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ABSTRACT

Lxperimeatal and mumerical imvestigations are comdacied io studh the hwut mansger enhunemeni of clecirome
componenis By re-directing the aw flov in the snifaces of the beoi soerves wnd covities byrween ihew Thy sty
simulaies the elecironic componenis us a three heal sowces winch are wousted in i ozl recloaguio chanvel

The Mow Is re-direcied 1o the hear sources using three inclined oheiaclex wnoie the freat xomees in ordes (v urient
the flow 1o both the closed cavity regions and heat sources sarfaces | he mumerical meestygation is comnducied nsmy

o cummerciol package “FLUENT 6.17. The beal sources dimensienis ore 13 oo width, 4 om length. ol 2 em heaghi
with a spocing equals the heat sonrce length, and channel heghts of Y. 8 2. 7 4 8.6, and 5.8 v wivile the obsiocles
inclination angles org 26.5° 369", 45, wnd 31 5. The Reynolds musber iv ranged from 856 1o 8140 and Grashof
rmember is fed at abowt 2.0 x 10T The sty is exiended 1o imvesipote the clfect of charnne! height, w fived inclined
chstacie angle of 369 on hea iransfer charocteristics while the lear sonrces beight is convant. Hhe precure drop
die te heat sources protrusion und the Inclined obsiacles is olsv investigwed The resufts show thet, as obstacl:
angle mereases or channel height decreases (height ravie incvecses) iy liewt nansfer for the theve heat somcees
inereases and gives an enhancemen in the averoge Nasselt murher up 1o 133 4% 1 aolicod thar. as the obstacle
inelivetion eigle i reases the weeomd heot sourey sowares so Iuvg e Inghoss ear sransfer voglficiean. Ax abstacle
ungle or height ratio increases, the prexsure drop acicaves shonply. e sesulis alve shovw tha, the enlenicement of
the average Nusseli number duz o using obstacies argles is mare thon that due 1o increaving Rewolds munber for
ihe same consumed pumping power. Iwe empirical correlotiony o vernge Nussell smnbyr os o funcrion of
Richardson ruwmber and ohstacte inclinaiwon angle or heggl reatio are vitedoed Jov eoch Teal vone,

Keywords: Electronic cooling. protruding heal sources, heat transfes

1. INTRODUCTION of thermal management hecomes more challenging. The

During the last decades, the trend in elecironic industry
hins been lowards minmturization, which has lead to an
increase in package-level heat (luxes while 1he
temperatere  limits have remained unchanged. As
demands on the performance =nd packaging of
eleciromic assemblics continually increase, the problem

wnpact of the wiperatiee on system reliability was
shown in swrvey Ccondiied by the Uniied States Air
Force. which ieporied (hal wmiperature is contributed 1o
more than 50% of all clecironic filure (Sergent and Al
Krum 1]} Numcoows experimemal and numerical
mveshigalions on  heat  wansfer  enhancements  in

Accepled December 20, 2000
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Figure 3. Problem Physical description and boundary conditions,
The thermocouples are connected to a digital  (16). The pressure drop due to the protruding heal

temperature recorder (14) which has an accuracy less

than * 1% with the aid of two multi-switch points
selectors.

The average flow velocity is measured by the help of an
orifice meler (15} with the aid of U-tube manometer

sources and the attached inclined obstacles is measured
by a U-tube manometer which connected to pressure
taps (17) as shown in Fig. 1.

The test section is covered by a glass wool insulation
(18) (40 mm thick) to reduce the heat loss fram the test
section walls to the surroundings 10 a negligible value,
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To study the effect of channcl height variation with
using inclined obstacles. the channel height, H. has the
values, 9.0, 8.2, 7.4, 6.6, and 5.8 cm. and 1he heat
source height is fixed a1 2 cm. These channel heights
lead 10 height ratios. HR, of 0.222, 0.244, 0.27, 0.303,
and 0.345. The angle of the inclined obstacles is fixed
al 39.6" when siudying the effect of height ratio,
Nearly two hours are needed to reach the steady statc
condition, which is recorded as the temperature reading
did not change with time

The conncctive heat Nux q° is determined from the
electrical power input 10 each heat source using:

S S (th
(h v W

Reynolds number and Grashol number. which based on
the heat source tength L, are defined as:

Rej, = Batat 2)
Gr,, = gpq'(h + 2h)L° (3)
A JL\"

The cesults are presented in terms of the dimensionless
temperature 0, , aversge Nussclt nomber, Richardson
number as follow:

0, = [ Gi-Te ]Grlu.l (4)
qLm )

The heat transfer coefficient and Nussell number is

defincd as:
q-
h_= 5)
k (Tn_Ta (
i L+2b
h,,=“2h ih,d: (6)

Where T, is air lemperature above the heat source, "C
Nu,, =£!“.!1 [7)

K= Ch (8)
Re,

T

The friction factor and power consumed are as follow:

jia APy (9)
-;--p.ll:
P, = VAP, (10)
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3. Numerical model

All computational results presented in this paper are
obtained with the commercial CFD code FLUENT 6.1.
The fNow throughout computational domain s
considered to be sieady state, incompressible. turbulent.
iwo-dimensional Mow in the x-y plan, with constant
properiics.

3.1 Governing equations

Numerical analysis is based on the Reynolds-averaged
Navier Stokes equations. The conlinuity, momentum,
and energy equations are used as followed:

ﬂll“llil=o {ln
i i

( Mpujm) o i r"'n, Puli u’y ( 12)
- = + * PR

t"‘x, l'}l; h i P\l al’

ipp 1) LAl Y (13)
5\. B :?.lj - i S |

To close the Reynolds-averaged Navier Stokes

equations. the Reynalds stresses b (v, which represent
the turbulence effects, are modeled using the standard k-
£ model as lollowed:

Opu k) [ L (14)
r":l u‘l] [ fy ]:\. v eine
Mpu ) " :
™, ‘.\"“ ;L]-_-l“ |-_[( Lt J-(-'lu} {15)
( wr .‘ '
u,:p'['“-’-‘—i “6]

i

Cy,. Cy.are consiants, have the values as shown in table
(1).and C,_ is calculated from the relation, [29):

L -lulmH (i7)
u

Tabie [. The turbulent model constants

Ci Cy oy Oc Pr, G,
1.44 | 1.92 1.3 0.9 l 0.09

The above poverning equations are solved for
temperalure, pressure, velocily. kinetic energy (k). and
dissipating rate (). Furthermore, the average Nusselt
number, pressure drop, and stream function can be
computed,

3.2 Problem domain

The physical description of the problem under
investigation is illustrated in Fig. (3). The flow is
considered 1wo-dimensional flow in x-y plan.
Protruding heal sources are represented by three blocks,
0.04 x 0.02 x | my, with an intermediate spacing equals
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o hest source length placed on the floor of a
rectangular channel of 1.5 m long, | m depth and us
height varied from 0.09 w 0.058 m. The entrance
channel lengih L, is about 0.43 m where the exit length
is 087 m. Three inclined obsiacles are presented above
the three heat sources with inclingtion angle ranged
from 0® 1o 81 3%

33 Boundary conditions

The warious boundaries thet bounded the problem

domain are illustrated in Fig. (3) and named as .

Dependani variables have 1o be specified or its

derivatives on the domain boundaries as lollow:

(i) At inler (€21} 034 < uify) = 3.4 mfsec, v(0.y)=0,
TO,y) = 300 K, 0.1120& 0.165 m. wrbulent
intensity = 1,15 %.

(i) At the walls (0§ . i=2.4.6,8 nnd 10} ulxyp= 0.
v(x.y)=0.q =0. k=0 and c=0.

(iil) Al the walls {Qi, i=3.5.and 7] {heal sources lop and

sides surfces): u{x.y}=0, v{x.y)=0, q" =1240 Winy*,

k=0 and £=0.

{ivl Al the exit (029} outict flow. the boundary
conditions al the exit are adjusted (by the CFD
code) such that the propenies gradient at the exit
equal 10 zero.

4. Results and discussicns

4.} Temperature distribution

The varaton of lecal surface temperature difference
along each heat sources at different Reynolds numhm
ranging from 856 to 8340 constant Gr,=2.0x10" and
spacing ratio $/L=1 is shown in Fig. (4) I is noticed
that, the local surface tcmperature decreases wilh
increasing  Reynolds number  and  the  surface
temperature for the first heat sousce is less than thai of
the second one and \he second heat source is less (han
the third one. for all Reynolds numbers and this agree
well with Sullan [12].

Figure (5) shows Ihe influence of Reynolds number on
the maximum temperature of he three heat sources. |t is
clear that the maximum lemperalure decreases willl
increasing of Reynolds numiber and this agree well with
Sultan [12).

4.2 Heat transfer

Figure (6) presents the behavior of the average Nussell
number with Reynolds numbers for the three heat
sources.  As expecied, as the Reynolds number
increases. the average Musseli number for the hew
sources to the fuid increases. It is clear that the first
heal source has the highest Nusselt aumber and the third
heal source has the lowest valucs for the studied mng of
Reynolds numbers.
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4.3 Efec! of obstacle inclination angle

Figure (7) shows the effect of Now directing angle {o)
on local tempemture difference along ihe heai sources ol
different values of Reynolds numbers.

It is noticed that, when ihe Now obstacles inclination
angle increases. the local temperature difference of the
second heal source decreascs than that of the first heat
source 25 Reynolds number increases. Alsa for
obstacles inclination angle (a=513%, the local
temperature difference of the szcond heat source is
small than the first and the third for 3l siwdied Reynolds
numbers.

To show the effect of obstacles inclination angle on

heat transfer coefficient. the nvernge Musselt number is
ploned againsi obstacles inclination angle () as shown
in Fig. (8).
It is noticed that. for Reynolds number. Re<4200, the
¢flect of inchination angle (a) is not significant for smail
angle a26.5 for the three heal sources. but for a>26.5"
a valuable ingrease in Nusselt number 1s ohserved, For
high Reynolds numburs Re>4200. a sigmificant increase
of Nussell number with nereasing inclination angle is
observed for all inclinaiion amgles. In addilion, the
curves show that for a=)6.9 and Re<23d5, first hemt
sowrce has the highesi Nusse!t number. For Re 21480
and a226.9. ihe sccond heat source has the bes: henl
wansfer.

Figure (9) shows Ihe enhancement of ihe average
Nusselt number with respeet 10 Reynolds number. It is
observed thar, al Re<14R0 and obsiacles inclination
angle (©=26.5), therce iy no enhancement of the average
Nussell number for ihe second and third heatl sources
while the average Nussell number af the first heat
source is improved. Vor the same obsiacles inclinalion
angle and Re>1480, ull ihe heal sources has a valuable
enliancement in the average Nusseh number. Also for
ihe oiher obstacles angles. all heat sourges have an
improved heat vransfer .

I is obscrved that. the masimum  enhancement in
average Nussell number occurred a1 Re=8140 and
u=51.3" for all the three heat sources: the maximum
enhancement in average Nussclt number i5 49.3 % for
the first heat source. 102.1 % for Ihe second heal souree,
and §1.6 % lor the third heat source.

Figure (101 indicoies the dependence of average
Nusselt number of (he three hear sources wilh
Richardson number Gr/Re for difTerent inclinaiion
angles. In the mixed convection dominated Mow.
1<Gr/Re’<20 [12]. the average Nusseh number
decreases slightly wilh increasing Richardson  number
while i for forced convection dominaied fMow,
GR/Re” <1, the awerage Nusseli number decrease
dramatically with incrensing Richardson number for all
meiinaton angles.
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4.4 Effect of channel height at fixed
inclination angle

To study the effect of channel height at fixed inclination
angle. on local surface temperature and heat transfer.
five channel heights (H=90. 82, 74, 66. and 58 mm) arc
used. Heal sources height is kept constant at h=20 mm,
which leads to height ratio (HR= h/H) of 0.222, 0244,
0.27, 0.303. and 0.345. All heighis arc accomplished by
inclination angle of 36.9°, Figure ( 11) shows the efTecis
of channel height on local temperature difference along

the heal sources al different values of Reynolds numbers.

i is noticed that, the local temperature of all heal
sources decrease as channel height decreases (HR
increases). This decreasing may be due 10 the incroase
of the flow velocity above the heal sources as channcl
height decreased and the turbulent generated by the
obstacles inclination angle when approaches to the heat
sources surfaces, For HR= 0.222, the first heat source
has the lowest surface iemperature for low Reynolds
numbers. and ihe second heat source towards to be the
lowest as Reynolds number and HR increase.

To show the effect of channel height variation on
heat transfer coefficient, average Nusselt number is
plotted ngainsl height ratio as shown in Fig. (12). The
average Nussell number increases as Reynolds number
increases and / or channel  height decreases. I is
noticed that, the second heat source has the best hear
transfer coefficient. That is because of more turbulent
gencrated by the obstacles angles cdges. Figure (13)
shows the enhancemeni of the average Nussel number
with respect 1o Reynolds number a different heighi
ralios. It is observed that. for low Reynolds numbers
[Re=2097) and height ratios (HR=0.244 and 0.27), a
valuable enhancement in heat transfer for all heat
sources from 12.9% to 37.3% is observed. For height
ratios  (HR=0.301 and 0J304), the maximum
enhancement occurred at high Reynoids numbers, the
maximum enhancement in average Nusselt number
occurred at Re=5864, HR=0.1345 for oll the three heat
sources. the maximum enhancement in average Nussell
number is 79.4 % for the first heal source, 131.7 % for
the second heat source. and 1534 % for the third heat
source,

4.5 Comparison betwecn present experimental
and numerical results

4.5.1 Compuarison for obstacles inclination angle
variation

Figure (14) illustrates the variation of the average
Nusselt number versus obstacles inclination angles at
differemt Reynolds numbers for both experimental and
numerical resulis.

The comparison is performed for the average Nusselt
number of the heat sources 1op surfaces only because of
the fMow scperation and reattachment at heat sources

Mahmoud M. Awad, Gamal 1. Sultun & Walced A. EI-Awady.

corners and sides. It 18 observed thal at low Reynolds
numbers and small inclination angle, there is a deviation
between experimenial and numerical resulis. The main
reason of this deviation is that. the flow is in the
transilion region from laminar flow 10 tarbulent flow,
which agrces well with Wang and Vafai [S]. They
indicated that in the presence of protrusions the critical
Reynolds number, where the transition from laminar
Mow 1o wrbulen fow is occurred. is between $00-2000.
Nevernheless. at high Reynolds numbers and large
inclination angles there is 3 good agreement for both
experimental and theorelical results, For Re22345, there
is o good agreement at large inclination angle (6236.9)
and for Rez 4200 ihere is a good agreement far all
inclination angles.

Figure (15) illustraies the velocity profile ai different
obstacles inclination angles. It Is noticed that, for no
obstacles. the maximum velocity prolile occurs away
from 1he heat sources surfaces bul when using directing
cbstacles, the maximum wvelocity moves towards ihe
heat sources surfaces as the obstacles inclination angle
increases. which depicts o reason for increasing the
Nusselt nuniber as inclination angle increases.

Figure (16) shows the ¢ffect of obstecles inclination
angle on the stream lines. It is noticed that, in casc of no
cbsiacles, eddies appear between heat sources bot with a
large circulation (weak vorticity strength] when
compared with that when using obstacles inclination
angles where eddics are small (strong vonticity strergih)
which cnhance the heat transfer from the heal sources
sides as the inclination angle increases. It 15 also
observed that, ihe vorticity strength increases as
obstacles inclination angle increases.

4.5.2 Comparison for height ratio variation

Figure (17) shows the average Nusseh number versus
licight rutio ar different Reynolds numbers for both
experimental and numerical results,

The comparison is performed for the average Nussell
number of 1he heal sources top surfaces. It is noticed
that the present experimental and numerical data have
the same trend. For the {irst heat source, the variation of
Nusselt number with channel height is small for both
results, The experimenial results agree well with the
numerical resulis al low Reynolds numbers, Re22345
for the firsi heat source and at Re22345 for both second
and third heat sources. As Reynolds number increases,
the experimental results agree well with the numerical
results for both second and third heat sources, but for
the first heat source. as Reynolds number and height
ratio increase. the deviation is noticed. It may be due 10
the scparation al the heat sources corners that increases
as Reynolds number increases and cross sectional area
above the heat source decreases. this separation leads to
a large error in numcrical resulis.
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Figure (18) illustrates the velocity profile m differen
height ratios. It is clear that, for HR<0 27, the efTect of
channel height variaiion on  velocity profile  and
magnitude less than that when HR>0.27 which agree
with the experimental results especially for small
Reynolds numbers.

Figure (19) shows the effect of channel height on the
siream lines. It is noticed that, for small height mtios
edd ey uppear between heat sources bul these eddies arc
large (weak vorticily strength) when compared with that
of large height ratios. 1 is also observed thai. these
eddies increase as height ratio increascs and Reynolds
number Increases.

4.6 Pressure Drop

Although pressure drop is considered one of the most
prominent and fundamental configurations relaied to the
¢lectronic cooling, only a lew arlicles reported the
pressure drop caused by the protruding discrete heat
sources, [20]. Figures (20) and (21) depict the variation
of total pressure loss cociTicient with Reynolds number.
It is clear that for mo obsiacles, the pressure loss
cocllicient decrcases as Reynolds aumber increases
which agree with Wang and Vafai [$]. As inclination
angle ©r height ratio increases the pressure loss
coelficieni tends 1o be constant with Keynolds number.
It may be duc lo the increasing of turbulent and pressure
loss which increases as Reynolds number increases.

5.6 Comparisons between  enhancement
based on increasing Reynolds number
and that using obstacles angles

Figures (22) show the enhancement of average Nusselt

number wilth respect to the consmned power, 11 is

observed that, for the first heat source, 1he enliancement
of the average Mussell number due 1o increasing of

Reynolds number is better than when using obstacles

angles for the same consumed power On the other hand,

the second and the third heal sources have enhancement
of the average Nussell number when using obsiacles
angles more than that duc 1o inereasing of Roymelds
number for Re 24200,

Figure (2)) depicts that, as the height ratio increases
{channel height decreases) and obstacles inclination
angle is constant (a=36.9"), The enhancement of the
average Nussell number due 1o using obsincles angles
is more than that due to increasing of Reynolds number
for the same consumed pawer.

4-8 Correlating the experimental resuits

From the sbove discussion. il is found 1hm, both
increasing the height rasio (decreasing the channel
height) and redirecting the flow towards the heu
sources surfaces and cavities beiween heal sources
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increase the heat transfer coelMicient. For the inclination
angle vanation. empirical correlations (18) are obiained
10 relaie average Nusselt numiber (Nu) with Richardson
number (Gr,/Re, '] snd obstacles inclination angle (o)

fot each heal source as following:
e
Nuta -m:{%,—] (cos{u)) ¥ (18-a)
'
- ( Gr, - .
L]

ﬂ\_, E“-"{‘:‘Tl?] (:u:(n)]'"“ {18c)

Where subscripts |, 2, and 3 refer 10 the hem source
number.

The above correlations sre valid for: 856 <Re<8340,
0°za<$3.!" and HR=0,222. Comelation (| 8) predicts the
experimental daia with an average crior =8.5 % for the
first hemt source, and 414.1 2% lor the sccond and third
heat sources, respectively as shown in Figs (24-26)

For height ratio variation, empirical correlations (19) are
obtained 10 relae average Nusselt pumber  wilh
Richardson number and height ratio (h/H ) as following:

sl (3

m (19-a}
=i 2040 | 810
MNu gk ﬂl'ﬂ.ﬂ[-:—:!;'] [%} (19-1)
=0 2110 I 9%
— Gr hY
Nu = “S[E‘f-; [FJ {19-¢)

Conelations (19) are valid lor. 856 <Re<7280, 0.222<
HR 20.345 and u =136 9" within error of £15.5 %,

5. CONCLUSIONS

Mixed conveetive heat transfer and pressure drop for
three protruding heal sources, mounied in & horizomal
rectanguiar channel, are investigated experimentally and
theoretically. The investigation is performed for
obstacles inglination angles rnged from 0 0 51.3°
Reynolds numbers ranged from 856 tw 8340 and
canstant Grashof number of approximately 2.0 x 10"
The invesligation is extended 1o nclude the channcl-
hcight vanation while the protrusion height remains
constant. From this investigation. il is conducted that:
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* Ax chitachkes sngir imcroases the hest raesfer for ol
et sowites mcreases and give an enhancement i ihe
average Musseh nomber up to 100 1%

* Decreasing the channel height inereser the heat
wmrsler and gives ar enhancement in ihe average
Muisehi member up o 1334 %

* For ResAlD0 and 9=l65. ihe onbancomeni in the
MNumell number is not ugnificant while for

e »4200 o significant increae in the sverage Musell

miamber i observed lor all inghinaiion nnghes,

» For e 7097 and HR <0.77 & valuable inhancoment
b hewt pramafer For all bew sources, Pom 129 % @
170 % i obderved, while a1 MR 5037 ihe maximum
onhancemenl sofun o Besd 100

s A i gl ta0 mcrervcy sad obiied b ew leastion
sngit & comdand (=36 ). the eohanconsen of the
Mumsch romber doc 10 wtmg obuiscles daghe
i Phan that due jo mcreaiang Reynokh number
fof the same consumed power
o An inclinstion sngle or height ralio Wncreascs the
prossure loss coefficient tends 10 be constent with
Riymalds number.

» Twwo qupirical correlainons, for each hewt source. for
svarage Numsell sumbey arv obugined s shown i

_—1m-d:m
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