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ABSTRACT

A numerical study of mixed conv. . tion cooling of heat dissipating electronic component, located
ina rectansular enclosure .and cooled by an external through flow of air is carried

out .A conjugate problem is solved by primitive variables method. describing the flow and thermal
fields in air .The interaction between the components is of interest here, depending on  their
relative placement in the enclosure, and different configuration are considered. for Re=100

laminar, steady flow is predicted for up to Gr/Re? =25 according to heal source location in the
enclosure. The mixed convection regime, where the buoyancy effects are comparable to the forced
flow, occurs at values of Gr/Re? between 0,01 and 25 The results are of values in  search for

suitable placement of electronic components in an enclosed region for an effective heat removal. In
general , it appears that the location of the source on the left vertical wall is the most favorable in

terms of cooling. Laminar results are predicted up for up to Gr=2.5 *10 ® for all configurations
studied .
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INTRODUCTION
An area which has seen a considerable amount of research activity in the recent vears is that of heat
removal for electronic equipment with the continued effort to decrease the size of electronic
equipment , the energy dissipated per unit area has increased substantially in most engineering
applications . Air cooling is still the most attractive method for computer systemn and other
electronic equipment .due 1o its simplicity and low cost . Thermal engineers  in the
electronics industry are always trying 1o achieve the best possible performance out of air
cooling . Inthis effort , the need to understand the variely of flow phenomena and
convective heat transfer mechanisms that are present in air - cooled electronic svstems is
obvious,
A number of studies on the convective heat transfer in enclosure . such as solar collection
systems , room ventilation and electronic circuit have heen extensively reported regarding
the cooling process. Recently, considerable attention has turned io mixed convection prohlems
owing to wany practical applications including cooling of electronic equipment and devices
{G.P. Paterson and A. Ortega 1990 1 {K.J. Kennedy and A. Zabib 1983}, In an enclosure . the
interaction between the external forced stream and buoyancy driven flow induced by the
increasing high heat flux from electronic module leads to the possibility * of complex flow.
Therefor its  important to understand the heat transfer characteristics of mixed convection in
the enclosure.
Mixed convection flow and heat transfer has been studied for inclined channels with discrete
heat sources {C.Y. Choi and A. Ortega 1993 ) , { C. Yucel , H. Hasnaoui, L. Rohillard , and
E. Bilgen 1993}, It is found by Choi that the best performance in heat transfer is obtained when
the channel is in a vertical location . The Yucel is pointed out that the normalized Nusselt
number is a decreasing function of the Reynolds number and an increasing function of the
inclined angle .{ E. Papanicolaon and Y. Jaluria 1990 and 1993} studied mixed convection
from an isolated heat source in a rectangular  enclosure . They indicated that flow patlerns
generally consist of  high- or low- velocity recirculating Celia due to buovancy forces generated
by the heat source .
[n addition. the effect of the thermal conductivity of the cavity walls on the heat transfor
phenomena was investigated by Jaluria . A later investigation { E. Papanicolaou and Y. Jaluria
19953} further presented wrbulent flow in a cavity by k-e model . Turbulent results were
obtained for Re=1000 and 20w , in the rang of Gr=5*107 1o 5*10% . A detailed study of
mixed convection in a partially  divided rectangular enclosure was presented by
{ TH. Hsu ,P.T. Hs. , and S.P. How 1997 i- It was observed that the heat {ransfer
coefficient decrease rather rapidily as the height of the partition is more than about half
of the total height of the enclosure . In  the present  work , therefore , where a  enclosure
configuration is considered , with protruding heat sources at various locations , the following
conditions are considered :-
I- convection heat transfer in the enclosure only .
2- protruding heat sources { blocks Jin the enclosure, mounted on surfaces that are either
parallel or perpendicular 10 each other,
3- Interaction between a buoyancy - induced flow and a forced flow  whose direction is
perpendicular to the gravity veetor.
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The geometry of the cavity and the relevant parameters considered here are shown in Fig(1),
for the study of the conjugate problem. The walls are assumed to be small thickness therefor
the conduction through it can be neglected .The total dimensions Hiot -Wiot include the
corresponding dimensions of the air - filled cavity plus the thickness of the walls,

Wiot
Ui U
'[ H | Hio
Ls :
i

e
R

YL W

Fig.(1).Physical model of the gavity.

e

The configuration shown in Fig.(1) is a generic case, including three location of the sources
. corresponding to the left , right and the bottom side walls. This case will be referred 10
as LRB [or brevity from now on . However. most different locations and  the corresponding
configurations will be, respectively . named as LR (for sources on the left and right walls) , LB
(left and bottom walls ). and RB (right and bottom walls ) configuration s .The heat sources
will be referredtoas L. R, and B depending on their respective  location .

The two dimensional problems is studied here . where each heal source actually represented a
row of electronic components . sufficiently long in the third dimension .

MATHEMATICAL FORMULATION

Maodel Equations

The equation describing the problem for the configuration of Fig.(1) arc the Navier-Stokes
equations for the fluid . with buovancy effect taken into account . a5 well as the energy equation ,
which describes the temperature variation through the fluid (air) , the flow assumed to be steady
.laminar, and incompressible.

The nondimensional equations can be written as ;-

¢l ay
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Where the above equation are non dimensionalized by using the dimensionless parameters
detined as ;-

X=x/Hi, Y=y /Hi

U=su/ui , V=v/ uj (5)
Pr=v/a , P=p I,ffpui : ;. Gr=g. . AT Hi 3;'!1-'2

Re=ui.Hi /v ,0=T-Ti/ AT

AT=Th- Ti

Boundary Conditions
The boundary conditions at the inflow and the outflow are, respectively ;-

Ui=1, Vi=0, 8i=0 at theinletflow.

U=0, V=0 and EU:E’F{} at thewalls, (6)
N N

Bi=1 at the heat source

ﬂi = o = L2 =0 at theexit flow(smothexit)

aN N N

The sensitivity of the solution to the outflow boundary conditions was tested by Papanicolaou
and Jaluria{3}. The mean Nussult number define as :-

—

L]
Nu = j——dy (7)

U aiy)

NUMERICAL METHOD

Goveming Eqs.(1- 4) were  solved numericaily by the  primitive  variables method
( finite volume method ) 1w obtain steady state laminar flow solution . with hybrid scheme
approximation  for the convective terms {1.P. Simoneau , C. Inard , and F. Allard 1988}, The
second upwind and central differencing  scheme were also used for comparison and no
significicent differences were found .

To determine the appropriate grid size with which grid independent solutions can be
Obtained , the calculation were done on increasingly finer grid size distributions, A 2171
uniform grid with a denser clustering near the walls was considered 10 give — independent
result . To corroborate this the 21%2] grid results were compared with the solution on an
42*48 uniform grid . The two results compare very well with each other with a maximum
local difference of 4.5% in the two solutions. The general transport equation for laminar flow in
cartesian coordinates may be presented by :
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where
i=123
flpau _
———L" = convection  term

ax, 8}

b1

r'."_ b |

F¢ ETx—— | = diffusion term
iJ

X

5¢ = ource  term

where @ is the dependemt variable . Table (1) gives the expressions for the source terms
Sy for each variable that is likely to be needed in solving cooling problems |

Table (1) Source Terms in the Transport Equations.

Equation i I’ 8,
Conntinuity | m 0
Momentum U] = U u P, +1/3uV.U)+pg,
Momentum U2=T L - Py = 1/3{(uV.U)+ pgy
Momentum Ul=1] M ~ Pz +1/3{uv.U)+ pEz
Temperature T r Q/Cp

ﬁll—_ - : —_ =
M dynamic viscosity , [': diffusion coefficient ( diffusivity )

If we use the Boussinesque approximation, we get --
Pg, =pg, =0

T
pE. = —g(l - &FI | where AT=T-=Tr (%)

e

Tr = Reference Temperature

Solution of Governing E ions

Most of the reviewed material solve the models using the finite volume based methods. The
most frequent scheme used in solving the air flow was the SIMPLE scheme and some of its
varigtions  ( SIMPLEC ete...). Most investigators used the hybrid method ( central / upwind
Differencing ), for solving the transport equation, In the following sections the equations are first
discretized using finite volume methods, then a suitable difference scheme is applied. The solution
process 1s finally concluded with the method of applying the boundary conditions,

Discretization Methods

Te solve the governing equations numerically they must be discretized and formulated in such
a way to preserve there nature. Two main methods of discretization are the finite element and finite
difference methods. The use o fthe finite element method was thought to be much better since
it offers greater flexibility specially for difficult geometries, Finite difference schemes are widely
used . and are the more common . Complex geometry’s can be modeled when generalized
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coordinates are used. Finite difference scheme may be derived cither by using the Taylor expansion
polvnomial approximation or by the use of the finite volume scheme.

Finite Volume Method (Control Volume)

The basic idea of the control volume (CV) formulation is to divide the domain into a number
of non-overlapping CV's such that there is one CV surrounding each grid point. The differential
equation is integrated over each CV ., {H.K . Versteeg and W. Malalasckera 1995 } .The most
attractive f-ature of the CV formulation is that the resulting solution would imply that the
integral conservation of quantities such as mass, momentum and energy 15 exactly satisfied over
each and any group of CV's and of course over the whole computational domain.

This characteristic exists for any number of grid points , not just in a limiting sense when the
number of grid points becomes large. Then , even the coarse-grid solution exhibits exact integral
balances.

Two Dimensional Discretization

The general transport equation may be written as,

dpv) @ i
At +axi{Ji}_E'¢

(100
o
3 == .IL el —
where J. le'I' liI*f;

Ii represents all the flux due to both diffusion and convection. The source term may be
expressed as a lincar expression :-
Se = b®_ +¢ - (11)

Note the pressure term is excluded from the source term (in the momentum equation) in
the solution procedure, and the linearization is done for all other terms only .

v velocity
¥ — 5 uvelocity
e ﬂw{
ﬁ L 9
Ay vell
5 4 > N-
4
]
2
=1
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Fig.(2). Grid and control volume for 2D field (H K. Versteeg).
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Integrating using the CV we get

(P, =piO0 JAAAL+T, =1, +1, -1, = (b®, +c)AA (12)

where n (north) and s(south) are the neighbouring points of p in the v-direction , AA=AX* AY
is the areaof the CV,and the I's arc the integrated total fluxes. Integrating the continuity gives,
[PF-P:J’—‘-PMHF.-F“ +FE -F =0 (13)

where the F's are the mass flow rates through the control surfaces, The g....... two-dimensional
discrcti;mliqn equation can be obtained from eq.(12) and eq.{13), and is given by,

[Zaﬁa:—b\!mp:Za,'ﬁﬁc (14)

where

Za, =d,=a,+a_ +a, +a,

IZEI'IEII =a,®, +a, 0, +a,® +ad (15}

a; =p; AA /AL
b=5 AA
¢=54AA +a ]

Applying any scheme 10 solve this will give the values of ai, for instance if the Hybrid
scheme is used ,

a, = (0.D, —0.5F} + (0.-F,)

s = (0.0, ~03E,)+(0.F,) a6
a, ={0,D, - 0.5F,|}+ {0,-F, )

a, ={0.D, -0.5E/)+ (0.F )

The convection and diffusion fluxes are given by,

F=0pU)ay & D, = I Ay/Bx,

Fo=(pU)ay & D, =T Aylx, a7
Fi! o {PUL&]‘[ &' J.';!u i !..l:'.jl'.'!".":ﬁ:r.r

F=(pU)ax & D, =TI Ay/ay,

All the coefficients in eds. (15) and (16) are wsed for solving for{ Temperature , kinetic and
dissipation , .. ), the velocity components are calculated on & staggered grid and there values differ,

RESULTS AND DISCUSSION

Definition of Physical and Geometric Parameters

The resulis to be presented here will focus on the effect of  certain parameters . while
keeping the others fixed. More specifically , the parameters listed below in dimensionless
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form , chosen to represent a cavity that would most likely appear in an electrome
system , although not exclusively so, are kept fixed atthe following values see Fig(1) ).

Aspect ratio of the air - filled cavity A = H*/W* =1, Hi* =Ho® = Ls* = 1, di"/H" = do™/H" = 0,557
The distance of the center of the sources from the bottom of the cavity is taken
such that ds*/H*=0357. while on the bottom wall the corresponding  distance is
ds*/W" = 0.5, measured from the left vertical wall. The parameters to be varied here the

Grashol number , the number of the sources , and the relative locations of the sources. All
the alternative cases will be compared toench other. The Reynolds number is being kept
fixed in this work at Re=100 , a value representative  of the laminar regime
characterizing on  incoming flow of a relatively low velocity. For instance, an air flow of about

0.1 m /s _entering through an opening 2 em height at 20¢” would yield a Reynolds number of
the above — mentioned order of magnitude Higher values of Re have been considered
betore {Jaluria 1990}, and the basic flow in the cavity were not affected significantly as
long as Re=<1000 The Grashof number is varied in the range Gr=10°-25*10% and this
effect will be presented .

In what follows , as a variation in the Richardson number (jr,-"' Re? over the corresponding
range .Gr,-'f]:?.ue2 Is a more suitable parameter in mixed  convection problems and since the
Reynolds number is kept fixed , varying the value of Gr_.Jf Re?  will be equivalent to varying
the heat input from the sources. Generally |, the Grashol number encountered in  electronic
cooling are of the order of lﬂs or higher, butin this case .in order to get a more complete
picture of the effect of Cir/Re? on the heat transfer, the rang of Gr has been extended to
lower values,

Flow and thermal field for steadv mixed convection

Fig.(3,4,5) shows the velocity vectorin the enclosure at different values of Richardson number
Gr/Re*=5 and 25 of fixed value of Re=100 and different location of heat source { LR
.LB,RB).

All these cases leads to steady laminar solution. The flow field shows unicellular pattern at
Gr,"'REE =35, but at this value a secondary flow develops due to the buoyancy effects from

source R, at the base of the right side wall . At 11_.‘r1'_."'lRI=32 =235, the secondary ¢ell becomes bigger
and  occupies more of the space originally belonging to primary cell . The temperature field
{ Isotherm contours , Fig(6,7,8) }in the fluid adjacent to source L exhibits the characteristics
of a natural convection boundary layer a plumelike pattern of isotherms at all values of

Gr/Re? chosen while for source R such a pattern makes its appearance ti:'rrliifr,-'r Re? =5, source
R 1s shown to be subject to an opposing recirculating flow.
For the same values of Re and Gr/Re® as before, the corresponding results for the LB

configuration as shown in Fig(4) the buovancy induced flows due to both the sources are now in
the same direction .aiding the recirculating flow  Therefore a unicellular flow pattern is observed

at all values of Gr/Re? . with the recirculation gradually increasing with an  increase in
Gr/Re? . Thermal boundary layers are clearly observed over both sources, the BR configuration
gives rise 0 a variety of flow patterns, as seen in Fig(5) .

At 'l.'_}r,-'f Re? =5, the external flow dominates over the buoyancy effects and the flow field
resembles the one generated ina driven cavity, At a higher buoyancy level Gr/Re® =25, the

buoyancy effects from source B again add 1o the recirculation of the original cell , while the
secondary cell is now due to buoyancy effect from the source R only and is restricted 1o a region

44



. ! MIXED CONVECTION FROM ELECTRONIC EQUIPMENT |
i :;:Tj";i:ﬁ;:; A COMPONENT AT DIFFERENT POSITION AN ENCLOUSER BY |
R ey . _PRIMITIVE VARARBILS METHOD |

form , chosen to represent a cavity that would most likely appear in an electronic
system , although not exclusively so, are kept fixed atthe following values see Fig(1) ).

Aspect ratio of the air — filled cavity A = H*/W* =1, Hi* =Ho® = Ls* =1, di*/H" = do™/H" = 0.557]
The distance of the center of the sources from the botiom of the cavity is taken
such that ds*/H*=0.357. while on the bottom wall the  corresponding distance is
ds*/W* =05, measured from the lefi vertical wall. The parameters to be varied here the

Grashof number , the number of the sources , and the relative locations of the sources, All
the alternative cases will be compared to each other. The Reynolds number is being kept
fixed in this work at Re=100 , a value represemtative of the laminar regime
characterizing on  incoming flow of a relatively low velocity. For instance, an air flow of abour

0.1 m /s entering through an opening 2 ¢m height at 20¢” would yield a Reynolds number of
the above — mentioned order of magnimude Higher values of Re have been considered
betore {Jaluria 1990}, and the basic flow in the cavity were not affected significantly as
long as Re=<1000 The Grashof number is varied in the range Gr=10°-25*10% and this
effect will be presented .

In what follows , as a variation in the Richardson number Gr/Re2 over the corresponding
range . IZ:'rr_J'f Re? Is amore suitable parameter in mixed  convection problems and since the
Reynolds number is kept fixed , varving the value of l:'j-r_.-'f Red  will be equivalent to varying
the heat input from the sources. Generally , the Grashol number encountered in  electronic
cooling are of the order of 107 or higher, but in this case .in order to get a more complete
picture of the effect of Gr/Re® on the heal transfer, the rang of Gr has been extended to
lower values,

Flow and thermal field for steady mixed convection

Fig.(3,4,5) shows the velocity vectorin the enclosure at different values of Richardson number
Gr/Re* =35 and 25 of fixed value of Re=100 and different location of heat source { LR
.LB,RB).

All these cases leads 1o steady laminar solution. The flow field shows unicellular pattern at
Gr/Re? =5, but at this value a secondary  flow develops due to the buoyancy effects from

source R, at the base of the right side wall . At I:Z‘rr_.Ilf Re? =25, the secondary cell becomes bigger
and  occupies more of the space originally belonging to primary cell . The temperature field
{ Isotherm contours , Fig(6,7,8) }in the fluid adjacent to source L exhibits the characteristics
of a natural convection boundary layer a plumelike pattern of isotherms at all values of

Gr/Re* chosen while for source R such a pattern makes its appearance for Gr/Re? = 5, source
R 15 shown 1o be subject to an opposing recirculating flow.
For the same values of Re and Gr/Re? as before, the corresponding results for the LB

configuration as shown in Fig(4) the buoyancy induced flows due to both the sources are now in
the same direction ,aiding the recirculating flow . Therefore a unicellular flow pattern is observed

at all values of Gr/Re? . with the recirculation gradually increasing with an  increase in
Gr/Re? . Thermal boundary layers are clearly observed over both sources, the BR configuration
gives rise 0 a variety of flow patterns, as seen in Fig(5) .

At Gr/Re? =5, the external flow dominates over the buoyancy effects and the flow field
resembles the one generated ina driven cavity. At a higher buoyancy level Gr/Re® =25, the
buoyancy effects from source B again add 1o the recirculation of the original cell , while the
secondary cell is now due to buoyancy effect from the source R only and is restricted 1o a region
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adjacent to the right vertical wall, this change in the flow paterns and the direction of the
buovancy-i=duced flow from source B can be seen in the isotherm plots{ Fig(8) ).

Average Nusselt number Nu i

Fig(%) shows the relative magnitude of the average Nussell number w, at the sources for
mixed convection over the corresponding value for  forced convection Nuf . at different
values of Gr/ Re?, can be plotted . as shown in Fig(9) . Generally, the ratio 7;4_-.._,.5 ot increase
with {}l‘.."'FtJ&1 except in BR configuration at low Gr/Re’ .In that case , the opposing effects

dominates and an increasing trend is observed .
This  behavior was also found in the opposing forced — flow results of {11, where the
Nusselt number curves crossed the forced convection asymptote as Gr/Re? decrease before

approaching the asymptote value. The results can  be decribed by  a correlation of the
following form :-

Nu 4‘ g ¥
_—— e [H:I

Nuf \Re <)

Where ¢ depends on the configuration and the source location and has the computed values
shown in Table (2).

Table (2) Magnitude of C Parameter.

CONFIGURATION | SOURCE LOCATION C
LR L 00518
LR R 0.0248
RB R 0.2463
REB B 2391
) LB L 0.6906 |
LB 0.1859

All these have correlation coefficients close to 0,99 . It can be observed in table above . that in
the LB configuration the variation of the Grashof number has a much larger effect on the heat
transfer compared to the other two configuration .

CONCLUSION

A numerical procedure was developed to simulate the laminar mixed convection cooling of
electronic components  located in an enclosure . Results are presented for the flow field and
temperature distribution in the fluid ( air ). The numerical method presented is very  robust
and capable of treating different numbers , locations of heal sources.

In general , it appears that the location of the source on the left vertical wall is the most
favorable in terms of cooling . Laminar results are predicted up for up to Gr=2.5 *10° for
all configurations studied .

The two-dimensional model studied here applies 1o two or three long rows of electronic
modules  mounted on either one of two vertical printed circuit boards or on a  horizontal
board and extending in the direction normal to the plane under consideration . The results from
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the various cases studied are extremely  helpful in understanding  the flow patterns that
develop in an air — cooled electronic enclosure and the thermal interactions  between the
components, this allows for an evaluation of the various alternative placements of the
components and selection of the one that leads to the best thermal performance . Quantitative
heat transfir result  were also obtained and compared to previously existing data for
configuration of relevance to the present ones,
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NOMENCLATURE

A Area

a Coefficient values

D Diffusion factor at control surface

d Vertical distance from the bottom of the enclosure
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€,W,1,5 Values at
east.west.north,south
F Flow rate at control volume
Gr Grashof number
GrRe<  Richardson number
g Acceleration of gravity { body foree )
H Height of air-filled cavity
Hi, Ho - Height of the inflow and
outflow channels
J Flux due to both diffusion and convection
Ls Length of the heat sources
Na Average Nusselt number in mixed convection
Muf e ] T i
erage Nussel number in forced convection
P Dimensionless local pressure
Pr Prandtl number
Re Reynolds number
5 o Heat source
T Physical temperature
AT Temperature scale
. [ Th-Ti)
u.v Dimensionless horizontal and vertical velocity
Lii Mean value of the horizontal velocity
component at the inflow
W Width of air-filled cavity
Xy Dimensionless horizontal and vertical coordinate in general form equal N
GREEK NOMENCLATURE
i}l Dependent variable
a Thermal diffusivity
f Coefficient of thermal expansion
B Dimensionless lemperature
v Kinematic viscosity
SUBSCRIPTS
i Inflow
0 " Dutflow
h Hot location
- Cold location
L]

Dimensionless quantities
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Fig.( %) The Variation of the Ratio of the Average Nusselt Number at the Source in Mixed
Convection Nu. to the Forced Convection Value Muf. m Various Values of Gr_.-"lR-:?' and
He=101
(A) LR configuration. (B) LB configuration. (C) RB configuration.
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