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1. ABSTRACT

[n this study, the combined effect of convection and radiation
heat transfers is studied in an array of electronic chips mounted
between two parallel plates. The chips are cooled by a radiatively
non-participating gas flowing inside the passage. The three-
dimensional convection part of the problem was solved using the
19-point Finite Analytic Method and the radiation analysis using
the Discrete Ordinates Method. Results showing the effects of
convection alone and combined radiation and convection are pres-
ented. For the geometry and conditions studied here, radiation heat
transfer represents 33% of the total heat transfer.

2. INTRODUCTION

Since the development of the first electronic digital computer,
heat transfer analysis played an important role in the design of its
components. The use of the large-scale integration technologies to
the very large-integration increased the heat dissipated by these
systems. Such increase has made the role of heat transfer more and
more important. Further development of high speed circuits could
be limited by the inability to maintain effective cooling.

One of the most common electronic equipment configurations
involves forced convection in parallel plate channels. In this con-
figuration, an array of heat dissipating components are mounted to
plates as shown in figure 1. Heat transfer from the array is in-
fluenced by forced convection to the coolant, conduction to the
plate and by radiation exchange among surfaces.

The reduction in size and the increase in power of these com-
ponents created the necessity to refine the methods in heat transfer
analysis. Initially, Sparrow, Niethmmer and Chaboki (1982) mea-
sured the pressure drop and heat transfer in an array of heat gener-
ating blocks similar to the ones displayed in Figure I. They used
the naphthalene sublimation technique to determine the average
heat transfer coefticient. In addition, they studied the effect of
missing modules and the presence of barriers inside the channel.
Their results were obtained for Reynolds numbers of 2000, 3700
and 7000. Later, Braaten and Patankar (1985) studied a similar
problem of an array of rectangular blocks by a numerical method.
To simplify the three-dimensional character of the problem, they
assumed a negligible separation between modules in the stream-
wise direction. As a consequence, they were able to assume fully
developed flow in this direction and reduce the problem to two di-
mensions. They solved the two-dimensional governing equations
by the control volume numerical method. Asako and Faghri
(1988) studied also a similar problem of laminar forced convection
heat transfer using the control volume method. However, they
considered in their analysis the full three dimensional
equations. To simplify the domain of solution, t
odic fully developed flow, a conce
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(1991) studied the mixed-convective heat transfer phenomena in
the entrance of a three-dimensional channel with one heated ele-
ment.

This study analyses the combined effect of convection and
radiation heat transfer in the array of electronic chips dispiayed in
figure |. The fluid is considered radfatively non-participant with
constant properties. As a result, the divergence oftk}e radiative
heat flux vector vanishes, and the transport and radiation models
become explicitly decoupled. Implicitly however, the two model.
are interdependent through the temperature field and the wall hea
fluxes. Due to the relatively low coolant flow rates and small
physical dimensions of the components and the passages, the flow
is also assumed laminar. To the author's knowledge this is the firs
three-dimensional analysis which includes convection-radiation
heat transfers.
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Figure 1. Heat Transfer of Electronic Components
3. DEFINITION OF THE PROBLEM

The problem to be considerad in this study is depicted sche-
matically in figure 1. It involves the determination of thres-
dimensional heat transfer and.fluid flow characteristics for lamina
forced convection-radiation cooling of an array of square heat-
generating modules. The modules are positioned along one wall

a thermaily insulated parallel wall channel. Each square module
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has a length of 2.4 cm and height 0.9 cm. The separation gap be-
tween them is equal to 0.6cm and the gap between the module and
the opposite wall is 1.5 cm.

The domain of numerical solution can be greatly simplified
using the congepts of symmetric and periodic fully developed
flow. After a defined number of modules Patankar, Liu and
Sparrow(1977) reported that the flow becomes periodic, i.e., the
velocity, a reduced pressure and a reduced temperature field be-
come periodic. This notion is an extension of the fully developed
concept used in flows inside ducts of uniform cross section
(Chapman, 1987). Besides periodicity, it is reasonable to assume
symmetry with respect to some planes in the spanwise direction.
With this assumptions it is possible to simplify the geometry of
this problem and reduce the computational domain to the one rep-
resented in figures 1(b), 1(c) and 2. The fluid flow is in the posi-
tive x direction with a Reynolds Number of 100. The planes at
¥=0.0 and at y=1.5 are considered planes of symmetry, and the top
and bottom walls are regarded adiabatic. To solve the radiation
problem, the fluid is considered air with an inlet temperature of
305 K. All surfaces are assumed black with the temperature of the
blocks constant and equal to 320 K.

Figure 2. Domain of Solution of the Electronic
Component Shown in Figure 1.

4. GOVERNING EQUATIONS

In a duct limited by a boundary of periodic cross section, the
flow inside presents two characteristic patterns. An entrance region
where the flow is in a developing process and a fully developed
region where the velocity components exhibit a periodic behavior
(Sparrow, Niethmmer and Chaboki, 1982). In the last case, this pe-
riodicity in the flow field can be represented by

Ulx,y,2) = Ux+L,y,2) = Ux+2L,y,2) = ..
V(x,y,2) Vix+L,yz) = V(x+2L,y,»z) =

(1)
Wix,y,z) Wix+L,yz2 = W(x+2L,_v.z) = ...

where L is the period of the boundary along the x direction. The
pressure does not obey the same periodicity of the velocity field.
However, if constant properties of the fluid are assumed, the drop

in pressure between consecutive domains of length L is always the
same and

p(x,y,z) — p(x+L,y z) = P+L,y,2) = p(x+2L,v,2) = ..

or plx,y,z)—p(x+L,y,z) = -l with & constant. As a result, the
pressure field can be divided in two components

p(x,v,2) = —0x + P(x,y,2) (2)
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The ox term is related to the global mass flow and P(x,v,2z) is re-
lated to the detailed local motion. Using these properties, and ne-

glecting buoyancy, the governing equations for laminar flow can
be written as

-%Tu«rg—;/«&—%-?—/:O ‘(321)
%—L’/+U%XQ+V%—(}:/+W%(Z/—= —p%%+
+v—’?;lej +—‘3;—lzj + -aazz—g] (3b)
%+U%+V%Z+W%—ZV= _pl_og_;%,
+vt%+%+32—5 (3c)
%+U%+V%¥+W%—sz= —P—L%—f+
+VT9;T’ZV %ZTVZV a;:’] (3d)

Equations (3a) through (3d) are decoupled from the energy equa-
tion and the fluid field can be solved independently. The boundary
conditions for these equations are

U=V=W=0.0 on solid boundaries and

V. and %Q =0.0 on symmetrical bounding surfaces.
n

Uinter = Uoutter, V. intet = Vouttets Winter = W outter

The extension of this concept to a thermally developed regime for
a flow of periodically varying cross section is based on the same
idea (Patankar, Liu and Sparrow 1977). A new dimensionless
temperature is defined by

%V, 2)—= Ty

B(x,v,2) = To T

(4)

where the local reference temperature T, , defined to take account
of possible recirculation zones where U is negative, is

AJ’ TIU)dA
Ty = (5)
y [ 10144
Here 4 is the area of the cross section at x.
In fully developed periodic flow, the shapes of the temperature
profiles at successive streamwise locations separated by the
periodic length L are the same. In terms of the temperature vari-
able 0, this similarity condition is expressed as
0(x,y,z) = B(x + Lv,z)=0(x+ 2L, 2=, (6)

If an element of length L is selected as domain of solution, this

equation provides a relation between the inlet and outlet conditions
for the element, ie.,

Qr= B(inlet,y,z) = B(ourlet,v,2) =9,
However, to solve the energy equation numerically, it is more con-
venient to define a new variable directly related to 8. This vari-

able is defined by

T(x,v.2)-T,
Tbr e Tw

O, v, 2) (7N

where T,

is the inlet bulk temperature defined in equation (4) and
Ty

is the temperature on the surface of the blocks. Replacing ¢



instead of T in the energy equation, the resulting governing equa-
tion become

% , 2 ., 3 _ 0_¢9_¢12]
- i Rl S e e R

with a = # the coefficient of thermal diffusion. The inlet and

outlet conditions can be obtained from the previous definition of
dimensionless temperature 0, equation (4), and the definition of a
dimensionless bulk temperature

¢|Uld4
b = L—-. ©)
AI |Ulda
These conditions are
o = o (g%) and ¢, =1.0. (10)

The remaining boundary conditions on the bounding surfaces are:

¢. = 0.0 on the lateral walls and
%‘B =0.0 on the planes of symmetry

z
In the radiation analysis, the medium is radiatively non-
participating and, therefore, all the radiation effects are due to the
gray, diffusely emitting and reflecting surrounding surfaces. The

governing equation of monochromatic radiative transfer is (Siegel
and Howell, 1981, Smith, 1990)

% =—(ar +s)N(C) + anfan (G, D+
4r
+ 32 7 new) o0 w,0,) do, (H)
4n 0
where
dly

&L is the variation of monochromatic intensity along the

line of sight direction §.

a», is the monochromatic absorption coefficient.

sx the monochromatic scattering coefficient.

(ar+s52)11(Q) the attenuation of monochromatic intensity
along z due to the absorption and outward scattering characteristics
of the medium.

arxIp (L, T) is the augmentation of monochromatic intensity
into z due to emission in the medium.

Y

4n
monochromatic intensity due to inward scattering of the incoming
radiant energy into z.

I is the monochromatic blackbody radiant intensity, w; is
the incident solid angle, and @ is the scattering phase function.
The solution was obtained for the limiting cases ax =0.0
and 52 =0.0.

4ar
(G, w;) O\, , ;) dw; is the augmentation of
0

S. NUMERICAL SOLUTION

The solution was obtained using a new program FANS-3D
(Bravo,1991) based on the 19-point three dimensional Finite Ana-
Iytic Method (Chen, Bravo and Xu,1991). In this program the mo-
mentum and energy equations are discretized using the 19-point
Finite Analytic Method (FAM). The coupling between the
continuity and momentum equations is handled using the SIM-
PLER (Patankar,1980) approach. Under the assumption of fluid
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with constant properties mentioned earlier, the velocity and pres-
sure fields were obtained before solving the temperature field. The
coupling between radiation and convection was treated by energy
balances on the walls. Since the walls are insulated by hypothesis,
the net energy absorbed by the wall was considered equal to the
energy leaving by convection.

The discrete ordinates method (Fiveland, 1987) was used to solve

equation (11) for the intensity. In this method, equation (11) is
discretized as

o Widnsli 4 O el + YA ]+ 0(S) +S2)AV, o
L uiAru + 6lAc.w +YiAﬁb +aBAVP ( )
subject to
K=ot +(1—a)lf =) + (1 =)+
=od "+ (1 =)l (13)
where
Si=(1-Q)Bls = alfy
SZ=4S—KZWJI;I¢,] (14)
j

In equations (12) to (14), a is a spatial interpolating weight, and
w; are the weights for the integration procedure. A,s,A4.. and AV,
are, respectively, the north-south and east-west areas of the ele-
ment control volume where equation (12) is being applied. I is
the outgoing intensity in the discrete direction i at the center (p) of
that grid element, and the superscripts xr and xe indicate the refer-
ence (where energy originates) and end (where energy arrives)
faces for the coordinate direction x. Similarly for the y- and z-
directions.

The boundary conditions for equation (12) at any solid sur-
face k and for any discrete direction i is

l1-€
( T )ZW)‘V,II/ (15)

where € is the surface emittance, and y is the cosine of the angle

between the normal to the surface and the direction of the incident
intensity. In equation (15), subindex i indicates a direction going
from the surface toward the internal medium while subindex j in-

dicates directions going from the medium toward the surface.

One of the advantages of the discrete-ordinates method is the
fact that it provides, after each iteration and without any extra ef-
fort, the solution for the whole intensity field. This characteristic
of the method allows for the simulation of symmetric and periodic
boundaries. The required boundary conditions are:

li=¢ely+

I; =1, for symmetric boundaries
/
I{ =1} for periodic boundaries

(16)
(17

where subscripts i and i’ indicate mirroring directions and super-
scripts a and a' indicate boundaries facing each other. The net
radiation fluxes at any solid surface are evaluated as

qk = Z Wiy,
j

where the summation is performed over all the discrete directions.

When the medium is non-participating, the divergence of the
radiative heat flux vector vanishes, and the transport and radiation
models become explicitly decoupled. Implicitly, however, the twc
models are interdependent through the temperature field and the
wall heat fluxes. The radiation part of the problem, equations (12!
through (18), were solved using the radiative heat transfer code,
ANDISORD4 (Sanchez, Smith & Krajewski, 1990). With this
code, an S-8 implementation (80 discrete directions) of the

(18
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discrete-.ordinatcs model was applied. Although not required, the
same grid was used for the flow and radiation models.

6. RESULTS OF COMPUTATION

The results for the flow field computation are shown in fig-
ures 3 through 8. The velocity profiles for the u component are
shown in figure 3 at two locations, at the inlet and at the center be-
tween modules. The top and front views of these profiles are dis-
played in figures 3(b) and 3(c). These figures show that the
velocity between modules and the upper plate is similar to the ve-
locity profile in a fully developed flow between two plates, or Poi-
seuille flow. The velocity has a profile nearly parabolic with a
maximum at the center region. The magnitude of velocity in this
upper region is much bigger than the magnitude of velocity in the
lower region. However, this last area contains most of the heat
transfer area of the modules and further study is required.

Figure 4 through 8 display velocity vectors on different
planes. Figure 4 shows them on the front plane of symmetry. The
flow between modules rotates counter-clockwise driven by the ex-
ternal flow. The magnitude of the velocity vectors shows a re-
markable difference in velocity between the upper and lower
regions again. Figures 5, 6 and 7 show velocity vectors on hori-
zontal planes located at different heights z. In these figures, we can
appreciate that the flow between modules has a very complex pat-
tern. While some portions of fluid rotate, some others are entrained
from the top of the blocks and transported to the lower sides.

(b) Top View

_ 4

(¢) Front View

Figure 3. Profiles of Velocity Component U
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Figure 7. Velocity Vectors on Planez=0.315
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Figure 8. Velocity Vectors on Plane x = 1.5

Profiles of dimensionless temperature ¢ on three different
planes are shown in figures 9 and 10. The value of temperature [0}
on the surface of the blocks is zero and the value of the bulk tem-
perature at the inlet is equal to one. Figure 9 shows these profiles
when only convection heat transfer is considered. As expected, the
profiles of temperature are perpendicular to the top and bottom in-
sulated plates, which can be better appreciated in the lateral view

(a) 3-D View

(b) Top View

(c) Front View

Figure 9. Dimensionless Temperature Profiles
Conduction-Convection Problem

(a) 3-D View
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(b) Top View

(c) Front View

Figure 10. Dimensionless Temperature Profiles
Conduction-Convection-Radiation Problem

in figure 9(c). This figure also shows that the fluid moving be-
tween the blocks has a temperature very close to the temperature
of the blocks. Specifically, the fluid near the bottom wall has al-
most the same temperature of the blocks. The maximum dimen-
sionless temperature ¢ (coldest dimensional temperature) is on
the top insulated wall.

Figure 10 shows dimensionless temperature profiles when
convection and radiation are included. The temperature profiles in
this case are quite different from the ones discussed for convection
alone in figure 9. The top insulated plate does not have the maxi-
mum value of ¢, Instead, it has an intermediate temperature be-
tween the temperature of the blocks and the temperature in the
center region. The maximum value of ¢ is in the center region be-
tween the top plate and the top surface of the modules. This effect
can be better appreciated in the front view shown in figure 10(c).
The higher temperature on the top plate (and the lower temperature
on the bottom plate) is due to the radiation effect; the top plate
receives a net radiating energy coming from the blocks and the
bottom plate. Since this plate is insulated, this incident net radiant
energy is dissipated by convection, indicated by a positive slope of
the profile at this point. The ¢ profile has a maximum in the cen-
ter region and decreases as we move closer the bottom plate.
However, close to this plate this profile increases again. This in-
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crease suggests that heat is transfer by convection from the fluid to
the bottom wall. Because this wall is insulated, the same amount
of encrgy is irradiated to the top wall. Figure 10 (b) also shows
the top view of these dimensionless temperature profiles.

An energy balance when convection-radiation heat transfer
was considered shows an increase on the rate of heat transfer of
49.1% compared with the computation considering only convec-
tion heat transfer. It is quite normal to neglect radiation in a nor-
mal forced convection radiation analysis, the reason being, that the
convection part is much bigger than the radiation. This study
shows that this is not always the case, specially when the flow
field contains large regions of low velocity. This is the situation if
the modules are attached to the lower plate very close to each oth-
er. The slow velocity of flow between modules creates a low con-
vection heat transfer in this region and an increasing contribution
from radiation. In this situation, radiation heat transfer is very im-
portant and should be considered.

7. CONCLUSION

In this study, the combined effect of convection and radiation
heat transfers in an array of electronic chips is examined. The
chips are cooled by a radiatively non-participating gas flowing
around them. The problem is solved combining a new Finite Ana-
lytic Formulation with the Discrete Ordinates Method. The three-
dimensional numerical solution shows that radiation can contribute
with a significant part in the overall heat transfer process. For the
geometry and conditions studied here, radiation heat transfer
represents 33% of the total heat transfer.
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