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Abstract. In this work a numerical and experimental analysis of the natural convection in a
cavity with protruding heat sources mounted on the base and cooled laterally is performed. In
the numerical solution the flow is assumed in steady state, laminar and two-dimensional. The
fluid physical properties do not vary with temperature, thermal radiation is neglected and the
Boussinesq approximation is adopted. The finite volume method is employed for the
discretization of the equations and the numerical solution is obtained by using the SIMPLE
algorithm. The velocity and temperature fields in the flow are obtained. In the experimental
work, the temperatures are measured by means of thermocouples fixed in the upper and lower
surfaces and also by means of a traversing probe that allows to take measurements in the flow
field. The effect of the sources dissipation rates, the cavity aspect ratio and the lateral walls
temperature on the sources temperature is observed. The temperature profiles in the cavity
floor, as well the flow field temperatures are traced and a reasonable agreement between
numerical and experimental results was found.
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1. INTRODUCTION

The increasing technological development of the electronic industries permits the
fabrication of very small components, resulting in a corresponding increase of the heat fluxes
per unit volume and, consequently, of the temperature levels. This can cause an increase in the
failure rate of the component, because the therma deterioration factor varies amost
exponentially with temperature. The energy dissipated must be effectively removed to keep



the temperature levels below the critical limit. Among the severa existent mechanisms to
remove the heat, natural convection is preferred, if possible, due to the smplicity and because
it does not rely on other devices.

For a discussion on the thermal management and control of electronic equipment see, for
example: Baum (1969), Scott (1974), Kraus & Bar-Cohen (1983), Incropera (1988),
Nakayama & Bergles (1990), Peterson & Ortega (1990) and Bar-Cohen (1992), among others.

There is a number of more specific numerical and/or experimental works dealing with the
components as protruding heat sources that partially block the flow: Kelleher er al. (1985);
Afrid & Zebib (1987), Shakerin (1987), Nickell et al. (1987), Chen & Kuo (1988), Shakerin et
al. (1988) and Ramos et al. (1998), among others.

In the present work a numerical and experimental analysis of the natural convection in a
cavity with protruding heat sources, simulating electronic components, mounted on the cavity
base, is conducted. The cavity is laterally cooled, as shown in Figure 1.
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Figure 1: Cavity with protruding heat sources at the base.

2. NUMERICAL ANALYSIS

2.1 Assumptions

The flow is considered laminar, two-dimensional and in steady state. The physical
properties do not vary with temperature, thermal radiation is neglected and the usual
Boussinesq approximation is adopted.
2.2 Dimensionless Variables

The following dimensionless variables were used:

Distances: x"=x/L and y"=y/L

Vveodities: u"=ul(a/L) and v'=v/(a/L)

Pressure: P™=P/[p(alL)?]

Temperature: 7° = (7'~ 1., )/ (gz21%,)

Modified Rayleigh number: Ra,= gL’ I(k ,av)



Sourceterm: S" =k, /k, (sources) or S°=0 (fluid)

Properties: kD:kj,/k_f. and u"”=o (sources)or k" =1 and u"” =1 (fluid)

2.3 Formulation

The governing equations can be written in dimensionless form:
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2.4 Average Nusselt Number

The average Nusselt number in the source faces can be determined through the coupling
of the conduction-convection equations at the interface (i), resulting:

— L » 1[Pr"
Nu; :—E OF%%¢D (5)

where:
¢": generalized coordinate (direction x" or »");
n": generalized coordinate (x" for directiony or y" for direction x);

P : perimeter of the source (3L);
i :referstotheinterface.

2.5 Boundary Conditions

All the surfaces are impermeable and the no dip condition is assumed. Furthermore, the
upper and lower surfaces are adiabatic. Therefore:



Atthesidewalls(x"=0 and x"=W/L): u"=v"=T"=0 (6)

O
Atthebase (y”=0)and at thetop (y"=H/L): u"=v"= ‘ZD =0 (7)

2.6 Grid

Structured non-uniform grids were used with smaller and constant spacing along the
sources where the gradients are more pronounced, with a smooth increase in the spacing from
this region. Grids were generated according to a distribution function based in the power law,
a a rate less 10%, because sudden changes in the spacing can introduce numerical
instabilities, as explained by Roache (1976).

2.7 Method
The numerical solution of this problem was obtained by using the Finite Volume Method

with the Power Law scheme and the SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) algorithm due to Patankar (1980).

2.8 Convergence Criterion

The convergence criterion of the iterative process was as follows:
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where:
¢ : admitted tolerance;

¢ : generalized parameter (u”, v" or T);
n  referent to the n-th iteration;
i,j : position of the point in the domain.

3. EXPERIMENTAL ANALYSIS

A cavity was built with aluminum lateral surfaces, maintained at a constant temperature
by means of a thermostatic bath. The upper and lower surfaces are made of epoxy and are
thermally insulated from the external ambient by Styrofoam. The sources are constituted of a
set of resistors in parallel, electrically insulated and covered by a 165 mm long aluminum bar
of 6x6 mm section, to simulate the shape of an electronic component. Thermal paste was used
in the assembly of the sources on the board to reduce thermal contact resistance. All
temperature measurements were made by type J thermocouples (Iron-Constantan) AWG-32,
using adigital multimeter of 4% digits, coupled to a computer and to a compensation system
(cold junction). The measuring locations are indicated in Figure 2.

Figure 3 shows part of the experimental apparatus. The complete experimental assembly
and more details about the procedure can be found in Ramos et al. (1998).
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Figure 2: Position of the thermocouplesin the cavity.

Figure 3: Part of the experimental apparatus.

4. PROCEDURE

In order to observe the influence of the cavity aspect ratio on the sources temperature, three
values were considered, H/W = 0.125, 0.25 and 0.5.The effect of the temperature of the lateral
walls were aso verified considering 7, = 15, 20 and 25°C. The power dissipated in each
source was 2.5, 5.0 and 7.5 W, corresponding to Ra, = 0.8x10* 1.6x10" and 2.4x10%
respectively, with the physical properties considered at 60°C. Thus, the ratio of the thermal
conductivities of the source (aluminum) and of the air is expressed by &/ k; = 7285 (Bejan,
1996). In this case, the size of the source was used as the characteristic length (L = 6 mm).

A parametric analysis was conducted based on the configuration: H/W = 0.25, 7. = 20°C
and Ra, = 1.6x10% two of these values were always used and the other was varied within the
range considered, in order to study the influence of each parameter on the flow, resulting in
the cases presented in Table 1, where the bold number represent the values that vary respective
to the baseline case considered (case 2). The maximum flow temperature was taken as the
control parameter because it is directly related to the heat transfer in the flow.



Table 1: Description of the casesto be considered.

Cases Ra, H/W T.[°C]
1) 0.8x10* 0.25 20
2) 1.6x10" 0.25 20
(3) 2.4x10* 0.25 20
(4) 1.6x10* | 0.125 20
(5) 1.6x10" 0.5 20
(6) 1.6x10" 0.25 15
(7 1.6x10" 0.25 25

5. RESULTS

Grid tests were initially made for each of the cases to be studied numerically, utilizing the
values of the basic configuration, with the maximum flow temperature taken as the control
parameter. Figure 4 is only a form representation of the grids tested. The grids selected are
presented in Table 2.

Figure 4: Form of the grid used in the numerical solution.

Table 2: Grids used in the numerical solution.

Aspect | Number of | Number of volumes| Total number
ratio | gridpoints | on the sources of volumes

0.125 | 262x42 400 10400
0.25 262x62 400 15600
050 | 262x102 400 26000

The average Nusselt number of the sources (Nu;), as well as the maximum temperature in
the cavity floor (7p,u..), obtained numerically are shown in Table 3.

Figures 5 to 7 show the numerical results of the effect of the power dissipated in the
sources, of the cavity aspect ratio and of the cooling temperature of the lateral walls, on the
temperature of the cavity floor (7p), where the sources are mounted.



Table 3: Average Nusselt number in the 20
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Cases Niul = N7u4 mz = ma Tpmax [OC] |
(1) 6.21 1.94 110.3
2 6.82 2.17 134.0
(3) 7.24 2.36 176.9
4 5.41 0.38 212.5
(5) 8.97 2.88 124.3
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Figure 6: 7p in the cavity asa Figure 7: Tp in the cavity as afunction
function of the aspect ratio. of the side walls temperature.

Streamlines and isotherms obtained numerically are shown in Figures 8 and 9,
respectively. Figure 10 shows the isotherms obtained by the interpolation of the experimental
data measured in twenty five positionsin five sections of the flow (y =0, H/4, HI2, 3/AH and H),
for the basic configuration considered (case 2).

Figure 8: Streamlines obtained numerically (case 2).



Figure 9: Isotherms obtained numerically (case 2).
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Figure 10: Isotherms obtained experimentally (case 2).

The temperature profilesin severa flow sections (y = 0, 1/4H, 1/2H, 3/AH and H), obtained
experimentally through the traversing probe and by thermocouples installed in the upper and
lower surfaces of the cavity were presented previousy by Ramos et al. (1998), for each one of
the cases studied. Figure 11 shows a comparison of the temperature profiles of the lower surface
of the thermal cavity obtained numerically and experimentally for the baseline case considered.
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Figure 11: Numerical and experimental temperature
distribution in the cavity floor (case 2).

6. CONCLUSIONS

The streamlines illustrate the air movement inside the cavity and how the protruding
sources block the flow, affecting the lines in this region. Also, the formation of recirculation
cells can be observed between the sources. Although not shown in this work, the formation of
more recirculation cells was observed as the power dissipated increases, or the cavity aspect



ratio decreases. The isotherms represent the temperature gradient that the flow is subjected,
and it may be noticed that, even though the sources dissipate the same amount of heat, the
extreme sources (1 and 4) are more strongly influenced by the cooling of the lateral walls,
exhibiting lower temperature levels than the inner sources (2 and 3).

By analyzing the temperature distribution in the lower surface, where the sources are
mounted, we can conclude that as the power is increased, the temperature levels increase, and
the same happens when the aspect ratio is decreased. It is adso verified that the cooling
temperature of the side walls practically does not influence the sources temperatures, because the
range of variation is restricted and the differences between the temperatures of the sources and
of the sidewallsis high.

Respective to the average Nusselt number in the sources, it may be noticed that the values
for the sources in the extremes are always higher than that for the inner sources. When the power
dissipated is increased, the values of the average Nusselt number increase moderately. When the
aspect ratio is increased, a considerable increase in the values of the average Nusselt number is
observed. The cooling temperature of the lateral wall does not interfere with the vaues of the
average Nusselt number.

A reasonable similarity between the isotherms obtained numerically and experimentally was
noticed for the baseline case considered. A better agreement could have been obtained with more
experimental measurements, without the need to interpolate the data, thus permitting a better
definition of the curves.

Comparing the numerical and experimental temperature profiles for the basdine case
considered, it can be verified that they exhibit a reasonable agreement, and the differences can be
attributed to the hypotheses used to simplify the numerical solution, such as to neglect the heat
conduction at the base and the radiation and not to mention errors inherent to the experimental
procedure.

Eventualy, the multigrid technique will be implemented numerically, the variation of the
physica properties with the temperature will be considered and experiments will be made for the
determination of the flow velocity field, utilizing laser anemometer and/or flow visualization
techniques.
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