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ABSTRACT:

Heal transter characteristes due to mixed convection lrom shivee protruding heat
sources mounted on g horizonml adinbatie surface odan ur rectangular chanoet .5
pvestigated  expenmentally, he mvestigaon s concentrated on the dependencye o
heat How characteristics and maximum healer surtace reiniserature on Revnolds
aumber and Crrasiior number as svell as Richarason oumber. Duning the experiments.
the Revnolds number ranges tram 1359 w 72205 and the buovaney paramuler.
Richardson number. GrRe™. vanzes from LO-HIE to 245 The experiments arc
extended 1o study the cffect ol spaeing benween the heal sourees for spacing-hetr
length rtio /L= 1050 1.0 200 and 3.0, Tor 5:L=0.5% on heat How charactens<ties il
D mum  surtface temperatare. B, veeurs at the lower edee nonus ol the right e
of cach heater. With the increuse of Reynolds mnuber the elteet of s T mde on Ne
decreases and there & no need to inerease w1oover | ior Ko 17200 wihich gnves i
this case) Row velociy =~ Also. G, il Nuare correlated swoth GrRes ad
ratio for the three heaters.,
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INTRODCTION:

In recent years, heat (ransfer in microelectronics equipment has received
considerable allention from (he heat transfer researchers. Unless an effective removal
of Lhe excessive heat generated within the devices in place. the performance of these
sensitive cleelronic deviees deleriorates rapidly. The trend in the ¢lectronic industry
has been dirccted lowards smailer components “ICs™ whichi are mounted in a dense-
packed tows on the printed circuit {board), the spacing between each two rows and
the position of the higher power dissipaling component within the paekage should be
optimiscd as to maximise the lorced convection heat transler within the enclosure.

Althouph a number ol papers have been published in the general arca ol conveclive
cooling ol electronic components. a little work has been carricd out [or simulating
protruding heal sources on an adiabatic horizontal surface. In both forced and natural
convection hem transler (elds. the lilerature supplies some work dealing wilh the
cooling of heal sources. Among them the works of Ramadhyani et al., [1], Incropera
ct al. {2], Davalaih and Bayaziloglu |3]. Wadsworth and Mudawar [4}, Kim and
Anand [5], Molki et al. [6], Hwang and Liou (7], Nakayama and [arck [8], Fowler et
al. 19]. EL-Kady and Araid [10]. and EL-Kady [11].

Large number ol practical situations involve mixed conveclive heal transler in
which both modes of forced and natural convection ellects are dominant and both
modes are significant. Such circumstances arise when a (Tuid (lows over a heated
surface wilth  relatively low velocily,  Fabehi and Archarva [12], constructed a
nunierical investigatiun for mixed convection of air ir a vertical channel containing
partial rectangular biockage on one channel wall. The wall containing the biockage
was assunicd to be heated while the other wall was assumed o he adiabatic. Maughan
and Incropera [13] made experimcental measurements in the thermai entry for various
channel inclingtions. Muhancy et al. [14] studied the mixed convective heat transler
[rom an array of discrele heat sources in a horizoutal reetangular channel,  An
analysis is made by Kim ct. al. {15] of the Nosw and heat transler characteristics of a
mixed convection {tom multiple-layered boards svith cross-streamvise periodic
boundary cunditions. Papanicolaou and  Jaluria [16], simulated numerically e
combincd forced and naturai convectlive cooling of heat dissipaling suelace. located in
the walls ol a rectanguiar cavity, and coeled by an upper exicrnal through Jlow of air.
EL-Kady and Sullan |17]. developed a theoretical and experimental study for mixed
convection heat transfer on o single protruding heat source mounted on a horizontal
adinbatic surlace of a rectangular channel.

The present cxperimental work investigated the heat transfer characteristics due (o
mixed convection from  three protruding heat sources maunted on a horizontad
adiabatic surface ol o rectangular channel.  The dependence of the heat [low
characieristics and  the maxinm surfoce lemperature on Revnolds number and
Grashot” number as well as (he Richardson number are investivoted. The analysis is
extended to stndy the effeet ol spacing between heat sources [or spacing/heater lengih
ratie: /1= 0.3, 1.0 2.0 and 3.0 un heat (ow chacacteristics, Corrctation {or heat (Tosy
characteristics and  maximuni  surliice temperature with Richardson number and
spacing ralio are ublained,
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o L HTAL WORK:

The dewils of the expevimental test section are shown m Fig. 1, an a schemalic
diagram of experimental apparatns is shown in Fig.2. A low speed wind tunne! with
£9x12 om’ square seclion and 60 cm long (1) made from perspex is used. The air
enters the test section through a bell mouih inlel (2) and a fine mesh screen (3) (o
ensure a Lurly uniform {low with a negligibie wiebulence in the test seetion. The local
(ow velocily s measured by means of o Lot wire ancimometer (4) at diflerent
locaticns in both Y and Z directions in a section free ol the blockage heaters and is
intcgraied to get the average air velocity.
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Fig. 2 Schematic diagram of the experimental apparatus.
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Three typical heat sources (9) of 2.7 cm wide, 1.6 cm height and I2 cm long are
mounted lirmly on the {loor of Lhe tesl seclion al a spacing ratio S/L varried from 0.5
1o 3.0 to form the Llhree protruding blockage heaters. Each heat source is made of a
nicket-chromium wire (5) which is wrapped at equal pitches over a ceramic core (6)
of 2.2 ¢cm wide, 1.4 cm height and 12 em long, asshown in Fig.l. Each core is
surrounded by mica-sheet of 0.5 mm thickiess (7) and inseried inside a highly
polished aluminiom channel (8) of 2.72cin wide, 1.64 em height and 12 cm long 1o
form protruding heat sources.
The heat input to Lhe heaters is controlled by using an autotransformer (10) as well as
an ammeler {{2) and volimeler {11). The surface temperature ol eaeh heater is
measured by means ol 6 copper constantain therinoeouples (13) which were made of’
0.25 mm diasweter aod allached 1o Lhe inside surlace of the alwminiwm channeis by
mcans of a highly thermal conduclivity cement, The (einperature distribution along
the lloor surface is measured by another 24 copper-constaniain thenmocouples as
shown in Fig.2. The tiermoeouples are connected (o a digital temperature recorder
with a sensitivity ol 0.1°C.  Nearly two hours werc necded (o reach the steady state
condition which was recorded as lcmperature rcuding did not change within a time
of about [0 minutes,

Resulls of lhieal source and (he base adiabatic (loor arc presented in tetms of the
local and maximum lemperature, as well as the local and average Nussell numbers
which are defined as:

Nu=hLlk =q¢glAT-T,k (n
Nu=;Li T-Tok 2)
Where Nuand Nu are the local and average Nusselt number
T and T are the local and average sur{ace lemperature respectively
T, [ree steeam air iemiperature,
k is the Nuid thermal conductivity,
L is the healer length
Reynolds number, Grashof number and Richardson numher are defined as [ollows:
Re=u, L/v,
Gr=gf g (L+2 b1 ik v3),
Ri = Gi/Re?
Where u,, is the average aiv {low veloeily through the channel cross seetion
v is the kinematic viscosity of the air,
i is the volumetric coctficient of thermal expansion
The dimensionless local heater swrface temperature 0 is delined as:
0 ={(T =Tq. Lk} .Ge"? 3)

RESULTS AND DISCUSSION:

The basic physical pacameters of the problem under consideration are heat Mux g.
heater width L, heater height A, height o the test section L ihe distance L, [rom Lhe
leading cdge. the distance 1.y from the thicd block Lo e exit ol the test scetion, the
distance 5 between each two bloeks. and the velocity 1, The relevant dimensioniess
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quantilies nav be derived from these physical variables as L L= . Ly L =101 12
and i3, 1wt =44, il =0.39. S0, varies from 0.5 to 3 with operaimg paramcrers ol
Pr—0.7. Gr =0.403x107 and 135<Re<7221.5.

The results presented here include dimensionless maximum and local temperature
distribution profiles and average and loeal Nussell pumber distribution. Alse. the
regions ol natnral convection dominated Hlow, transient tlow and forced convection
dominated low arc determined in terms of Revnolds number Re, and Richardson
number Ri=Gr/Re™,

Temperature Distribution:

The local temperature distribution across the Lest section is presented in Fig. (3) for
Grashof nnmber = 0403x10°. fixed values ot Reynolds number ranging from
Re=133-7221.53 and spacing ratio sL=2.0. The local surface temperature decreases
with increasing Revnolds number for the three faces of each heater as well as the
adiabatic floor surtace. The toeal surtace lemperature of the first heater is lower than
that of the second one and the local temperature of the second heater is lower than
that of the third one for Rex1720. At the right face of each healer. 8 increases in the
dircetion towards the bottom cormer due to the flow separation and wake cffcete,
making 8, occurs atthe bottom comer points Doy, and L. While B at the left [ace
of each heater decreases in the direction towards the top edge ol cach heater.

Figure 4 shows the intlucnce of Revnolds number on the max. temperature of the
three heaters which oceur at ponis D, H. and L respectively. For low Revnolds
number, mainly Re~136-376, the max, temperature oceurs at the muddle heater. this
is because the low 15 mainly natural convection dotminated. For Re=378, 0., at
both the middle and thied heater is nearly the same.  With the inerease ot Revnolds
number TO<Rea 3000, O, moves with the flow o the last heawer. For Re=30ih).
with the increase of Reynolds innmber, the maximum temperature of the three heaters
tends o be nearly the same,

Heat Transter:

Fhe variaoen ol the local Nusseh number along the heater's surtuess is <hover in
Fig. (37 lor different values o Rovpalds sumber. while, Fis A presents the hehin our
ol the average Nosselt munber with Revnobds auwmber tor the three heaters, The het
transter frowm the heters o the Burd mereases as Revnolds number imereases My
maximum heal transter rate vecurs near the 1ront op edge of cach block. followed by
a gradual dlecay al the top surface until the poinl of maxinium emperature, then
iollowed by upolher gradual merease until the inuling edee ol the rop Tace Arthe
rght taces, gradual decrease 1s observed 1rom the fop edge pabt 1o the bottom vorner
puint. swhich has the awnimun sate ol heat iranster,

Elfect of Spacing between the Henters
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temperature and focal Nusselt number along the surfaces ol the three heaters is shown
in Vigs 7 and 8. The local lemperature distribulion and local Nusseh number ot the
st heater did not change with /L wlong the surtace uniil wL=1417 (near the
hackiward edge) at which the local surface temp. begin to increase with decrensing
spacing/heater length ratio. while the local nusselt numnber hegins to deercase with
decreasing spacingsheater length ratio. But for the second and third heaters, the local
lumpcralu‘ru increases with <decrcasing (he spacing/heater length ratio white the local
Nussell number deereases with decreasing that ratio.  The location ol the points of
meximum  temperatures and points of maximun local Nusselt number did not change
along the three surfaces vl cach heater with the variaiion of the spacing ratio.

[Figure @ shows the variation of dimensionless max. surlace lemperature 9., of the
three heaters with Revnolds number. Re. at various spacing ratios. 9, decreases
with incteasine Revnolds number and witlh  increasing the spacing ratio.  With the
merease of Reynolds number the curves of 8, for different values of s/L converge
indicating that with turther increase of Reynolds number. the etfect of wL ratio on Nu
dlecreascs,

Figures 10 show the variation ol dimensioniess maximum surface temperature Sy, 0f
the three heaters with Richardson number GeRe? at vartous spacing ralios. 3.,
increases with increasing Richardson iwnmnber.

Figure P shows the behavione of average Nusselt numiber Nu with spacing ratio
sel. for the three beaters al lixed values of Reyvnolds number; Re = 135, 1720, 2790,
and 3980, For Low Reynolds munber, Re = 135, Nu increases with increased rate
wilh the inerease of the spacing ratio L. This is beeause. Uiy case corresponds 1o
airflow velocuy u, = 1075 s which is patural dominated flow, so with the increase
ol the spacing between the heaters, ihe temperatures decrease und the Nusselt number
mereages  The Fianre <hows also that with the increase of Revnolds nuimber the
elfect of toreed convection part increases. therelore, (he effeor ol increasing the
spacing rauo ot the variation of Nusscll ndinber decreases  For Re=1720 which
corresponds 10 u,=1nws, the change of &1 Ttom 110 3 canses an increase of Nu by
abont 3% [or Re=3980 which s corresponding tou, = 2 3nvs, the increase af s/l

fromy 0.3 10 3 causes aninercase ol Nu by about 2% and (he merense wls?l from 1o

Locauses an inerease of Nuoby o abenl 196, This resnlt grves thai, there is no need o

mcrense sl oser 1or Revinolds nnberz 1720 which gives Uow velociy zhos

e depadence ol mean Nusselt numier Jor the three heaters on Revields aumber

is shown e b 12 for BiTerent values of 54 Ninciciees a il increasing both

Reynolds nunber and s/0 rane Figore 13 indicale the dependence ol average Mossclt

number of the three heater, ~ith Richardson number (o Re® ior diticrent si. ratios.

In the natural convectton deminated Now GrRe =800 Nu decreases slightls witly

inereasing Richardson number  while :

(_}r;'!{c?a D1 the mean dussell number decicises dramaucalle with diereasing of

GuRe™. In the transtion region, mean: Nusselt umber deereases sharply wat

increasimg GrilRe™ To the different vaiues ol aspect ratio

m the forced convectien dominated 1ow

Anallempt was made o contelawe the present expertnental data ta abtam the
dependence o the maximun surface remperatiore ' ol s W and mcan Mg
nuewer onr Richatdsom mnaiee [ Re & aped aspech vaiees b T che e
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both [Jwax /[G/Re)"]), NWIGURe']® against s/L, 2 correlation for maximum
temperature and mean Nussell number can be (ound rom Figs. 14 and 15 as follows:

e = [0.383-0.093(5/L) +0.016(s/L)°] . (Gr/Re?)” 12 )
Nuy =[35.653-2.55(s/L) ~ | S4(s/LY)(GriRe?) "3 (5)
Nuy = [31.81 - LT7(/L) + LIX(SILY Gr/Re?y 21 (6)
Nuy = [31.01 - 3I8(s/L) + 1.59(s/L) I (GriRey " 2™ (7)

for L/L=0.59 . 135.9<Re<7221.5, 0.0406<Gr/Re’<24.5

CONCLUSIONS :

Hleat transler characteristies due lo smixed eonveetion [rom threc protruding heat
sources mounled on a horizontal adiabatie surlaee of a rectangular ehannel is
investigated experimentaily. The invesligation eoncentrated on the dependence ol the
heat Now  characteristics and the maximum surface temperature on Reynolds number
and Grashol number as well as the Richardson nuiber.  The analysis is extended to
study the cifect ol spacing between the heat seurces Tor spacing/heater lenglh ratio
s/L= 0.5, 1.0, 2.0 and 3.0 for /L=0.59 , 135.9<Re<7221.3. 0.0406<Gr/Re’<24.5. and
the lollowing conelusions are obtained:

The local surface temperature decreases with increasing Reyvnolds number for the
threc laces o[ cacll heater as well as the adiabatic (loor surlace. Al the right face ol
cach healer. 9,,. occurs at lhe lower corner points, while 8 at the left [aee ol each
heater decreases in the direction towards the top edge of each healer.

For natural  convection dominated Now. O, oceurs at the middle heater.  For
transient dominated ow region. 0,,,, occurs at both the widdle and third heater, while
for 700<Re<3000. 0, moves with the 1Tow Lo the thivd {last} healer.

The heat tansfer from  the heaters to the [Tuid increases as Reynolds number
increases. The maximum heat transler occurs near the fromt top edee ol each block, AL
the right [aces, gradual decrease is observed [rom the top edge point o the bottom
corner point, which has the minimum rale ol heat transler.

Wilth the increase ol s/l the local temperalure deercases. the local Nusselt number
increases and § .. decreases. With the merease ol Reynelds number the values off
S lor different values ol &1 converge indicaling thut with further increasing ol
Reynolds number. the effect o s/L ratio on Nu decreases

For natural dominated  fTow, Nuincreases with the increase of the spacing ratio s4..
With the increase ol Reyaolds nuntber. the etfect ol iner :asing Lhe spacing ratio on
the vamation o Nu decreases, and there 1s no need 1o increase s/L over | for Re
21720 which gives [low velocity z1nws,

Y - L3 + ) - -
G and Nu are corvelated with Ge/Re™ and 21 Tor the three heaters as Tollows:

B = [0.383-0.093(s/1) +0.016¢s71.) 7] . (GrReYH "1
Nuy = (35 6532350370 + 1S/ P GrRe Ty 3



Maunsoura Engineering lournal,

MEJY Vol

24, No 3, Sepleatber .7

80.0
Qnaon A
a QEoup B
i3 N
] /L=
500 1) Gr=q,403% 107
1.2 3 E mixed convactlan
Z ‘a8 g dominalnd (ow
204 3 i 1| ! ]
1 b natural convection
K 1 Vol dominatad flow
0.0 ey laaxansans
-4.0 3.0 8.0 130 14.2 23.0
Gr/Rews2
W0 3
E QOOGH A
i o aggao &
i sasss C
A0.G 1/ =30
3 Grm) 403210’
E00 L} mixad conveclion
12 E domincted Mow
= E
093y N
: i k 2 ]
med? il
HE nalural convaclion
P daminated flaw
0.0 3 mretrrtrrrrrer S
-2.0 io B3 13.0 ‘B0 FARE
Gr/Rees2

Fig.13 Variglign of cverage Nusseil numper with
/ for different spacic~/healer lenglh
ratio b/L=0.53, H/l=4.4¢ ind L /=10,

80,0
Qoood A
3 QLc? B
R c; o
3 2/ L=
s00 3§ mived convection Gr=0.403x10"
E g damincted flow
12 400 3
E 1
20.0 § i HE )
3 E ! i natural convection
3 : 1 domingled flow
0.0 Jrrrrhrrrr e T T T T T T
-29 Jo 18,0 23.0
190 -
] QL200 A
i @ uzoge B
] % Adbas C’{
] a2/ l=214]
60.0 3 & Gr=0 403019
£l mivad carveszlion
IE*O.D _ I : dominaied flow
00 ‘E i ] R .
] noturel eonvantlon
3 H dorminalad Naw
2.0 Frrrerrertrerrrre T -
-2.0 3.4 3.0 13.0 18.2 PR
Gr/Re2
Gr/Re
0.34 <
E H
i \ .*
3 |
0.32 4 |
il 1
0,30 4
o E
ja
%028 1
~ 3
% 4 -,
X 3 i
o, ,
3124 3 N
= E Yo
" ] e
5 ] C—3
Poze g
022 H T TTTEETT T TR
a4 .3 10 1.3 .0 2.5 48
5/L

Ag. 14 Correlgtion of mox. dimensicriess tempe,

-~
Y
L]

>
o
o

a J8f0
—

(3}

&

S

O
D
™
iz

5
m
=1

240

distribution of lhe heaters wilh spacing/

heater length ralio,

[FETEFEETENE SIS PR EE Y N P RS SRS T

——

Loaas firag hansr
AQRoy secand fecler
Adsnd third reater |
Gret) 4038 | O
T

o0

T

3.3

|

20 75 i

./’
/0

L T
2.9 (i) 1A

Fig IS Correlotinn ol the present exoerimentl

data wilh soocing/Meoter Jercih rabiz
al wonslzes Groshof ouinner



]

L

M. 54 G. 1. Sultan
Nuy = [31.81 - LI7/L) + LSS HOReD

Nuy = [31.01 - 3.18(s/L) + LSH/LFYGr/Re’) ™
for b/L=0.59 . 135.9<Re<7221.5, 0.0406<Gr/Re’<24.5

NOMENCLATURE :

A, B, C,Dcorner points of the first heater

E. F, G,Hjcorner points ol ihe second heater

[, J, K, L comer points of the lhird healer

b heater ieight, m

by exponent of egs.

h convective heat iransier coefficient, Win* K
Gr Grashof number, Gr = g B g (L+2 D)L’ /(k v%)
H channel height, m

K Nuid thermat conduclivity, Wim. K

L heater width, m

LiLy Distance (roin first heater to channel inlet and the last healer to channel
exit respeclivelv, m

Nu, Nu Local and average Nussclt nuruber on the heater surface, Egs. (1), (2)

Pr Nuid Prandtl number, v/

q heat {lux on the heater surface, Wim’

e Reynolds number, Re = u, L/v,

[t Richardson number, Ri = Gr/Re

S dislance between each two heaters, i

T lemperalure, K

To temperature ol the free stceam, K

Up (ree siream velocity, /s

X2 distance in horizonial and vertical directions, m

o {inid thermal diffusivity, m¥s

] valumetric coelficien of thermal expansion, 1/K
0 dimensionless temperature, (T-T,)/g.Lik)

v fluid kincmatic viseosity. m*/s

p fluid density, kg/m’
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