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Abstract

Laminar-mixed convection of a dielectric fluid contained in a two-dimensional enclosure is investigated in the

present paper. Within the enclosure discrete heat sources of a constant heat flux are flush-mounted on a vertical wall.

Forced flow conditions are imposed by placing a propeller at different locations within the enclosure. The analysis is

performed for a wide range of heat fluxes, from the order of 10,000 to 100,000 W/m2, way in the trend of current

computer chips, such as the Pentium IV, and the future ones. Emphasis is placed on the influence of the governing

parameters, such as buoyancy parameters, the aspect ratio of the enclosure, and location of the propeller. The flow and

temperature fields are obtained as part of the solution.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the development of the first electronic com-

puters in the 1940s, the demand for faster and denser

circuit technologies and packages has been accompanied

by increasing heat fluxes at the chip and package levels.

Based on the extrapolation of historical trends, micro-

processor power is expected to reach 200 W within a few

years with the average power density reaching values as

high as 125 W/cm2 [1]. Over the years, significant ad-

vances have been made in the application of air cooling

techniques, involving either free or forced convection,
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to dissipate the energy coming out of the computer

chips.

Several analyses have been carried out to investigate

the parameters that affect the convective heat transfer in

an enclosure with heat sources mounted on its walls.

Sezai and Mohamad [2] numerically studied the three-

dimensional effect of free convection in a rectangular

enclosure. A heat source was placed on the bottom of

the enclosure. Two cases were analyzed: one in which

vertical walls were considered as adiabatic and a second

one with the vertical walls maintained at a constant

temperature. The aspect ratio was varied for both cases.

At Rayleigh numbers of the order of 103, energy from

the heat source was mainly dissipated by conduction,

while at Ra > 103 heat transfer was dominated by

the advection mechanism. Deng et al. [3] numerically

investigated steady natural convection induced by mul-

tiple discrete heat sources in two-dimensional horizontal
ed.

mail to: abelh@salamanca.ugto.mx


Nomenclature

AR aspect ratio

Cp liquid specific heat

D diameter of the propeller

Gr Grashof number, gbq00D4=ðkm2Þ
H height of the enclosure

k liquid thermal conductivity

L length of the heat source

Nu local Nusselt number, q00D=kDT
Pr Prandtl number, m=a
q00 heat flux from the heat sources

Re Reynolds number, UiD=m
T temperature

Ti temperature at the right vertical wall

Ts temperature at the heat sources

u horizontal velocity component

U dimensionless horizontal velocity compo-

nent, u=Ui

Ui velocity rate of the propeller

v vertical velocity component

V dimensionless vertical velocity component,

v=Ui

x; y Cartesian coordinates

X ; Y dimensionless Cartesian coordinates,

X ¼ x=D; Y ¼ y=D

Greek symbols

b coefficient of the thermal expansion

l absolute viscosity

m kinematic viscosity

h dimensionless temperature, kðT � TiÞ=ðq00DÞ
q density
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enclosures. Several cases were performed and it was

found that the interaction between heat sources and the

separation between them play a key role in the devel-

opment of the heat and fluid flow patterns.

A numerical and experimental analysis of a rectan-

gular enclosure with four heat sources embedded on a

vertical wall was done by Ho et al. [4]. The aspect ratio,

location of the heat sources and the effect of Rayleigh

number was investigated. Their results agreed with

those obtained by Sezai and Mohamad [2] at different

Rayleigh numbers. This study also shows that the con-

vection flow of the air increases for high aspect ratios,

forming multiple cells in the central region of the enclo-

sure.

Combined forced and natural convection in enclo-

sures and partial enclosures has also been investigated in

the recent past. However, studies related to this subject

were mainly concerned with vented enclosures. Calmidi

and Mahajan [5] reported a numerical study of mixed

convection on a heated horizontal surface within a

partially open vertical enclosure using air as the working

fluid. Two values of the Grashof number, 104 and 105,

were considered for different Reynolds numbers, thus

different ratios of Gr=Re2 were calculated. They found

that choosing the correct location for the exit boundary

was crucial to the accuracy of the quantitative results.

Angirasa [6] presented a numerical study for mixed

convection of airflow in an enclosure having an iso-

thermal vertical wall. Forced conditions were imposed

by providing an inlet and a vent in the enclosure. Both,

positive and negative temperatures potentials were

considered, making the Grashof number vary from )106

to 106. In their study steady-state solutions could not be

obtained for higher positive values of the Grashof
number and for buoyancy-dominated flows. In general,

forced flow enhanced heat transfer for both negative and

positive Grashof numbers.

Hsu and Wang [7] investigated the mixed convective

heat transfer in an enclosure with heat sources embed-

ded on a vertical board placed in the middle of the

container. The heat sources were placed at different

locations on the board and the enclosure had an inlet

and a vent for the outgoing air. It was found that the

arrangement of the dividing board in the enclosure

generated significant changes in both the thermal flow

field and the heat transfer coefficient.

Transient laminar mixed convection in a two-

dimensional opened enclosure partitioned by a con-

ducting baffle was numerically studied by How and Hsu

[8]. The enclosure had a constant flux heat source of

finite length, the inflow opening located on the left ver-

tical wall and the outflow opening on the opposite wall.

The study was performed for a range of Gr=Re2 from

0.001 to 30. It was found that due to the interaction

between the cold forced flow and the buoyancy-induced

flow, the values of Nusselt number for all cases initially

had a rapid decline, followed by a damping oscillation,

and finally attaining steady state. It was also found that

at lower values of Gr=Re2, the Nusselt number appeared

to increase only slightly with an increasing value of

Gr=Re2. This phenomenon indicated the fact that forced

convection dominated the heat transport mechanism for

small value of Gr.
Although air cooling continues to be the most widely

used method for cooling electronic packages, it has long

been recognized that significantly higher heat fluxes

cannot be dissipated by this mean. The successful

introduction of direct liquid immersion cooled super-
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computers in the late 80s led to believe that the direct

cooling with dielectric liquids may be the solution for

computer chips in the very short-future. Tou et al. [9]

performed a three-dimensional study of natural con-

vection cooling of heat sources flush mounted on a

vertical wall of a rectangular enclosure. The enclosure

was filled with various liquids and cooled by the oppo-

site wall. The results indicated that the flow field is

complex since it is affected by the temperature field in-

side the enclosure.

The aim of this study is to investigate the forced

convection imposed by a propeller in a closed, not-

vented enclosure. The propeller is placed at two different

locations of the enclosure. Within the enclosure three

heat sources are embedded on a vertical wall, and the

enclosure is filled with a dielectric fluid. Numerical

solutions for the temperature and fluid fields are ob-

tained for various Grashof numbers between 106 and

107, ratios of Gr=Re2 between 0.2 and 2, and different

aspect ratios of the enclosure.
Fig. 1. Geometry considered.
2. Geometry model

The physical model and coordinate system of the

problem under consideration are shown schematically in

Fig. 1. Two cases are investigated for a two-dimen-

sional-closed enclosure of height H and length C, filled
with the dielectric fluid FC-70 manufactured by 3M.

Three heat sources are flush-mounted on a vertical wall

and provide a constant heat flux for both cases. The heat

flux range for each of the three heat sources is varied

between 10,000 and 100,000 W/m2.

The dimensionless distances for each case of analysis

are:

(a) Case 1. D ¼ E1 ¼ E2 ¼ 1, H ¼ 7, S ¼ 1:8, L ¼ 1:4,
and C is varied from 2.8 to 7.

(b) Case 2. D ¼ 1, H ¼ 7:2, S ¼ 1:8, L ¼ 1:4, E1 ¼ 1:8,
E2 ¼ 0:4, and C is varied from 3.6 to 7.2.
3. Governing equations

The mathematical description of the fluid flow and the

convective heat transfer in the closed enclosure is based

on a two-dimensional, incompressible, laminar flow,

steady state formulation in a Cartesian coordinate system.

The fluid properties are considered to vary with temper-

ature. The compressible work and the viscous dissipation

terms are neglected in the energy equation. The dimen-

sionless equations describing the flow are as follows:

Continuity equation:

oU
oX

þ oV
oY

¼ 0 ð1Þ
Momentum equations:

U
oU
oX

þ V
oU
oY

¼ � oP
oX

þ 1

Re
o2U
oX 2

�
þ o2U

oY 2

�

U
oV
oX

þ V
oV
oY

¼ � oP
oY

þ 1

Re
o2V
oX 2

�
þ o2V

oY 2

�
þ Gr

Re2

� �
h

ð2Þ

Energy equation:

U
oh
oX

þ V
oh
oY

¼ 1

PrRe
o2h
oX 2

�
þ o2h
oY 2

�
ð3Þ

The governing parameters that appear in the above

equations are the Prandtl number, Pr; the Reynolds

number, Re; and the buoyancy parameter Gr=Re2, which
describes the tendency of the phenomenon, whether it is

natural convection, forced convection or mixed com-

bined effects.

To compare the heat transfer characteristics of a

system, the Nusselt number is usually employed. The
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local heat transfer coefficient and Nusselt number on the

heat source surface are calculated as:

h ¼ q
TS � Ti

ð4Þ

Nu ¼ hD
k

ð5Þ

4. Boundary conditions

The boundary conditions for this analysis are:

(a) For the vertical wall where the heat sources are

embedded (X ¼ 0):

• At exactly the position where the heat sources are,

the heat flux at the sources is given in a dimensionless

fashion by:

oh
oX

¼ �1 ð6Þ

• For the rest of the adiabatic wall:

oh
oX

¼ 0 ð7Þ

• Non-slip flow condition at the wall

U ¼ V ¼ 0 ð8Þ

(b) For the rest of the walls:

• At X ¼ C=D, the right-hand-side wall:

h ¼ 0; U ¼ V ¼ 0 ð9Þ
• At Y ¼ H=D, the top of the enclosure:

h ¼ 0; U ¼ V ¼ 0 ð10Þ
• At the bottom, Y ¼ 0:

oh
oY

¼ 0; U ¼ V ¼ 0 ð11Þ

With the exception of the coefficient of thermal

expansion, b, all properties for the fluid FC-70 vary with

temperature, according to:

qðkg=m3Þ ¼ 1984� 1:93ðT � 273Þ ð12Þ

kðW=mKÞ ¼ 0:07� 0:00001ðT � 273Þ ð13Þ

lðPa � sÞ ¼ ð7Eþ 20ÞT�9:0994 ð14Þ

CpðJ=kgKÞ ¼ 1014þ 1:554ðT � 273Þ ð15Þ

where T must be given in Kelvin.

The coefficient of thermal expansion for the FC-70

fluid is:

b ¼ 0:0010K�1 ð16Þ

Values of fluid properties were provided by 3M

[10].
Forced flow conditions are imposed by a propeller

operated by an external motor with a nominal power of

5.61 W. Small propellers of this type have a typical

uniform flow of about 2 m/s, however for implementing

the effects of the propeller in the fluid domain, the

pressure rise associated with it is considered. The pres-

sure gradient as a function of velocity is given by:

op
os

¼ 6:7861ui þ 562715 ð17Þ

where s is an arbitrary direction in the Cartesian coor-

dinates and ui is the velocity for the s-direction, and

obtained from data for typical propellers of this size.
5. Numerical analysis

According to the position of the propeller, two cases

were investigated, described as follows:

(a) Case 1. Propeller centered on the enclosure next to

the right-hand-side vertical wall facing the heat

sources. For this case the value of the aspect ratio

(AR) is kept constant as 2.5, 1.81, 1.43, 1.18, 1,

respectively, while the ratio Gr=Re2 varies.

(b) Case 2. Propeller placed next to the left wall under-

neath the heat sources. For this case the value of AR

is kept as 1.8, 1.5, 1.2, 1, and, as in Case 1, the ratio

Gr=Re2 varies.

Numerical solutions for the governing equations with

the associated boundary conditions were obtained using

finite element techniques. The numerical simulations

were performed varying the number of elements of the

grid in order to increase the accuracy and efficiency for

the solutions. Non-uniform grids were employed in the

analysis, with denser grids clustering in regions near the

heat sources and the enclosed walls. The pressure gra-

dient due to the propeller is a condition of momentum

imposed exactly where the propeller is situated (along its

diameter), modeling the effect that the propeller has on

the fluid next to it.
6. Results

The heat sources considered in this study provide

constant heat fluxes varying from 10,000 to 100,000

W/m2, which are the typical heat fluxes of current

computer chips, such as Pentium IV which provides a

heat flux of about 60,000 W/m2 [11]. This heat flux

range corresponds to a ratio Gr=Re2 between 0.2 and 2.

The ratio Gr=Re2 was obtained varying the Grashof

number for each aspect ratio considered, whereas the

Reynolds number was maintained as a constant for all

cases.



Fig. 2. Temperature fields for different aspect ratios and Gr ¼ 3:8� 107. Case 1: (a) AR¼ 2.5, (b) AR¼ 1.81, (c) AR¼ 1.43, (d)

AR¼ 1.18, and (e) AR¼ 1.
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Case 1. Fig. 2 shows the temperature fields for the

different aspect ratios, a heat flux of 100,000 W/m2 and a

ratio Gr=Re2 ¼ 2, therefore expecting natural convection

to play a role in the energy dissipation. The propeller

was placed near the vertical wall opposite to the wall

where the heat sources were embedded; a dimensionless

separation of about 0.98 between the wall and the pro-

peller was considered. Since this separation between the

vertical wall and the propeller is kept as constant, it can

be observed that as the aspect ratio increases the forced

fluid flow is much stronger near the region where the

heat sources are placed. It was found that the maximum

temperature occurs above the top of the highest heat

source for all aspect ratios considered, whereas the

central region of the enclosure has the lowest tempera-

ture due to the forced fluid conditions provided by the

propeller. Another hot point is located near the bottom

left corner of the enclosure. The results show that this

configuration allows to keep the largest temperature
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Fig. 3. Effects of the aspect ratio on the
away from the heat sources, avoiding an increase in the

chips temperature.

The variation of the maximum temperature in terms

of the aspect ratio is shown in Fig. 3. It is clearly seen

that the maximum temperature decreases as the aspect

ratio increases within the region where AR<1.43, be-

yond which the maximum temperature is nearly con-

stant as the aspect ratio increases. This implies that the

minimal temperature distribution may occur at an as-

pect ratio of 1.43. The minimal temperature is of

importance to achieve the optimal heat transfer effect

inside the enclosure since it cannot be simply stated that

the larger or the smaller the aspect ratio, the lower the

temperature.

Fig. 4 shows the dimensionless temperature at the

vertical wall where the heat sources are embedded. It is

clearly seen that the temperature decreases as the dis-

tance increases for Y < 2:5, and remains more or less

constant within the region where 2:5 < Y < 4:5, whereas
1.9 2.4

R

q =   10 000 W/m2
q =   20 000 W/m2
q =   50 000 W/m2
q =   80 000 W/m2
q = 100 000 W/m2
Boiling Point

maximum temperature for Case 1.
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temperature increases as the distances increases for

Y > 4:5. Thus, the lowest temperature is found in the

central heat source, as expected. Although the variation

of temperature looks symmetrical for Y ¼ 3:5, the

maximum temperature was reached above the highest

heat source (Y ¼ 6) and it was slightly larger than the

temperature at the lowest heat source, which indicates

that natural convection plays a role in the effective heat

transfer. It is evident from Fig. 4 that forced convection

is predominant in this analysis and therefore, the

asymmetry for Y ¼ 3:5 is hardly detectable.

The local Nusselt number along the Y distance is

plotted in Fig. 5. Results show, as expected, that the

local Nusselt number increases as the Y distance in-

creases for Y < 3:5; at Y ¼ 3:5 (central heat source) the

Nusselt number reaches its higher value and for Y > 3:5
the Nusselt number decreases as the Y distance in-

creases. It is clearly seen that the Nusselt number in-

creases as the aspect ratio increases within the region

where AR<1.81; when AR>1.81 the Nusselt number

becomes smaller. This can readily be explained because

as the aspect ratio increases the amount of dielectric

fluid working as a coolant is smaller.

The fluid behavior for all aspect ratios considered is

shown in Fig. 6. As it was expected, the fluid travels

along the enclosure from the propeller placed next to the

right-hand-side wall to the opposite wall where the heat

sources are placed and splits at this point forming two

rotating cells and generating a stagnation region at the

central heat source. Other stagnation regions can be

observed at the corners of the enclosure and it was found

that as the aspect ratio decreases the stagnation regions

become larger. It is clearly seen that the forced fluid flow
is much stronger in the region where the heat sources are

placed as the aspect ratio increases. As the aspect ratio

approaches 1, the fluid flow near the heat sources is

weaker and the two rotating cells become a bit asym-

metric due to the effect of natural convection. It was

found that both, the temperature fields and the fluid

behavior, were similar for all cases of the heat flux range

considered.

Case 2. Fig. 7 presents the temperature field for Case

2, with a constant heat flux of 20,000 W/m2, and a ratio

Gr=Re2 ¼ 0:419. Although Case 2 was performed for the

whole heat flux range described earlier, it was found that

the dielectric fluid reached its boiling point for high heat

fluxes and AR>1.2. In order to draw some valuable

comparisons and conclusions for this case, it was deci-

ded to present results for low values of heat flux and

Gr=Re2 ratios. The propeller was placed underneath the

heat sources (sending the forced flow in a way parallel to

the heat sources) and it was kept in the same position for

all aspect ratios. It can be inferred that this is the best

position for the propeller since forced fluid conditions

are added to the effects of natural convection therefore

increasing the effective heat transfer. It can be observed

from Fig. 7 that maximum temperatures within the

enclosure occur at the region where the top heat source

is placed, whereas the rest of the fluid within enclosure

has almost a uniform temperature, except for AR¼ 1.

Fig. 8 shows the variation of the maximum temper-

ature within the enclosure in terms of the aspect ratio. It

is clearly seen that as the aspect ratio increases from 1 to

1.2 the maximum temperature decreases, and from this

point on, as the aspect ratio increases the maximum

temperature increases. It can also be observed from
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Fig. 8 that the boiling point of the fluid is reached when

heat fluxes of about 100,000 W/m2 are considered, for all

aspect ratios. Likewise, as AR>1.2 the dielectric fluid

reaches its boiling point for heat fluxes larger than

20,000 W/m2. Therefore, an aspect ratio of 1.2 should be

considered as the better option for this configuration

since it allows to keep the lowest maximum temperature

of the heat flux range considered without reaching the

boiling point of the fluid.

Fig. 9 shows the dimensionless temperature (semi-

algorithmic scale is used in order to appreciate the ten-

dency) along the vertical wall where the heat sources are

embedded. As the Y distance increases the dimensionless

temperature increases very slightly within the region
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Fig. 9. Dimensionless temperature at the vertical w
where Y < 5, which corresponds to the place where the

lowest and central heat sources are located, this means

that forced convection in this region is very strong.

When Y > 5 (highest heat source) two different ten-

dencies can be observed for the different aspect ratios

considered: (1) for 1<AR<1.5 it was found that the

dimensionless temperatures increases as the Y distance

increases from Y ¼ 5 to 6 (central part of the top heat

source), and from this point forward the dimensionless

temperature starts a decrease due to the closeness to the

top wall of the enclosure which is maintained at a con-

stant temperature; (2) for AR¼ 1.8 it was found that the

dimensionless temperature increases rapidly as the Y
distance increases. Although the top wall is at the same
4.5 5.5 6.5

Y

all where the heat sources are placed, Case 2.



Fig. 11. Velocity vectors for different aspect ratios and Gr ¼ 7:6� 106. Case 2. (a) AR¼ 1.8, (b) AR¼ 1.5, (c) AR ¼ 1.2, (d) AR¼ 1.
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distance for all aspect ratios, it was found that for

AR¼ 1.8 the forced fluid flow in the top heat source

region is almost neglected, causing an increase of tem-

perature within this region. This will be explained fur-

ther in Fig. 11.

The local Nusselt number variation at the surface

of the heat sources is plotted in Fig. 10. It is seen that

the maximum Nusselt number is found at Y ¼ 2 (the

beginning of the lowest heat source) where the thermal

boundary layer begins to develop. Forced fluid flow gets

hotter as it flows upwards along the vertical wall,

therefore decreasing the Nusselt number. However, after

its decreasing tendency, the Nusselt number increases

rapidly as it approaches the edge of the top heat source

for AR¼ 1 and 1.2, whereas for AR¼ 1.5 the Nusselt

number increases only very slightly and for AR¼ 1.8 it

keeps its decreasing tendency. The abrupt increase in the

Nusselt number can be explained in the following way:

near the region where Y ¼ 7 the thermal boundary layer

is probably already separated and, at the same time
there is a small counter-clockwise recirculation at the

top left corner of the enclosure with fluid flow near to

the vertical wall giving as a result the formation of a

second boundary layer around Y ¼ 7.

The fluid behavior, having a single rotating cell

developing, is shown in Fig. 11 for Case 2. Since there

was a dimensionless separation of 0.2 between the pro-

peller and the vertical wall where the heat sources are

embedded, a small stagnation area can be seen in this

region, although not affecting the general results of the

analysis. The results show that for AR¼ 1 and 1.2 the

rotating cell develops occupying the whole space within

the enclosure (except for the corners), whereas when the

aspect ratio increases the rotating cell tries to keep its

circular form not reaching the top wall of the enclosure.

Stagnation regions are observed at the corners of the

enclosure and at the highest part of the enclosure for

AR¼ 1.5 and 1.8, which indicates that the fluid at these

regions is not doing its job as a coolant, but develops

somehow stagnant. This suggests that the geometry of
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the enclosure could be changed by smoothing out the

corner areas, aiding the circulation of the fluid. It is

remarkable that the temperature and fluid fields were

similar for all cases of heat flux range considered in the

analysis.

Fig. 12 shows the variation of maximum temperature

reached by the fluid for the heat flux range considered in

this analysis, for both cases. The largest temperatures

for all aspect ratios for Case 1 and for AR¼ 1 and 1.2

for Case 2, do not reach the boiling point of the fluid

(488 K) for the whole heat flux range considered in the

analysis. It is interesting that this does not happen, since

in an earlier study by Grimaldi et al. [12], it was found

that for smaller heat fluxes of the heat sources the

boiling point of the same dielectric fluid (FC-70) was

reached, making the cooling process not feasible by

means of natural convection alone (that study was per-

formed for natural-cooling means only). In the present

study it was found that the boiling point of the dielectric

fluid is reached for heat fluxes larger than 20,000 W/m2

when AR P 1.5 only for Case 2.
7. Conclusions

The effects of coupled forced-convective-flow and

natural-convective-flow cooling in a completely closed

enclosure filled with dielectric fluid have been investi-

gated. Fluid patterns were found for two different

cooling schemes, Case 1 having the cooling propeller

facing the intensive-high-sources, and Case 2 having the

cooling propeller underneath the sources (and sending

the forced flow in a way parallel to the wall where the
heat sources are located). Three heat sources, each

having a heat flux in the ranges of 10,000–100,000 W/m2,

were placed on a vertical wall of the enclosure.

Results showed that the top heat source was in all

cases the hottest source. From the temperature and

velocity fields for both cases, it can be inferred that Case

1 could provide the best cooling for the heat sources,

since energy is distributed throughout a larger region

making the upper left corner of the enclosure be the

region where the maximum temperatures are reached,

whereas in Case 2, the largest temperatures occurred

right by the heat sources, not dissipating as well the

energy. It can be also seen that Case 1 provides the best

cooling option for the heat sources since the dielectric

fluid does not reach its boiling point for any aspect ra-

tios considered in this analysis, whereas in Case 2, the

dielectric fluid reaches its boiling point for AR P 1.5.

Although the propeller for Case 2 was placed in such

a way that the forced fluid flows parallel to the heat

sources (aiding natural convection), convective heat

transfer is much larger for Case 1 due to the fact that the

forced fluid flow hits the heat sources in a perpendicular

direction. Therefore, it can be concluded that the loca-

tion of the propeller for Case 1 makes the effective heat

transfer removal more efficient.

The fact that the boiling point of the dielectric liquid

is not reached for all aspect ratios for Case 1 and for

several aspect ratios for Case 2, even when highly-

intensive heat fluxes are placed, implies that mixed

convection cooling (forced plus natural convection),

using a dielectric liquid as the working fluid, may be-

come the solution of cooling for computer chips in the

very short future.
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