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Natural convection heat transfer from discrete heat
sources mounted in rectangular enclosure surrounded by

a single-phase liquid coolant -
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Abstract

In the present work, natural convection heat transfer from discrete heat sources mounted in
rectangular enclosure using liquid coolant is investigated. Heat transfer from discrete heaters is
non-uniform and should be accounted for by applying the averaging techniques. The averaged
two-dimensional governing equations along with the standard k-e model and wall function are
solved using the SIMPLE algorithm. The effects of the e cooling fluid type water and
dielectrics oil, the different heat flux and time on heat transfer are investigated. The results are
compared with experimental measurements. Results show that water gives a good cooling
effect compared with dielectrics oil. Maximum heat transfer occurs at the heater leading and
side edges. The heater surface temperature is highest at the top-row heaters. Results show also
good agreement between the theoretical and experimental measurements.
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Introduction ‘ thermal management. Conventional air
cooling techniques are reaching their limits
for applications in areas such as cost-
performance and  high  performance
electronics. Single-phase and two-phase
liquid cooling techniques with heat sinks
provide an approach for removing heat
fluxes well beyond air cooling limits.

. There is increasing demand for high
pecformance and multiple functions in
electronic systems. The cooling of electronic
parts has become a major challenge in recent
times due to the advancements in the design
of faster and smaller components. Devices
continue to present great challenges in their
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Natural convection heat transfer is an
important phenomenon in  engineering
systems due to its wide application in
electronics cooling, heat exchangers, and
double pane windows. Enhancement of heat
transfer in these systems is essential from
the industrial and  energy  saving
perspectives. The low thermal conductivity
of conventional heat transfer fluids, such as
water puts a primary limitation on the
performance and the compactness of thermal
systems. As a result, different couling
technologies have been developed (o
efficiently remove the hecat from these
componcnts. The use of a liquid coolant has
become attractive due 1o the higher heal
transfer coefficient achieved as compared to
air-cooling. Coolants are used in both single
phase and two-phase applications. A single
phase cooling loop consists of a pump, a heat
exchanger (cold plate/mini- or micrg-
channels), and a heat sink {radiator with a fan
or a liquid-to-liquid heat exchanger with
chilled water cooling). The heat source in
the electronics system is attached to the heal
exchanger. Liquid coolants are also used in
lwo-phase systems, such as heat pipes,
thermo-siphons, sub-cooied boiling, spray
cooling, and direct immersion systems for
cooling of electronics [ []

The rapid development in the design of
electronic packages for modern high-speed
computers has led to the demand for new and
reliable methods of chip cooling. As stated
by Mahalingam and Berg [2], the averaged
dissipating heat flux can be up to 25 W/iem?
for high-speed elcclronic  components.
However, the conventional natural or forced
convection cooling methods are only capable
of removing small heat fluxes per unit
temperature difference, about
0.001 W/em? C by natural convection Lo air,
0.01 W/em?® C by forced convection (o air,
and 0.1 W/em® C by forced convection lo
single-phasc liquid [3]. In response to these
demands, different highly effective cooling
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techniques have been used to achieve heat
transfer enhancement with a minimum of
frictional losses, including a variety of
passive and active cooling techniques.

Po-Chuan Huang and young [4] conductd
a numerical investigation on the {low field
and heat transfer characteristics of two
successive  porous-block mounted heat
sources subjected to pulsating channel flow.
Time-dependent flow and temperature fields
were  calculated and averaged over a
pulsating cycle in a periodic steady-state.
The basic interaction phenomcna between
the porous substrate and the fluid region, as
well as the action of puisation on the
transport process were scrutinized within the
study.  Steady-state  experiments  were
performed to study general convective heat
transfer from an in-line four simulated
electronic chips in a verlical rcctangular
channel using water as the working fluid [5].
Experiment has been performed 1o
investigate the natural convection heat
transfer coupled with the effect of thermal
conduction from a steel plate with discrete
heat sources. The behavior and heat transfer
enhancement of a particular nanofluid, AlLO,
nanoparticle-- water mixture, flowing inside a
closed system that is destined for cooling of
microprocessors  or  other  electronic
components was investigated by Cong Tam
Nguyen et al [6]. The development of a
novel ‘cooling strategy of directly injected
cooling for electronic packages was studied
by Wits et al. [7]. Two-dimensional forced
convection heat transfer between two plates
with flush-mounted discrete heat sources on
one plate to simulate clectronics cooling is
studied numerically using a finite difference
method in [8]. The effects of rotation on
natural convection cooling from three rows
of heat sources in a rectangular cavity were
studied by Jin et al [9]. Conjugate
convective-conductive heat transfer in a
rectangular enclosure under the condition of
mass transfer within cavity with local heat
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and contaminant sources is numerically
investigated by Kuznetsov and Sheremet
[10]. Mathematical model, describing a two-
dimensional and faminar natura! convection
in a cavity with heal-conducting walls, is
formulated in terms of the dimensionless
stream function, vorticity, temperature and
solute concentration. The main altention is
paid to the cffects of Grashof number (Gr),
Buoyancy ratio (Br) and transient factor on
flow modes, heat and mass transfer.

Steady-state experiments are performed to
study general convective heat (ransfer {rom
an in-line four simulated clectronic chips in a
vertical rectangular channel using waicr as
the working fluid [[1]. Numerical simulation
of conjugate, turbulent mixed convection
heat transfer in a vertical channel with
discrele  heat  sources was studied by
Mathews and Balaji [12]. Tnvestigation of
mixed convection heat transfey in a
horizontal channct with discrete heat sources
at the top and al the bottom was studied by
Dogan ct al [13]. Laminar-mixed convection
of a dielectric fluid contained in a two-
dimensional enclosure is invesligated [14].
Spray cooling is a very complex phenomena
that is of increasing technological interest for
electronic cooling and other high heat flux
applications since much higher heat transfer
rates compared to beiling can be achigved
using rclatively  Tittle  fluid 151, An
experimental study of cooling an array of
multiplc heat sources simulating electronic
equipment by a single row of slol air jets
positioned above a critical row (row having
maximum heat dissipation ratc} of the array
was conducted [J16]. Kabeel et al [18)
presented forced convection cooling of heat
sources by use liquid (water and dielectrics
cil). The study was carried out at differcent
exit conditions, different flow ralc, and
different heat flux. Also, the study presented
the cffect of outlet ports positions for water
and dielectrics oil to invesigate the best
position of exit flow. Although earlier works
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have studied the usc of liquid to enhance heat
transfer from heat sources, they present few
cases of this use.

In the present study, [C’s compenents
“chips” is idealized as smooth rectangular
blocks with uniform thermal conductivity
and constanl heat flux. The aim of the
present work is to use liquid (water and
dielectrics oil) to cooling heat sources.
Turbulent heal transfer with threc heal
sources  for liquid coolant water and
dielectrics oil is studied experimentaliy and
numerically. The present results are
compared with relevant experimental data.
The effects of the type fluid cooling and the
different heat flux on heat transfer are
investigated.

Fxperimental test rig

The delails of the experimentat test rig
are shown in Tig.1. It consists of the cooling
chamber (1), thermocouples (3), temperature
indicator  (5), Ammcter {6), Vollage
transformer (Variac) (8) and power supply.

The tesl section consists of two parts that
are the cooling chamber (1) and the chips (2)
as shown in Fig. 2. The cooling chamber {1)
is made of Acrylic with of § mm thickness,
width of 102 mm, height of H=102 mm and
toial length of L=300 mm. Three typical
electric heat sources (2) of w=40 mm length,
h=20 mm hcight and 100 mm width are
fixed in_the base piece of the test section.
The distance between the chips is equal 5=40
mm, distance from entrance to the first heat
source L= 40 mm, and distance from the
last heatl source (0 the exit Ly= 40 mm. The
maximums power of heaters is 100 W and
changed by Voltage transformer (Variec)
(8). Ammeter (6) is used to mcasurc the
electric current, and then the value ol the
consumed power is evaluated from the
measured vailues of voltage and current,
More delails about the test reg can be found
in Kabeel et al. {17].
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Two different fluids are used in this
work, water and oil. I'ive thermocouples, J-
type (3) of 0.25 mm diameter are fixed on
the walls of each chip by high thermal
conductivity epoxy to measure the
temperature.  The  thermocouples are
connected to a digital thermometer (5) type
Emko-ESM 4430 with accuracy of £0.1 C.
Fig.3 shows the thermocouples distribution
an the chip.

The electric power to chips is turned on
till the chips temperature ceached steady
state condition. Experimental results were
taken every five minutes till the chip
temperatures  reach the steady state
conditions.

The rate of heat generated through the
electric resistance of the heater is equal to
the heat transfer to the flowing air and is
calculated by:

=1V Cos¢ (H
The average wall temperature of the

tested body is defined as:

H

Z Tw!

T o=t (2)

woavg
Ied

Physical model

Fig. 2 shows a schematic diagram of the
physical modei. The heat sources {chips) are
assumed to be of a constant heat flux and the
enclosure having length L and height H,
which represents the problem characteristic
dimensions. The heat source is mounted on
the bottom wall which is insulated and has
dimensions wxh. The sidewalls (right, top
and left) of the enclosure are maintained at
ambient temperature Ts.

Theoretical Model

The numerical model for the analysis is
quite accurate and cost efficient compared (o
the experimental approach. On the other
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hand, numecical simulation allows obtaining
results faster than experimental when a
hardware change is necessary. The two-
dimensional steady-state, turbulent
uncompressible flow in the cabinet is
governed by continuity, momentum and
energy equations together with applying the
turbulence k-¢e model. The standard k¢
model and wall function are employed for
the computations. The 4-£ model is a semi-
empirical model that has been proven to
provide engineering accuracy in a wide
spectrum of turbulent flows, including shear
flow and wall-bounded flows.

The basic two-dimensional conservation
equations arc given as follows:

Continuity equation

dou) o) o 3)

Ox Oy

Momentum equations:

p(u g v@-i] = ~§£--i- V%

& o) ox
) @
b R
ax G,
,O(Hg}i + —gf} = H%‘E+ 1V
x Oy y
g - ©)
_fai o®
i Ox dy

Energy equation:

" _a..{ + ¥ _(i{'- =| & A~ }i VJ}" ~{ '{,Ié“ Sr (6)
ax 8_}« Oy

Turbulence energy equation:
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Turbulence dissipation rate cquation:

& e v, ( e Pe
u—tv—=lvtt|l -—gr—
ax  ay o, \ax'  dy

N
e pee ot |k o] we St legs
a, Oy

a

& X 8
Where:
czz[(éi]’ +[ﬂi] ]... (6_ _._Q] ©)
x dy _ dy ox
The turbulent kinematic viscosity is:
k2
oy =Gy — (10)
E

Where the turbulence dissipation rate is
given by:
k2
£=Cp— [l
D7 ()
The k-¢ model constants C,, C;, Cy, ay,
ok, and o values are presented in table (1).

Table (1): The standard values of k-e
model constants [18].

Cis Cy Ca O | Ok | O¢

009 144 1 £92 ) | 113709

The local Nussell number (Nu) along the
surface of the chips may be expressed with
the local heat transfer coefficient as:

hd ]
Nu(Xy=-—= —- {2
(X) oy, (12)
Where “n” is the coordinate normal (o the
surface of chips.

The average surface Nusselt number

! W

(Nu) on chips is calculated with expression

1
Nu, = Y L Nu dA (13)

Where A is the surface area exposed Lo the
ftuid.
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Boundary conditions

The boundary conditions of above
governing cquations for the considered
problem as shown in Fig. 3 are determined
as:

On solid walls (Chips and enclose): No-
slip condition is applied for velocities, i.e.,
u=v={_.

The thermal candition on coaling walls of
enclose (right, top and left) are T =TT,

On adiabatic bottom walls (Chips and
enctose) are Q=0

On heal source walls (right, top and left)
are q =C

Numerical solution

Afler setting the governing eguations, a
numerical technique is used to convert them
into a scl aof algebraic equations. Then, the
computational  fluid dynamics "Fluent
6.3.26" bascd on the SIMPLE algorithm,
(18], is introduced to simulate the problem
under consideration.

Results and discussion

[n the present study, the effect of the heat
flux on the cooling process is studied, During
the study, the heat flux varied from 100 to 800
Wim? for water, whereas two values of the
heat rate {100 and 200 W/m?) are examined
for dielectrics oil. The properties of water
and diclectrics otl are given in tablc 2

Table (1): The properties of water and
dieleetrics oil.

—

p Cp A H
T}’Ii? Keg/m’ | kitkg K | W/mk | Kg/m.s
water | 1000 | 4.182 0.6 0.001
oil | 953 | 181 | 0101 | 005 |

Theoretical results

The present numerical model is used for
the case of natural convection Rlow from
three  generating hecat  sources. The
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theoretical results of the system used are
obtained at different conditions for water
and dielectrics oil.

Theoretical results using water

The temperature fields and the chips
surface temperature are illustrated in Figs. 4~
8 at 100, 200, 400, 600 and 800 W/m®. The
maximum surface temperature (hot spot) on
the discrete chip is seen to occur at the top
row because fluid motion is weak and the
local bulk fluid temperature is high in the
ceiling. On the other hand, the chip surface
temperature has the lowest value at the
bottom row where the local bulk fluid
temperature is the lowest. The maximum
surface temperature is found at chip 2 and is
about 35, 45, 65, 85, 97 "C at 100, 200, 400,
600 and 800 W/m? respectively. It can be
scen that the temperature of chip 2 has
higher value than the chips | and 3,

From [igs. 4-8, it is (ound that the
isotherm gradient of fluid is higher near the
chip faces, and increases with increasing
heat flux due to increased buoyancy effects.
The temperature gradient of fluid on the
vear-side of the chip is very large and hence
heat loss is quite considerable from the chip.
With increasing heat flux, the primary and
secondary cells are reduced in size due to
increased heat transfer rates to the enclosure
walls. The larger cell breaks into multiple
smalter cells at higher heat flux. On
comparing isotherm contours for different
heat fluxes, it is found that the trends are
alicred considerably as cxpected. The
surface temperature of right and lefl for the
discrete chip 2, are the same. The surface
temperature of right discrete chip 1 and leit
discrete chip 3 are the same. Also, the
surface temperature of left discrete chip |
and right discrete chip 3 are the same.

Theoretical results using dioclectrical oil

The temperature fields and the chips
surface temperature using dioelectrical oil at

different heat fluxes 100 and 200 W/m? are
shown in Figs. 9 and 10. It can be seen that
the temperature of chip 2 has higher value
than the chip | and 3. It can be observed that
the trend of all curves is the samc as that for
water. In Comparison with water cooling,
the temperatures of chips 1, 2 and 3 are
larger when oil is used as coolant, which
means that better cooling could be obtained
when water is used. The maximum surface
temperature is found at chip 2 (about 60, 95
aC) at heat rates of 100, 200 W/m?,
respectively.

Relationship between the average surface
nusselt number and heat flux

Fig. 11 presents the relationship between
the average surface nusselt number (Nu) and
heat flux (q”) for using water. The average
surface nussclt number increases with the
increase heat flux and average surface
nusselt number for chip 2 is lower than that
chip [ and 3. The following empirical formal
between Nu and q" can be obtained from the
theoretical data:

Nu=6.515+0.03q”-2.084 q"% +4 (14)

Comparison between theoretical and
experimental results using water and
dioelectrical oil

The average surface temperature of the
experimental and theoretical as a function of
time for the three chips is shown in Figs.12
and 13. If*can be observed that the average
wall temperature of chips increase with the
time increase for all chips. The difference
between the theoretical and experaimental
results can be explained for the some
assumption in the theoretical model. The
approximated agrecement between the
experimental mecasured and calculated
average wall temperature of chips is good
and the shift between results is percentage
difference average 4.1% for water at 200
W/m? and 3.5% for dioclectrical oil at 200
W/m?.
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CONCLUSION

Natural convection heat transfer from
discrete heat sources mounted in rectangular
enclosure using liquid coolant is studicd
theoretically and experimentally. From the
theoretical and experimental results, it can
be concluded that:

o Heat transfer from discrete heaters is non-
uniform and should be accounted for by
applying the averaging techniques.
Maximum heat transfer occurs at the
heater leading and side cdges.

e The heater surface temperature is the
highest at the top-row heaters.

Compared with oil, waler gives good
cooling results.

e The larger cell breaks intoe muliiple
smaller cells at higher heat fluxes.

Good agrrement between theoretical and
experimental results is found.

Nomenclature

C, Outlet fluid velocity, m/s

Ci, C; Empirical constants, -

Cp, C, Empirical constants, -

Cp Constant pressure specific heat,
Jkg.K

Cos ¢ Power factor, -

g Gravitational acceleration, m/s

I Electric current, A

k Turbulence kinetic energy, J/kg

n Number of thermocouples, -

Nu The local Nusselt number

Nu The average surface  Nussclt
number

p Pressure, kPa

Q Rate of heat generation, W

St Temperature source term, W/m’

T Temperature

Tt Average temperature, K

7o Ambient temperature, K

u Velocity component in x-direction,

m/s
4 Applied volitage, V
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A% Electrical potential difference, V

v Velocity component in y-direction,
m/s o

X, ¥ Coordinates

Greeks:

a Thermal diffusivity, m%/s

p Thermal expansion coefficient, K

p Air density, kg/m’

£ Turbulent energy dissipation rate,
W/kg

v Kinematic viscosity, m*/s

A Thermal conductivity, W/m.K

V] Diffusion coefficient, m*/s

n Dynamic viscosity, kg/m.s
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Fig. 1. Schematic diagram of the experimental test rig

L
‘..
. . . H
Chip | Chip 2 Chip 3
h h h
R SO SRR NN ST
——

Li w 5 W $ w | L2

Fig. 2. Schemalic diagram of physical configuration

Ta a3, ]
. L,
',__‘___
nnn._..,__,"/’ Tafa) -]
A7 e

Fig. 3. Thennocouples distribution



M.64  S.A.EL-agouz, M.M. Bekheit and A.E. Kabeel L

Contours of Total Tamparature (<) Apr 02, 2010
FLUENT 6.3 (2d. dp, pbns, ske)

-3 3 500401

chipl+ 340D

3.30e+01

385%

f@% i

3.20e+01

Otal 3.10e+0t
Temperature

{c) 3p0erm

2.90e+01
2.80e+01
2.70e+n T —— v —_—
0 0.05 0.1 0.15 02 025 0.3
Position (m)
Totel Temporoiue Fab 24, 2010
FLUENT 8.3 (24, dp, pbns, ske)

Fig. 4. The temperalure contours and the chips surface temperalure using water at heat flux
100 Wim?



Mansoura Engineering Journal, (MEJ), Vol. 35, No. |, March 2010.

1.04g+02
10102
B0 +01
.46e+01
7 15a+01
B.64a+01
B.53e 41
§8.22e4)1
7 wa+01
7 590401
T 2a+03
8.07a+01
6.65e+1
6. Mear04
6000+
5.2e401
SAle+
5 10e+01
4. 18e+01
A A7e+01
1.16e+(1
3.650+01
15401
3226404
29te+
2.60e+01

Contours of Total Tempsralue (¢) Apr 02, 2010
FLUENT 6.3 (2d. dp, pors, ske)
b1
e
. 5‘ y 4.600+01
. d:gu 4496401 -
- chipl4 1
. mdipﬂ 4.200+0f 4 ’1 i ’\\
. ehipzs /
* chip2-1 st0e101 - ! 3
-+ chip E \/ :
. d\!paj 3.Uer01 - : y
rotal l
Temperature 3&0g101 - L
{c} J ;

3.40g4 0t

3200401 {

2,000401 W

240eHH ——————— e — . y -

v 0.05 o1 .15 0.2 025 0.3

Position {rm)

1 otel Tomporsluo

Foby 24, 2010
FLUENY 6.3 {2d, dp, pbns, ske)

M. 65

Fig. 5. The temperature contours and the chips surface temperature using water at heat flux

200 W/im?®



M. 66 S.A. EL-agouz, M.M. Bekheit and A E. Kabeel

1044102
9 98e 01
B.36er+ 0
B&4e+01
6.32a+)1
780001
7280+0%
G.76a+01
G.240+01
572001

520001
4. 68erG1
1.160+01
3el
3120401
2.680e+01

—

Cortours of Tolel Temperature () Apr 02, 2010
FLUENT 6.3 {2d, dp. pbns, ske)

" bd
c 2

: ';_'3 6600401 )
* chipld

+ chiptar A
-y 8.006+01 i .
; oot | ]
* chip2-r ’ . i b
. e 5.50040) E | ; ;
* Chipdl H :
* chipd-r 5,000 -} I |

oial

Temperalure 4.50e.89 - ! |
(c) f ;

4.00e+0)

330y

| I I

TU0e 01

T T e i A= — T L
0 0.05 01 815 0.2 0.28 L3
Position (m)

Tots) Tomperalur Fob 24, 2010
FLUTNT 8.3 {2d, dp, pbns, sko}

Fig. 6. The temperature contours and the chips surface temperature using water at heat flux
400 Wim’*



Mansoura Engineering Journal, (MEJ), Vol. 35, No. 1, March 2010.

1.04a 02
9884101
2350+
B.94e+01
B8.320+01

7.60a+01
T Me+01
0,765 +01
G24e101
5720+
5.200+0%
A58
4 16e+01
3640001
1120401
2854

—

Cortours of Totad Temperature (¢)

Apr 02, 2010
FLUENT 6.3 (¢, dp. pbims, ske)

M. 67

RS
« b2
. gj" 8.50e101
. g:g}-jr B.00c+U1 y
. Qi +S0en0r //\l ] (\
N : L] i
. g.:g%__{ T ude 01 ; 1 : K ; '\
* chipMH : :
* Cﬁp3_r &.50e+0 1 "
-_chip3 l
[Gtal 6.00cw01
Temperature .
I‘:C} £.50c+01 %
5008104
A.50e101 -
4000101
35000 - v ———— pmans — ™ —
DS U LETH 02 025 0.3
Paosition {m}
Tolal V'einperalure Feb 23, 2010

FLUENT 8.3 {24, dp, pbr, ske)

Fig. 7. The temperature contours and the chips surface temperature using waler at heat flux
600 W/m*



M. 68 S.A. EL-agouz, M.M. Bekheil and A.E. Kabeel

1.0de+2
0.80e+HN
9.37e+01
8850+
8230501
7.81e+¢0
7. 200+01
6.77a0}
8266401
3.13a+01

5218401
4.58a+01
4.1+
1.64a+01
31240

2800001

Lw'tousol Tolgl Temperatue {¢) ENT 63 (3 mpgf‘\s.zs?;u
FLY .3 (2d, dp, )

03 1.400+02 -

E- chipi
__'_'mm ! 1.00p+02 - AN
-~ chig2-l /-
_rgmgg“[ 200131
[==chip3-i
f'_;:g"!l’&r to0eal {
Yol

i

Termnperaiure 7oooios

(c}
5.00CHD -}
5.00e40% -1
4.00e101 — — —r .
Q 0.05 0.1 .15 0.2 0.26 0.3
Position {rn)
Total Tarmporalwa fob 15, 2010
FLUENT 8.3 (24, dp, pbns, ske)

Fig. 8. The (emperature contours and the chips surface temperature using water at heat flux
800 W/m?



Mansoura Engineering Journal, (MEJ), Vol. 35, No. 1, March 2010. M. 69

9.50e+01
90der01
8580101
8.12e401
T et
¥ 202401
s 6140401
{6 200!
5820401
£.%0+01
.'~: {300+

‘PR
3860+
1520401
3106e+01
L60e101

Cortous of Total Temperalure (c) e 2, 2010
FLUENT 6.3 {2d. dp, pors, she)

b3 5506+

g

ch1~r G00e+Q3
* chip2d 5.50e+0)

D
5

.,
e

* chip2- 5.00a+01

. t 4.50e+01
chind Total |

Temperature 4.00c+01

e em—— -
T e e ——

ey

() 3
3.50e+01
3006101 o \
2 EQe+(1
2.00e+03 + Y Y : - .
0.05 0.1 D15 0.2 0326 03
Position (m)
Tolel Temperature Feb 26, 2010

FLUENT 6.3 (2d, dp, pbns, ske)

Fig. 9. The temperaturc contours and the chips surface lemperature vsing dioclectrical oif at
heat flux 100 W/m®



M. 70

8.50e+01
3 M0
8580401
| s1zedl
: T 66a+{)}
T 0e401
gy G001
| 520001
4 562e+01
5.360401
4 90e+01
4 A4
330001
14820+
3.06e01
2600+01

Contours of Tolal Yemperature (¢

S.A. EL-agouz, M.M. Bekheit and A E. Kabeel

A0 12,2010
FLUENT 6.3 (20, tp. pors. ske)

Cane|
b-2
: 12.-‘34 1.00e+02
* chiptd :
* chiptr 2.00e+01 - ki
- ohipt | /N S ™\
A 0.00e+01 i ' ' Y
[ chi2 N R '
* chip3 7.00e+01 , 1 H § :
* Ghp3r . E ¢ : : v
_'_c_rﬂp_’&i__r_r : : : :
otal 6.00e+01 . : : .
Temperature : : . " H
(¢} 5.00e+01 : Y ] } f :
4.00e+01 - .
3.00e+01 .
2.00e1+01 q T T v — \
0 0.05 0.1 Q.16 02 028 03
Position (m)
Total Temperature Fob 26, 2010

FLUENT 6.3 (2d. dp. pbns, ske)

Fig. 10. The temperature contours and the chips surface temperature using dioelectrical oil at

heat flux 200 W/m?



Mansoura Engineering Journal, (ME]), Vol. 35, No. 1, March 2010.

20

Average surface Nusselt number

i I B L S— ™ I T

0

200

Waler
—&@— Chip |
- @ Chip2
—a&- Chip3
400 600
Heal Mux, Win?

M. 71

Fig. 11. The rclationship between the average surlace nusselt number and heat flux for water

Average surface temperature, °C

Fig. 12. Average wall temperatare versu time for water cooled chips.

SOT

30

Waler
q=200 W/m?

Experimental  Theorelical Chips

20

40

® ——— 2
A Lo 3
T [ Y N S
60 80 100 120
Tane, min



M. 72 S.A. EL-agouz, M.M. Bekheit and A E. Kabeel

o
LA

o =)
o =
[« | ¢

-

Average surface temperature, °C

| il
45 _‘ q"=100 W/m?
Experimental  Theoretical Chips
* J
. : -
L 3
e e e S N D A SE S S
0 20 40 G0 80 100 120
Tune, min

Fig. 13, Average wall temperature versus time for oil cocled chips.




