Mansoura Bulletin Yol. :i, Na. 7. December 1986 . 20
TRIPPING WIRES EFFECT (s i 27 7O ANSFER DURING

WIND FLOW OVER RECTANGULAR INCLINED s
YAWLED FLAT PLATE

By

SHALADBY, M.A. and ARAID, F.F.

Mechanical Power Engineering Department,
Marnsoura University, Egypt

ABSTRACT

Average heat transfer cocfficiemts during forced convection air flow over
inclined and yawed rectangular plate have been experimentaly determined. The
study is concerned with the three dimensional behavior of a turbulent boundary
layer on the heated {lat plate. Tripping wires at the edpes ensured that a turbulent
boundary layer prevailed the plate. Wooden sharp edge at the plate {ront i1s also
used to decrease the bluniness eifect over the plate. The experiments  covered
angles of attack from O deg to 45 dep, angles of yaw from O deg to 45 deg,
and Reynolds numbers frem 64,000 to 220,000 and are carried out lor a
constan! surface temperature.

The results aobtained are compared with the available experimental dara.
The values of average Nusselt numbers are fitied in correlations. These correlations
indjcate that the Nusselt number 15 a significant (unction of the Revnolds number
and the angle of attack and it is insignificant functien of the angle of yaw.

INTRODUCTION

The present study is concerned with the three - dimensional behavior of
a turbulent boundary laver on a flat inclined and yawed 10 an oncoming air
stream at various angles of attack and vaw. Tripping wires at the edges are
used to ensure that the turbulent boundary layer prevailed over the plate.

Very tew investigators studied the three - dimensional flow over an inclined
plate, Sparrow and his co - warkers [ 1,2 ] studied the praoblern and the motivation
behind their work was the need for obtaming suitable correlation for the wind
neat transier coefficient on the cover ol a solar {lat plate collector. Based on
their extensive mass transfer experiments on square and rectangular plates held
in a wind tunnel, they suggested the following correlation

St=0.8 R pe ¥ 0

25 deg <« oL < Y0 deg , and

0 deg ¢« W Z_ 43 deg.
~ The exponent - 0.5 on Re wn equation (1) supgests that the correlation is
valid for a laminar boundary layer. One would not normally expect a laminar
boundarylajer in actual solar installations. One may also observe in Sparrow's
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experiiments the reported data are , in general, lor angles of atrack more than
1) dey. The optimal siope of a collector would be much lower in the tropics
compared 10 that in temperate zanes, Thus it would he deswable to obtain data
at smaller angles ol artack as well,

Recently, Motwani et ak [)) have studied experimentally the average heat
transier coelficients during lorced convection over a flat plate oriented o an
phcoming air - stream at various angles ol attack and yaw, Their experunents
were carrled out for 4 constamt suriace lemperature and covered two plates
of aspect ratios equal to 2/3 and 32 for Reynolds (Re, ) number ranging between

210" to 2.5x10”. They havesuggested the (ollowing dimensionless correlations:

v Nuy, = 0056 (1-o¢ 42.2) lite, 1%774 0 dondoce 15 dog @

Nuy , = 0.08 mel__l“'“ § 30 dogeelahs ucg o)

In correlntion £2), the exponent of U.77 on Ih:L. suggests the presence ol n turbulent

boundary layer ot low angles ol attack, due to the eliecr of the tripping wires
fixgg al the plate edges, and the term (i-of/ 54.7) may be atiributed te the
decreasing s:ze of the separationbubbie and the Incregsed lateral outtlow as (of )
increases, While in correlation (1), the salues <l the exponent on Rey , 18 reduced

to 0.53. This indicates relamunarization ol the boundary layver because of the
favorable pressure gracdient at higher angles ol attack. They alss concluded that
the average heat transler coefficient is insensitive 1o the aspect ratio and angle
of yaw,

Mare recently, Shalaby et al. (4] have studied experimentally the average
heat transler coeilicients over inclined and yawed rectangular plate 1o the air
llow direction. The experiments covered angles of amack lrom 0 1o %%
deg, angles of yaw from O to 43 deg, and Reynolds numbers [rom (2,000 to 270,000
ang were carried out for 4 constant surface temperature.Wooden sharp pdge at the
piate front was used lo decrcase (he bhniness elfect over the plates They have
suggested the lollowing dimensioniess correlation

o002 0.7)

1.022
Nu v =0.0022 Reg  (1sm)  (1aW) 0

Odeg gof + Wy teg o and
Odeg &V $45 deg,
where ol and Yare in radiamt. In correiztion the Nusselt number values are

sensitive 10 the angle of yaw (Y] du= 1o the presence ol the wooden sharp edpe
a1 the plate tront  which reduces the Bluniness ellect of the plate.

Jurges [ 5] proposed a dimensional correlation of the {orm
= a4 hu:. ()
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. {5} safters trom twe drpwbacks. Bbih of them srw o the Cise
mm air over 4 e wertical plate anc as wch do nail rellect
the niiect o anghe ol J113CK of yaw n fedd tramsier. The scromd 3 (VS UnpOr Lad
pant 4 thal the equatisn i iedepohdent of The plate grometry.

The purpmie of the present inweitigation |8 w0 provide a sonils g e
w correlations for o thrge-dinentional wrbylent bousdary lapor on te plare,
The bripping wires at the edges ul the (sl plate ure uaed o ensire that o turbuieiil
honskary Layer prevailed over (he plate. The weoden sharp edge at (he plare frome
v alse uied 19 decremse the Bhniness Fileci ol the plaie. The espatimenis Tof
detuitining average Nusseit sumbers have Deen Cowdo bl low coraramt wrbads
femparatures witn Reynolds mumbers ranging lrom &6 v 107 @ L4 w6, agice
ol attack varying lrom @ o &3 deg, and angles ol yaw frem 0 1o ¥ ey

|

An espormpenial TetE Fip v Seiapaty M Saemireried bor the plawsd sgeerieesin,
tgee (1) . 1 comsnted of & |ew-hurbulmes open  Cicinl menal Tuened of 3
M-cm-square ofoss section, n whech sir frem the laboraiory room o drasn theourh
the wystem, by a dowostteam biower (I8 The Ylow rate n comrolied v thronle
value ([5). The selocity of the 4ir siream depwn srough e aysditie (v senied
by the help af Pital tuse U6 amil an seclimnd alcobiol mansmelor L26) al (e conters
of sine imaginiry oqual sguare sroas (hig which g lae b daviided The HRtot
tube Being sutusted 30 cm upstream. The ar wrlocity s &he messured by Lhe
hot-wirs probe () located T) cm gewrean. e diflerence i selocity value
by the o methods is sbout g 1% . Figure 1) thows 1o geoeral voul of the
sxperimental apparatus with the snociated s wpply system and lwatng plate
A schimatic diagram of the 1831 section plabe n shawn in Fig- AZ0A polihesd stiiimam
plate Ui 1) navieg dimenuons 130 mm long v 10 mm wides I mm hickoess (8
plaze back wrlace ares i3 divided 10 nie Linagnary eoual
el ¥ ma lngth gnd 10 e widdth, In dhe cemmer @l rach

thermecpuphe maos from 3 gaugr whes o flacd 0
cut on the wwlerside ol e plate . Tiea e Jeevage al
is ol sk lollpwes
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Tm = EI ™ [ o, Le)
imrped alures at u depih ol aboeul | mim Sram e Vop pallshed e fge,
Ay duch Thess viites Can b taken 10 represond the top suclace fetperaluces Secaune
the we ol aumunium tes plate in wiich the difforence betwesn e sslmatod
wur face temperaturs end the measured values found fe be in groeral j=s Uhan
0,023 *C. The plate i3 heated eloctrically by means ol the masn beater 0L Thas
heater corsisted ol a nickel chroiiiuma healing wire wourd around betwesn two
shenis ol mica () cagh of 130 wun tong & J20 mm wide x 1.3 mm thickness .
The wa ol an shemiiian st plate congled wilh 3 closely wound beaier ensured
That thes desired conditien of o coMidal BNIBCT  lemporaiute B wltdeod. To

3

20 min wite 3 16 mm ivickeess sandwitched between
mmﬂﬂnm-;ﬂnmiwmm bong = 120 tom wide % 7 mm

placed between the @ of the main and the gaurd
reatery os shown n Fig. (20 For a fiued main heater ingol, the guard heater inpul s regu-
fated so a8 LOMAINUIAN 2% smail & LCMperalone dilerence a% possibie e ihon 0.3 50 »
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Lo les than G001 my on the digial oultimeirs @270 w0 yge 00, acress il Babe i
ate (hereby ensariog thal the Deat How rom e plaie Buttoin o segligibla .
ther macauple jusctlong wre used for s porpase st (e o Goos on eech
of the Bakedite nlate, The juncticos are located ot the conters of lowr pmagioaly
equal reclangular areas inte which the plae sdes de diveded. Tlocse  therig-
are o ddiggital ol ieeties CEF) whill os cmeewian vy il BRI s
te sirips (16 apm thick) are fwod oo ol e lew cdees ol e test plate
(21 A wooden sharp edge (1] is fined at the rlau leadinngg odige. in order
boundary layer, tripping wires (1 J) ol 0.9 mei disiseter are
edyes having an incoming, llow, The overall dimensions ol the anembly
B I¥2pum m 83 e thick. Cight ﬂ-umq.nhlzl-ue phﬂﬂandtrmrﬂdr:
in the Nakglite lraee e lor 1§ se [roan iis wculer Sariaee, L
nifer ﬂ?l;‘.‘l ol the Dakelite Drame gt tarnme guples ore phas od aod costerddend
the (kame mid-beight { Fig - (20 ) The purpose ol these thennocouses 13
determine the heat loss by conduction (g | fram the heating plate sides. Tha: - -
air wiream lemperatures belore and alver the test plate, and the wind tunnel
temperature 4re messured by the el ul thermocouples (3] locaied a8
plate assembly 1 wpparied o @b gdprilsbie wooden
and lined 10 i3 bottom by a fheough belt 1300
center. The wooden stand adjusted to linx the angie ol aitack #) a1 U deg
B fxed at (3, 20 and b dep awd that ol
Tuth: the whole 1 around the throagh bolt at 0, |3,
i

In order o lind the leal lost by radiation g ) Ve average woloe of ewmsuvily
(.28 for polished aluminium plate s taken fromm |3 in sedch i was reported
that no significant dependence ol emissivity vn tempesslures was observed. The sunination
ol estimated values of qg and twses of g are ol order 13 ta 15T ol the g

1o the main heater meglecting the loat (o8 drom fle backdy) of e test

plate. A sicady state i3 wwally achéeved aler aboul two ad hail hours, The
average convective Feal ramler coellicesd B detérmined Iroms e expression
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The predable error in Linding the average beat trassler coelliciend s esiimared
o b abour = % . g

It iz Tound that the maxiomm bl kage of e wingd (wnel Tree streain cross
teclion area at higher values ol of omd w is about AL 5%, lest and lessivann 6]
have reporied thal their heat tramaler resulls with and without blockage difier
by & maximum of ™. Thereiore, the blockage does wat allect the heal transier
resulls 10 some extenl.

HESULTS, DISCUSSION AND CONUCLUSIUN

For the determination ol the wind heatr tramsier coollicienls and thelr correfation
with airllow, some gquantities sre measwed lor each date ton These niLties
arey the power Input to the main beater, the leat lost by “eoduction lrom the
test plate sides, U heat loat by radiation, (e average plate welore teaperatore,
ihg airllow stredam wolociny the lrre stieam temperaimee. Dl leepl ot dae
to lacking balance beiween itw msam and guard Teaters (s neplected bavause the
temperature diflerence an the sides of e Bakelite plate placed bovween the
iwo heaters I8 Wepl very seall lless than 0,0 "k Mot rate of boat {ranstered
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by convection i3 used to calculate the o heat tramgier cecliicient from
equation (7). Decause e lhthlﬂimmm.lhm
dimension used in the calculation of both Musselt { Nu (* ) and Heynolds (Reg*)
numbers i L* defined by L® o 8ANC.

the course of experiments, the piromeiers waried owlepentently mCiuded
the [e mnumbar, the angle of attack, the ol yaw and the tempergture
diflerence. The Reynolds number ranging !rom 1o 250000, the angles of
attack varying from 0 deg to 43 deg and the angle of yaw from @ deg o 55 deg.
The main stream velocity ranged (rom 9.2 18 I7 mfsec. The temperature diflerence
Letween the test plated’ surface and the oncoming air 1AT ) & varied from 9 10
11 °C at the given Reynolds mumbers In all, 181 data ponis &re obimined amd
in pdditben & pumber of Experiments are repeated.

As menmioned belore, the lest section has a woodes dharp edge at the plate
Ironi o decroase the bluniness élleci over the beated [ace and i kas alo tripping
wires lixed on all edpges having &n incoming (low, in order to enswre 4 turbulent
boundary layer. In such 5 case, the musiance ol the turbulent boundary Layes
in mafe realigtic, Lecause modt of e engineering applications usually face
wme bulldings, trees amd some other constructions i which 1 may cause the
turbulent [low type.

Tt reslts (0 terms of Musselt ronbes { Mg Yowersia Beyholds number
| Hey® | for of attack equals O , 15 , 30 and &5 deg are shown in Figu
i 3=& § respeciively lor all angles ol yow, Mo sgnificant ellect was oored, inilicati
that palwrsl convection liects were oegligible. This lact was. abse conlire

2L 2 oom (4

The wariation ol heal transler coclflicents a seen in Figs (3 - &) will pow
be discussed . From the [igures, st may be noted that the eliect ol yow s not
seen to be significant. This i3 probably due to the fact that with chamges in paw
uwp w M deg, spprosimately dwr e average length ol low path s maintained,
However, some eifect have been observed with W equal to 43 deg, In which the
fipures show a fttle increase in the Musselt number valees. This observation (s
ingeneral existing =xcept in the case ol o cual 1o A3 d”i in which the Nussely

the fact thai as the amele of ik s
interal edges reduccs the length of How paih. b ihe Case ol engle ol
;m.#-tjdqud al yaw equal to 43 deg, the pressure gradient
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M 21
s the sngie ol gitack & screated, the sverafe leagih o Ue low paih decreased
dwe 10 the esczoe of low past v latersl adges. Suoerimposed o tha o 0
loundation ol the scpardlion byoble oo the ofl peion of feated plate wiics
rpducel the rate of heat ransler from e f0p plite sariae.

that the separation bubibie i ta wanisth ord & laverable pretuse gradient
probably sets in the process ol relemineriration. The cames the Nusselt mamibers
to be lower than those lor attack erual 10 1) deg do Fuglbl goe may observe

that as the angle of attack increases 1o UY deg the relaminarization silects ncrease
alan, byt at the same time the eveiage lengih ol flow path reduces due o the
increas of lateral escape, thus newtralizlng the relaminarization eflect,

COMPARISON WITH CXPERIMENTAL DATA

Overall inspection o Figs. (3 - &) thows that the present expermental resalts,
lor each case, have beew displayed n U Figwes. The solid luw in ihe (ugures
ue cbisised brom the leait sguare liling ol the ssperimental dats, The figuies
sl contain e solid Gres obilained (¢ e correponting C3ses in Motsani's
wark ()} lnspite of the present resulis and Motwani's resadts are wBlaied ) Chase
the tripping wires were fised on gl edges having an inComung [low, the present
dan appeary 1o be slightdy lugher ilen the wame ol Mobiani's sorke This may
b g fo the foundatation ol e woows sharp sdge b the plaie lront, in which
i1 reduces the blunincss ellect over 1he wated plate wriace .

£
:

¥ aleo obeerve o Figs (1 and "! it equation T1) ol Sparfos intersects

with the prevent data ot e egual s 107, The umilarizies i trends hygve Deen Lo
abtained o spite al the dillerences ;m llow patterm Delween (e Dwo 5iTua0 oo

{the {low pattern i laminar i the case ol Sparreer'y workl

COURELATIONS

Finally an attempr n mude to rorvolate the results abtcmed in e present
work. Such coftelations ¢ gquite weiul e & domprer slamipewil. The grerage
Nunselt number ( Nu, *) is correlated st the other reicvant govormng parametens,

ramely Reynolds numdber IHrL*.'l « angle of attack (o] and aryie of
yas (w).The lollowing correlation i obtaned

207 -
Lowy 0. 364
o b -Ill';",a:ﬁr 5 v
eonio’ g Re v g12x 107,
Coeg o of £ 41 3xg . and

Odey & W £a% deg .

whare i and % are in radant. The corrciation 9 predicts values ol Moy * e
agree with results to within 135 One may observe thal the qapont ol (he
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term (1 4} is comparatively very small (0.036). This means that the results obtained
are not sensitive to the angle ol yaw. In lact this conclesion agree with thay
made by Motwani [3] and Sparrow || and 21 . As such the present resulls are again
correlaled , in case the angle of yaw is not included in the correlation as follows

. J0.569 -0.62

where

6.0 x 10 Re " £ 2.2 5 107,

Odeg L O 4 a5 dey,

whereeis in cadiant. The correlation (10} predicts values of Nu * which agree
with results cbrained to within 5.6 % .

NOMENCLATURE

Plate acea , in®
projected area of the 1esi plare , '
constant
constant
circumierence ot the plate | n
Groshof number , gpat ' * /!
average heat transler coellicient , W/hin’K
thermal conductivity , W/m K
Plate length , m
characteristic length , AIC , m
Nusselt number , h L/K
L Nusselt number , h L*/K
Prandtl number , Ml
heat loss from the plate bottom , W
er input to test plate , W
eat loss by radiation [ram the test plute | W
heat loss from the plate sides , W
Reynolds number , gL/
Reynolds nunber , uel* f1
Stanton number , h /S Cpliy,
average plate surface temperature , °C
free - stream temperature , °C
temperature diiference , (Ts - T ), °C
local averapge tree stream velocity , mfs
angle of attack , thermal diffusivity , deg , , m'/s
volumetric coefficient of thermal expansion K
kKinematic viscosity , mé/s
density , Ky/m?
angle of yaw , deg .
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