=0°) to check the overall validity of the equipments. The heat transfer results
are plottedin terms of the average Nusselt number versus the modified Grashor
number multiplied into Prandtl numner as shown in Fig. (3) The experimental
Mu values is about eight percent higher than the values oltained by Brian [15]
One may conclude that this increase is due to the effect of Che leading and traillng
edjes of the plate.

The average Nusselt number Is correlated with the modified Rayleigh
number of the heated plate as follows:

= *0.2
Nu = 0,76 Ra (8)

where 1.9 x 106\< Ra*g 8 x 107

fhe corrclation (8) predicts that the values of Nu are in agreement with
the obtained rcsults to within X 9%

Secondly the heat transfer data are obtained when the plate is horizontally
located. These data are plottedin Flg. (4} as a relation between Nu and Ra*.
The Figure shows that the correlation obtained for the orientation of the vertical
plate still yields for the harizontal orientation,

It is concluded in reference [16] that the heat transfer, by natural
convection, from a horizontal plate facing upwards’ is found to be 30% heigher
than the same data obtaincd from the wvertical plate of the same size and under
the same conditions. It is also concluded that the heat transfer from a horizontal
plate facing downwards is found to be 30% lower than the same ohtained from
the vertical orientation of the same plate. This means that the summation of
the heat Lransfer from the horlzontal plate heated from both sides
heat transfer rcm the same plate in vertical orientation at the same conditions.

I'tnally,thc heat transfer data was obtained when the flat plate orientation
has different inclination angles (-90°C@g{%0%). Thesc data are plotted in Fig. (5)
as a relation of Mu versus Ha* along with the data obtained in case of the vertical
plate, Une may also observe that the expression for the inclined plate is' the
same lor the vertical onc.

COHCLUSIDNS
From the previous discusslon onc may conclude that:

1. No influence of the flow rcgime on the hcat transfer results for the vertical,
horizontal and lnclined flat plates heated from both sides in thc range

1.9 x 10°  Ra* ¢ 8 x 107 ,

2. The inclination angle {8) has no effect on the heat transfer results.

3. The following expression yield in  vertical, inclined and horizontal orierta-
tions:
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Fig. {3) The variation of Nusselt number versus modifxied Rayleigh
number for the plate in vertical orientation.
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Fig. {(4) The variation of Nusselt number versus modified Rayleigh
number For the plate In horlzontal crientation.
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Fig. (5) The variatlon of Husselt number versus modifled
Raylelgh number for the plate in inclined orientation.



M.

103 A.A.Sultan.

Nu = 3.76 Ra*[)'z,

1.9x10%Rax8x107 and -90K0LI0

. . +,
with a maximum error of -9%.

HOHENCLATURE

wu_

plate surface area [mz],

gravitational acceleration [rn/sz],

modified average Grashof number defined by formula {6),
thermal conductivity [ W/ m°k],

long horizontal plate dimension [m],

vertical plate dimension [m};

characteristic length defined by Formula (7) [m ),
average Nusselt number defined by formula (5),
Electric power [ W],

prandti number,

average wall heat Flux [W!mz]

modified Rayleigh number, (Gr*pr);

mean wall temperature [°C],

lower surface mean tempcrature {°C],

upper surface mean temperature [°C],

mean Fluid Lemperature [°C),

Greek Symbols

B - averaye volumetric thermal expansion coefficient [1/%],

8 - angle of inclination of the plate with the vertical, plus and minus signs
denote clockwisc and anti-cleckwise direction respectively [deg.],

J - kinemalic viscosity [m Z,fs].
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