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ANSTRACT

Average heat transfer coefficients during forced convection air {low over reversed-
rectangular flat plate have been experimentally determined. The experiments are

carried out for a constant surface temperature and covercd reverse angles from

] [/
0 to 60 deg, and Reyonolds numbers Irom 7.5 x 10 1o 22,5 x 10, The results show
that the average heat transfer cocflicient 1s a function of Reyonlds number and
the reveres angles. Correlation equation for various angles of reverse Is sugpested.

INTRODUCTION

Forced convection heat transfer to airflow over an arbitrarily oriented plate
represents both a three-dimensional boundary-layer rescarch problem and o prolotype
situation dor numerous applications. The applications include many ol contemporary
interest such as wind-related heat losses from solar collector plates and from walls
and roofs of buildings. For these applications, the quantity that is of mostdirect
relevance is the average heat-transfer coefficient. Information on average heat-
teansfer coeflicients lor airllow over square plates is determined experimentally
in {1} It is found there that the heat transfer coefficients arc quite insensitive
to the orientation ol the plate relative to the airstream. Furthermore, 1t is domenstra-
ted that the heat transfer coefficients that have been conventionally employed
for the calculation of wind-related heat losses from flat plate solar collectors are
seriously in error.

Recently, Motwani et al. [2] have studied expernmentally the same problem
using rectangular plates. Tripping wires are used at the edges to cnsure that a
turbulent boundary layer prevailed over the plates. Thowr experiments are carried
out for a constant surface temperature and covered two plates of aspect ratios

equal to 2/3 and 3/2 for Re* ranging from 2x10" to 3.5 x 10°. They concluded
that the average heat transfer coeificient is insensitive to the aspect ratio and
angle of yaw.
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Abdel-balam et al.{ 3 sludied The foreed conveelion heal Leansler from

A rectangular [lal plate ta an are sbeean. o {hear work e alLock angle
pa o ing e bween U odeg o 700 den aned - The Ryt el aimbeye (Re Y Gn viey ing
frore about 78, 500 Lo 230000 . Hasedl an T esters e heat teansber

ceperimenls on oo oreclangular plate hebd s wind Lanne ! they sugqyesled
some uselul corcelalions,

HMore recenl by, Shalaby et al. (4,97 hove slodicd esperinentally Uhe
average beal Leoansfer coellicienls over an e bined and vawed reclangulare
prlate ko an oncomtog aie steeam, e eosgiere fiuend o convieredd e les ol
abbacte Tram 11 Lo 4% deg, angles of yva Drom O to 0% degoand Hevoo s oombers
LH{.‘i*} trom 68,000 to 220,000 and carrvied oul for a constanl surface temper-
ature.  Wooden sharp edge at Lhe plate front 1s used Lo decrease the blun-
tness ef fect over the plate. Tripping wires are also used al the edges Lo
ensure thal a turbulenlt boundary layer prevailed over the plate.  In theis
work Lhey have sugyestoed Lwo useful corcelal ions,

Ihe purpose of the presenl study 1s to investigete experimentally the
heat lransfer characterislics in Lhe separaled, realtached, and redeveloped
regions of three-dimensional incompressible air flow around o reversed recl-
angular flal plate with wooden sharp nose.  the (lat plate is held an a wind
tunnel chamnel and inclined and does not, in general, span Lhe channel so Lhat
transverse [low may occur. lYhe reverse angle is ranging belween [} deqg and
60 dey. The experiments for determining average heat transfer coelficient
have been conducted for constant surface temperatures over Reynolds numbers
(HL‘LJ canging from about 7.5 x l[_!'& b 22.5 x 0%, The Mal plate 1s made
from aluminum of 150 mn length < 120 me width x 2 mm Lhickoess. The ob jec-
Ltive of the presenl work is Lo provide a correlation or correlations for a
three-dimensional boundary layer on Lhe reversed plale.

EXPERIMENTAL APPARATUS AND PROCEDURTF

The wind Lunnel used in the presenl study is the same as that employed
in the previous work by the authors [ 4 and 5]. The test plale (Z mm Lhick,
120 mn wide, and 150 mm long) is made of a polished aluminium plale (see Fig.
13, The aluminium plate back surface area is divided to nine imaginary
equal rectangular areas, each of 50 mm lenglh and 40 mm widlh. In the center
of each area a copper-constantan thermocouple, made from 30 guuge wires, 1S
fixed in bhin slols (1w deep) cubl on Lhe underside of Lhe plale. Thus the
average of nine local Lemperatures is obtained. lhe temperalures are sensed
at a depth of about 1 mm from Lhe top polished surface. As such these values
can be Laoken lo represent Lhe top surlace Lemperalures because of the use of
aluminium test plate in which the difference belween fhe eslimated top surlace
t.mu;n‘rl;:ﬂ_urusi and the measured values are [ound to be 1'_|1 t|ttlu.'|'e_11 less Lhan
0.025°C. The plate is heated electrically by means of the main heater (10}.
This heater consisted of a nickel chromium healing wire wound around between
fwo sheets of mica (9) each of 150 mm long x 120 mm wide x 1.9 wn thick.

Measurements in Lhe main series of tests show that the variation in plate
surface lemperature is almost always less Lhan 2.5 % of the difference
between Lhe average plate Lemperalture and Lhe free-stream Lemperature

The use of an aluminium Lest plate coupled wilh a closely wound heater ensu-
red that the desired condition of a constant surface temperature is oblained,
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To prevent Lhe heal loss from themain beater back, a guard healer (4) is used,
The combination of guard heater is mostly the same as Lhe one used for the
main henler and s shownoin Fig. |, Ihe heat input o each of Lhe main and
guard healer s conbrolted by using Lwo aulo-transtormers as wel b as T voll-
meters and bwo amnelers, A bakelite plate (73 of dimensions 150 wm long x 120
mm wide x 16 mm Lhiek 19 sandwilehed belween two aluminium shepls each of
dimensions 190 mn long x 120 mn wide x 2 nm Lhieck and the whole set is
placod belween The sel ol The main and Lhe guard healers as shown in Big. 1.
For a fixed main heater inpul, the guard heater inpul is regulated so as Lo
mainlain as small o temperalure dillTerence as possible less Lhan 0.2 “C across
the bakelile plale Lhereby ensuring that the heat flow from the plale bolbtom
is negligible. | ghl-junction thermocouplesused for Lhis pupose bad lour
Juncbions on each side of the bakelite plale.  The junclions are foealed at
the cenlers of Lhe Tour imaginary equal rectangular areas inlo which the
" plate sides are (ivided. these Lhermocouples are conneled Lo digital mulli-
meter with an accuracy of 0.00% mV. Bakelite strips (16 mn Lhick) are [ixed
on all Lthe fpur edges of Lhe test plate (see Fig. 1). A wooden sharp edge
(1) is fixed at Lhe plate leading edge. The averall dimensions of Lhe assem-
bly are 257w x 152 x 4% m Phick.  Eighl Thermoeoup les are pbaced oo
enbedded al ) (It.'||Lh e bhe bake b be Drame and U e Tar brom 1bs ouler
surface. On Lhe puler surlface of Lhe bakelile frame eighl thermocouples
are placed and enbetdded at Lhe mid-height of Lhe frawe surfaoce (see Fig. 1).
The purpose of Lhese thermocouples is Lo determine Lhe heal loss by conduction
(qsl from Lhe healing plate sides.

The wir siream Lemperaltures belfore and afler Lhe Lesl plale, and The
vind Lunne! gurlace Lemperalure ave also measured by sel ol thermocoup les
(1) localed as shown in Fig. 2, lhe test plale assembly (2) @5 supporled
une an ad justable wooden bar (31 Lhat exlends in The wiod tanne D (4) and
supproled by vertical sides.  The wooden bar ia adjosted Lo fix the reve-
rse angle of Lhe plale at 0O, %, 10, 20, 30, 40, S0 and 60 deqg , i sihown
by the pointer (%) on the protractor (6). ;

In order to estimate the heal lost by radiation (1 the average value
uf‘em1551vlty of 0.24 for polished aluminium plale as Lhken from| 2 |, in
whlchlthey reporbed thal no significant dependence of enissivily oo Lempera-
ture is ohserved.,  The sumation of eslimaled values ol g and Lhose of ¢ are
of order 20 to 40% of the tnpul power Lo the main healer snet]lccting the "heal
loss from the back (q ) of the tesl plate. A steady slale is vsunlly achieved
after aboul three hnu?s. The average conveclive heal transfer voclficienl is
detgrmined from the expression

h = -L.f___u'._:. i]{_’ ______ (1}
A (IS = oo )
_ The probable error in linding Lhe average heal Lransler coellicienl iy
. estimated Lo be about 9%. Ihe projected arcas of the (osl plute on a vert-
cal plang perpendicular to the tunnel axis are caleylated by Lhe Tollowing
correlation '
L]
ﬁp = 346.5 sin¥ + 67.% cosd . (2}
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Fig.(2). Definition sketch for a test plate placed in the wind
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|- Thermocouple, 2- test plate assembly, 3- wooden bar ,
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section area at higher values of i about 42.9%. lest and Lessmannl 6]
have reported thal their heal t:.msfer results with and wilhout blockage
differ by a maximum of 7%. .~erefore, the blockage does not affect the
heat transfer resulls 1r =ume extenl, :

ihe used open ri.2uil wind tunnel has a cross seclion of 30-cm-square,
in which air frwm the laboratory room is frawn through the system, by a down-
stream blower. The flow rate is controlled by a throttle valve. The velo-
city uf the air stream drawn through the system 1s sensed by a hot-wire
probe located 75 ¢m up-stream.

RESULTS AND DISCUSSION

" For the determination of the average heal transfer coefficients and
" their correlation with airflow over the reversed rectangular flat plate,

some quantities are measured for each dafa run.  The power input to the

. main heater, the heat loslt by conduction from the test plate sides, the
average plate surface temperature, the airflow stream velocilty and the free
stream temperature are recorded. The heat lost due to unbalance between
the main and guard heaters is neglected (about 0.003%) because the Lempe-
rature difference on the sides of the bakelite plate placed between the two
heaters is kept very small (less than 0.2 9C). Net rate of heat transfered
by convection is used to caleculate the average heat trangfer coefficient
From equation (1). Since, the flow is a three-dimensional Tlow, Lhe charac-
teristic dimension used in the ealculation of both Nusselt and Reynolds
numbers is L* defined by L* = 4A/C.

During the course of Lhe experimental work, Reynolds number is varied
from 7.5 x 10% Lo 22.5 x 10 o Lhe reverse angle Trom (O deg Lo ofl deg med Che
main stream velocity from 11.2 to 25.3 m/sec.  [he Lempera{ure difference
between the Lest plate surface and the oncoming aiv Al in varied from 19
to 46 "C at a given Reynolds number. In all, 57 data points are obtained and
in addition, a number of experiments are repeated,

The results obtained in terms of Nusselt number (Nuﬂ } versus Reynolds
number (RJL, ) for reverse angles of 0, 5, 10, 20, 30, 40, 50, and &0 deq are
shown in Fig. (3), Inspection of the figure shows that, the Nussellb number
value increases in general with Reynolds number. The heighest Nusselt number
values are displayed for ¥ = 0 deg, and below these values by about 12% the
results of the reverse angle equal Lo 10 deq are displayed. The results
obtained at ¥ = 5 deg lie below the daln of ¥ = 1) deg by aboul 0%.  As known
the situation of the air flow on the lest plale is a three-dimensional tur-
bulent boundary layer flow. Therefare a significant portion of the air flow
escapes over the lateral edges due Lo the limited size of Lhe test plate. Un
the other hand, due to the blunt side edges of Lhe test plate, Lhe flow jumps
up at the oncoming air plate sides and reattaches Lhe plale aller certain

distances, i.e. flow separation occurs . ilence, as the reverse angle (¥ )
increases from ) deqg to 5 deg the leading edar blunl increases aod Lhe air
escaping from the lalteral edges sLill has o considerable amount. As Lhe reve-
ree angle increases Lo 10 deg the porbion of Lhe air Flow aseapig from 1he
lateral edges decreases.  Because the oncoming (low (rom Lhe laleral edges
brakes down Lhe porlion of the airescaping. ihervefove [ beal Tronsio
' results drsplayed,St_1( = 10 deg lie above the same oblained al ¥ = % deg.

Mare inspection of thgﬁfigyﬁﬁ shows that, as the reverse angle increases the
heat transfer coefficient decreases. The results obtained al ¥ equal to 20
deg arul 400 deq arc more or less the sane as the Ciqure shows.
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One may also uhsawa that the (Jlsﬁlﬂmd da at .’iﬁ

the data oblained at ¥ = 5 :iﬂ;! eaving e tmnm: od 73?1%1%“ Lg\&ﬁﬁtﬁgiw

;::;uéﬁs ?gt:gggg githe g ‘ I!#g:g..__.. This may be mﬂﬁ o the boundary layer sepa—
P re gri adverses on the late surface

and henice, the transverse flow increases and affects the ﬁgna‘t‘ > e

appears along the test plate, as shown i E'm- &FW e stagnation zone

'r” the average heal Lransfer coeffici

o),

Figure (4) showus the variation of the Nusaelt number values with the

reverse angles of the-&tea!: plaha for Reynolds number values equm to 10°, ]
12 x 10" and 15 x 10", IL is observed that the values of Nu* inereases

al two locations; one at the reverse angle aqual to 10 deg hd the ather

location at ¥ = 50 deg, as discussed above. figure also shows Lhat the

Nussell number values increase with Reynolds mumber, )

FIL.UID FLOW PATTERNS

Le patterns of Fluid flow adjacent to Lhe plate surface are made
vigil'le by ewmploying the oil/lamphilack lechnique. Under the action of
e shear stresses exerled by the air on thie surface, an initially wnilorm
Uit mixlure of ail and lampblack is moved along, tha surface in the
Ptov sivcetone the tesull is a pattern of streaks which ceveal Lhe [low
patt. oo b og it as il passes over the surface. In-a stagnalion tegion,
the oil and lampblack mixture remains as it was initially applied, so thal
a black region withoul sireaks is mdlcal.lva ol shﬁgn&hiﬂn CUHdiLl(}lt.s

The 4 low Msualizﬂlion studies are carriﬁﬂ a(ﬂ: fat Rewmlds nuiber
1. 5 x’l[] . and t.ha plate rientations enconpassed r&versa ~angles ¥ of
g%, 100, 8%, = aug 0" and 607,  Attension il
Lo the rﬁsults for ze:n reverse angle dg nresent in Fi
plate is situated parallel to the flow (% = 0 deg), . thm‘e is a stagnation
sone in Lhe entrance region of the plate wilh a surrounding region of lon-
gitudinal inflow. - As the plale reverse ang‘lar { ¥ ) increases to be 5 deg,
the stagnalion zone becomes wider and progressively moves forward. At the
reverse angle equal Lo 10 deg, the slagrnation zone has a somewhal elliptical
shape and becomes 1n general narcaver.  One may alsae observe bhat,  Lthe
streaks pattern showssome lateral inflow. As the plate reverse angle
inereases to be 20 deq, the stagnalton zone pmgr'assivaly moves forward
and i5 concentrated along the half right nnd 1ift-hand edges af the pla-
te and the zade exlended Lo cover most of the plate care area, . The

patlern  of the streaks shows that, mogt of the alr comes ‘Pﬁm Lhe
lateral edges and Lhe back one, i.e. ,th’e_ fmcaming 'é,i_ G @ trans-
verse Flow, but it secns @ weak I'Law ase, Lhe plale reverse
angle 40 deg the stagnation zofe take: farm of a Ban 'i-‘«@ﬁyle ,
i ndicate

portion af the plate. On Lhe dlher hand- Eba"ﬁa'ﬁtﬁﬂf"
Lhat the inflow extended alqng the right and left hand edges. However s
in case of the reverse an{]f&* equal Lo 30 d’mg, the Qt‘re’ék% ;?attern becomes .

-
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more stronger and shows that the two sides inllow have more elfect and the stagnation

zone occupies a narrow band along the plate, S2, the h2at transler coefficient, in

this ~as=2, will be higher than tie abose two cases. As the reverse angle of the plate

increase to be 50 deg, thz transverse flow increased and affected the stagnation

zone and appeared along thz test plate as shown in the figure in the forin of a longitude-
nal  band narrow than n the case of 40° but more pronouncedthan in the case of

30°. Finslly, the figure shows that, at the reverse angle equal to 60 deg, the stagnation

zone extended to cover mast of the test plate surface, and the pattern of streaks
indicate that, there 15 a somewhat weak transverse flow at the plate corners.

From woverall inspection of the two Figs. (3 and 5}, one may observe that as the
Reynolds number increases the MNusselt number valves ingeneral increase. It is also
seen that the stagntion zone area increases ingeneral with the reverse angle, i.e.
the air flow attachement with the test plate surface decreases and concequently
the heat transier coefficient in the separation zone decreases. As such the average
heat transfer wvalues of the plate decreases. One may also observe that, whenever
the stagnation zone exists on the plate the boundary layer separation takes place
due to the pressure gradient adverses and the transverse flow increases from the
lateral edpes as well as the back one as shown in Fig. (3). It is also observed
that the average Nusselt number value ehanges with the change of the stagnation
zone area, in which it increases with the decrease of the separation zone area and
vice verse. This appeares in the case of the data obtained at¥ = 5%in which the displayed
values are lower than the same obtained at 0° and 10° While the reported data for
the two cases of § - 20° and 40" are inore or less the same and both of them lic
below the values obtained at ¥ = 30°. However the results of @ = 50" are higher than
the displayed values at § = 0° 3° and 10° as shown in Fig. (3). On the other hand,
the values of &0° lie below the whole set of data obtained and it also shows the largest
stagnation zone area in Fig (3).

CORRELATION.
An attempt is finally made to correlate the data obtained in the present study.
Such a correlation is quite useful from a designer’s standpoint. The average Nussclt

number {Nu*) is correlated with the other relevant govering parameters of the test
plate, namely Reynolds number (Re’) and reverse angle (¥ }.

The following correlation is obtained

Nup = 0.07 (1 g2 os 3100 o cos tosyF 1 re 57 e

A

7.5 x 107 Re, , = 22.5 x 10°

L*
0 deg = ¥ =60 deg
W . 5 t
where ¥ in readians. The above equation predicts the values of the data within 2 5%.

In equation (3), the exponent of 0.74 on ReL* clearly suggests the presence of

a tubulent boundary layer. The term (I +%) (Cos ¥ ) may be attributed to the increasing
size of the separation bubbles and the decreased lateral outflow as ¥ increases.

CONCLUSIONS

The tescarch described bere conslilules o comprahers ive sludy of
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heat transfer and Mow visulizalion ol separated reabttached air MNow
over reversed rectangular flat plate.  1he plate has reversed angle (%)
ranging between 0% and 607, 1he Reynolds number {(Redt) based on the hyd-
odyisomie choracterilic Tenglh (80) wos vaeied Trom 75,000 to 225,000,

Uul ol Lhis sludy, one can conclude thal Lhe average heal Lransler
coefficient valoe increases ingeneral with Reynolds number and on the
ulher hand iU decreases wilh Lhe reverse angle.  As Lhe vevese angle in-
creases Lhe slagnalion zone area on the plate surface inecreases (poor heat
transfer area) and consequantly the Lransverse flow from the lateral edges
as well as the back edge increase due to the effect of the generaled adv-
erse pressure gradient.  One may also conclude that the effect of the
Lransverse [low somelimes is strong enough Lo overcome Lhe separation
zone as 1L happens with the roverse angle ¥ = 50 deq, as such the average
heal Lransfer coellicient shows a markeable increase.

NOMENCLATURE
2
A plate area, n~ ?
Ap projecled area of the test plate, Cm™
{ circunterence af the plate, m ’
Iy average heal, transfer coefficient, W/m™ K
e thermal conductivity, W/m K
L nlale lengbh, m
L. % characteristic length, 4A/C, m
Nuy Nussell nunber, bl */k
4] heat loss From the plate bottom, ¥
qh power input Lo tesl plale, W
g'"" heal Inss by radiation from Lhe oot plale, W
q" heat loss Trom the plale sides, W

Re Reynolds number, U.L /Y

vl average plate surface Lepperalore, e

T free-slream temperature, C.

AT lLemperature difference, {Iﬁ - T s Y
U, local average free skrean “velocily, m/s.

X reverse anglesin radians.
¥ reverse angle, deg .
» kinemalic viscosity, m"/s
7 densily, kyfm3.
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