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Abstract—A comprehensive analysis is made of the flow and heat transfer characteristics of mixed con-
vection in a channel with rectangular blocks attached on one channel wall. The flow geometry models the
cooling process of integrated chips of high-power densities mounted on a multi-layered printed circuit
board system. Extensive numerical solutions are acquired to the governing Navier-Stokes equations under
the Boussinesq-fluid assumption. The finite thickness of the board is fully accounted for; the conjugate
nature of the heat transfer within a single module is deseribed. In an effort to move closer to realism, the
thermally-periodic boundary condition is imposed on the two successive plates. Details of the flow and
thermal fields, for Reynolds numbers ranging from 100 to 1500 and Grashof numbers in the range of 0 to
2% 10° are presented for two representative cases, i.e. a horizontally-oriented channel and a vertically-
oriented channel. The behavior of the local Nusselt number along the block surfaces is portrayed. The
distributions of the temperature and of the heat transfer rate on the surface of the base plate are illustrated.
The trend of the maximum chip temperature vs Re is depicted. In light of the conjugate heat transfer
analyses of the present study, it is asserted that such oversimplified assumptions as the isothermal or
adiabatic surface wall conditions may not be entirely appropriate for simulating the cooling of modern
electronic devices.
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1. INTRODUCTION

ONE OF the serious requirements in the design and
operation of modern high-powered electronic tech-
nologies has been an efficient thermal control of the
system. For instance, the power densities in the state-
of-the-art electronic computers are extremely high.
Consequently, unless an effective removal of the
excessive heat generated within the devices is in place,
performance of these sensitive electronic devices
deteriorates rapidly.

The principal elements in these sophisticated elec-
tro-mechanical systems are the arrays of chips
mounted on a printed circuit board (PCB). The chips
convert the electrical power input into thermal energy,
and therefore the cooling of the chips is an issue of
central concern [1]. The common practice is to utilize
the fluid flow in one form or another ; the heat trans-
port between the PCBs and the chip blocks depends
mostly on the convective heat transfer processes. Fig-
ure | shows a sketch of the flow and heat transfer
problems in hand.

A perusal of the relevant literature reveals that
this problem has been a subject of active research.
For example, Ramadhyani et al. [2] made numerical
studies of conjugate heat transfer from small iso-
thermal heat sources embedded in a large substrate in
the laminar forced convection regime. Davalath and
Bayazitoglu [3] examined numerically the forced con-

1To whom correspondence should be addressed.

vection cooling of rectangular blocks, using the Reyn-
olds number and the spacing between the blocks as
the variable parameters. It is important to note that
they treated the PCBs as cither adiabatic or con-
ducting; and the essential features of the forced con-
vection were studied.

In response to the demands for higher-performance
electronic systems, the packaging has become denser
and the temperature differentials in the system have
increased. This brings about a significant impact
caused by the effects of natural convection. The heat
transfer in the present consideration therefore con-
stitutes a problem of mixed convection, and this forms
the main topic of this paper.

The literature on the general subject of mixed con-
vection heat transfer is extensive [4]. For instance,
Pera and Gebhart {5] made experimental investi-
gations on the interactions between laminar natural
convection thermal plumes. Jaluria [6] addressed the
interactions of natural convection wakes arising from
thermal sources on a vertical surface. Habchi and
Acharya [7] dealt with the laminar mixed convection
about a symmetrically or asymmetrically heated
vertical plate. Kennedy and Zebib [8] focused on the
heat transfer characteristics and flow patterns result-
ing from four specific local heat sources. Two-dimen-
sional mixed convection on a horizontal and a vertical
adiabatic plate was investigated experimentally by
Jaluria et al. [9, 10]. As to the mixed convection in a
parallel channel, Maughan and Incropera {11] made
experimental measurements in the thermal entry
region for various channel inclinations. Braaten and
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except at the mid-height of the block
Gr  modified Grashof number (gfgL"/4kv?)
H height of block
H, height of heat sources from the plate
surface on which IC chips are mounted
k thermal conductivity
L length of block
L, upstream length from the first block
L, downstream length from the last block
L total length of the plate
Nu  local Nusselt number
P dimensionless pressure (P = p/pU})
Pe Peclet number (Pe = RePr = U,LJj%)
Pr Prandtl number (v/x)
4 heat per unit length
q heat per unit volume (g = ¢/ WL)
o’ dimensionless heat input
(Q = 44L%/g = 4L|W)
Re Reynolds number (U, L/v)

NOMENCLATURE
B plate thickness S spacing between the blocks
C spacing between the neighboring plates T, uniform inlet temperature
G, specific heat at constant pressure T temperature
d spanwise gap between the IC chips U,  uniform inlet velocity
F step function which draws a line between u, v dimensionless velocity components
the horizontal and the vertical cases U,V dimensionless velocity components
g acceleration due 16 gravity (U=uU,, V=2/Uy)
G step function which is zero everywhere, w width of the heat source

x,»  physical coordinates
X, Y dimensionless x, v coordinates
(‘Y = .\"!'L‘ Y = }"flL).

Greek symbols

% thermal diffusivity

b coefficient of volumetric expansion

© dimensionless temperature

(T —To)/(q/4k))

v kinematic viscosity of fluid

I density of fluid

b4 dimensionless stream function.
Subscripts

0 reference value

max —maximum

5 solid region

w wall.

Patankar [12] carried out numerical computations for
three-dimensional situations under similar flow con-
ditions. These publications have presented detailed
information on the principal characteristics of mixed
convection about a plate or inside a channel.

For the flow geometry in the present study, major
considerations should be given to the fact that one or
several blocks are attached to an inside wall surface
of the channel. Therefore, a proper modeling of the
interactive nature surrounding these blocks and the
bounding PCB plates is of paramount importance. As
illustrated schematically in Fig. 2, the thermal per-
formance of the whole system depends crucially on
the removal by the fluid stream of the heat generated
by the chip blocks. The earlier papers by Patankar ez
al, [13-15] and Knight and Crawford [16] delineated
the heat transfer characteristics of the flow con-
figuration in a similar manner to that in Fig. 2. How-
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FiG. 1. Schematic of flow configuration.

ever, these works were concerned with the situations
in which there exist a large number of blocks mounted
on very long PCBs. These authors portrayed the flow
with streamwise periodicity between the successive
blocks/fins by invoking the assumption of a fully
developed flow. Limitations of these models may be
found in the cases when the streamwise length of PCBs
is finite such that the flows at the exit may not be
taken to be fully developed. Also, if the number of
blocks is small, the streamwise periodicity between
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FiG. 2. Flow geometries. {a) Horizontal channel. (b) Vertical
channel.



Mixed convection from multiple-layered boards

the blocks may not be fully attainable. These flow
conditions are of prime relevance to certain practical
high-performance electronic devices. It is proposed
in this paper to examine the properties of mixed
convection prevailing over the flow configurations
described above. One of the key ingredients in the
modeling of these flow fields is in the treatment of the
thermal conditions applicable on the PCB plates, as
shown in Fig. 2. The majority of past endeavors has
taken the plates to be either isothermal or adiabatic {7,
10, 17]. The specification of such thermal conditions
greatly simplifies the analyses; however, no in-depth
evaluations of the appropriateness of such treatments
have been reported in the literature. It is emphasized
that a PCB plate is of finite thickness and, conse-
quently, it has finite thermal conductivity; the con-
ductive heat transport from the chips to the PCBs
can hardly be neglected, especially for devices of high
power-density. These considerations point to the
inadequacy of such simplistic thermal boundary con-
ditions as isothermal or adiabatic PCBs. The impetus
of the present paper is placed on exploring more
realistic and physically meaningful thermal con-
siderations on the PCBs ; these efforts will lead to an
improved understanding of the complicated flow and
heat transfer characteristics that take place in the
cooling processes of high-density electronic pack-
agings.

Davalath and Bayazitoglu [3] noted the significance
of the thermal interactions between the fluids in the
channel and the thermally-conducting neighboring
PCB plates. In the present study, we shall take, as a
single module, the flow domain in the cross-stream
direction, — B < Y < C. It should be pointed out that,
by this treatment, the finite thickness of a PCB is duly
accounted for. Also, it is important to require that, as
far as a single module is concerned, the conditions at
Y = — B should be identical to those at ¥ = C. In
practice, these indicate periodicity of the boundary
conditions in the cross-stream direction. We shall seek
numerical solutions to the governing Navier—Stokes
equations for the afore-mentioned single module in
its entirety. Therefore, the conjugate heat transfers in
the blocks and the PCBs are fully accommodated in
the numerical analyses. In realistic electronic pack-
agings, there are a large number of parallel PCBs;
consequently, for the cooling of a multitude of PCB
layers, the afore-mentioned periodic nature of flow
conditions in the cross-stream direction appears to be
a powerful and useful argument. In the present study,
we shall adopt this line of reasoning ; the mixed con-
vective heat transports in such a canonical flow con-
figuration in a multi-layered PCB system will be
examined.

2. THE MATHEMATICAL MODEL AND
NUMERICAL METHODS

In order to formulate a mathematically tractable
problem, we consider a single module of two-dimen-
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sional steady laminar flow passing inside a parallel
channel, as illustrated in Fig. 2. For practical situ-
ations in electronic packaging, the ratio of the block
height H to the channel width C is in the range
H/C =0.3-04. It should be mentioned that the
present flow geometry closely resembles realistic elec-
tronic packagings in common use. In the present
work, we shall consider the orientation of PCBs to be
either horizontal (shown in Fig. 2(a)) or vertical (Fig.
2(b)); as observed by Habchi and Acharya {7], the
overall heat transfer properties are sensitive to the
inclination of the main stream with respect to the
gravity. Our task is to describe the flow and the associ-
ated heat transfer characteristics inside the channel.
In the present treatment, all the physical properties of
the fluid are taken to be constant.

The governing equations are the well-known
Navier-Stokes equations. Under the Boussinesq-fluid
approximation, these equations, expressed in properly
nondimensionalized form, are

U v

5{*5?‘0 1)
T
oX 8Y  Re\oX? ' orv?

oP Gr.®.F 5

“ax TR 2)

U6V+V6V_v* &2V+62V
X 0Y  Re\oX?® ' oY?

oP  Gr
—5’+ R? O:[1-F (3
Uag + Vag — k* az_e + 6276\
0X =AY Pe-c*\dx* 0Y2)
o
+ Re- Pr G. @
In the above, nondimensionalizations were

executed by adopting L, U, (the incoming flow vel-
ocity), and pU3} for the scale lengths, velocity, and
pressure, respectively. In equations (2)—(4), the gravi-
tational buoyancy appears in the last term. Accord-
ingly, the index F = 0.0 for the configuration of Fig.
2(a) is conveniently termed as the horizontal channel ;
F = 1.0 for the configuration of Fig. 2(b), illustrating
the vertical channel. The generation of heat from the
chip block is modeled by the last term in equation (4) ;
G is a step function which is zero everywhere except
at the mid-height of the block Y = H;, where G = 1.0.
In the above, the major nondimensional parameters
are defined as

Re (Reynolds number) = U,L/v (5)
Gr (Grashof number) = gfqL>/(4kv?) 6)
Pr (Prandtl number) = v/a @)

Pe (Peclet number) = Re* Pr = U,Lja (8)
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where ¢ is the heat generation per unit length.
Also, we note that the ratio of thermal conductivity
of the solid material, &, to that of the fluid. A. is
denoted by A* (=kjk); similarly. v*(=v,/v) and
* [=(pC,),/(pC,)] designate respectively the ratios
of viscosities and thermal capacities of the solid and
the fluid. In equations (2)—(4), in the regions occupied
by the fluid, v*, k*, and ¢* are unity. Only in the
domains occupied by the solid parts should proper
values of v*, k*, and ¢* be used (sce below).

As shown in Figs. 1 and 2, the block is of width L
and height H; the cartesian coordinates (X. Y), with
the corresponding velocity components (U. V). are
indicated therein. In the present study, we shall
specifically consider the geometrical configuration in
which three blocks are contained. These three-block
systems are reasonably simple so that detailed com-
putational analyses are possible; at the same time,
the three-block configurations possess most of the
essential features that are peculiar to the channel flow
in which a multitude of blocks are located. Accord-
ingly, the present study of the three-block channel
flow model represents a compromise between a com-
putationally feasible problem and a reasonably
realistic practical problem formulation.

The associated boundary conditions for the velocity
field are:

for0 < X < L,,
atY=0, U=V=0 9)
atY=¢(, U=V=0 (10)
at Y= —-B, U=V=0; (1n
for0< Y < C,
atxX=0, U=1, V=0; (12)
for —-B< Y <C(,
ax=r. YW _y (13)
X X

For the temperature field, the boundary conditions
are:

for0< ¥Y<C, atX=0, ®=0 (14)
30
for —-B<Y<0, atX=0, ——=0 (15)
oxX
0
for —-B<Y<C. atX=L, ~_=0 (I6)
[30.4
for0< X< L, OWXC)=0(X,—B),
00 [5G
53;(X,C)=5§(X,—B)~ (17)

As stressed previously, the entire flow domain,
—-B<Y<C, 0< X< L, is treated for analysis. For
the regions occupied by the solid parts, i.e. the finite
thickness of the base plate and the blocks, the appro-
priately selected values (k;,v,, Cp,;) will be assigned.

S, Y. Kim e al.

This is an effective way to deal with the conjugate
nature of the convection-conduction between the
flowing fluid and the solid parts.

Some comments are in order for the modeling of the
IC chips. In the present work, an IC chip is idealized as
a rectangular block of length L and height H. This
reflects an effort to produce a realistic model ; in actual
situations, the silicon chip, which generates heat, is
surrounded by a plastic mould compound. This is
modeled in the present study as a rectangular block
with the heat generating part embedded at the mid-
height of the block.

Equations (9)-(13) refer to the usual no-slip con-
ditions on all the solid walls, and the assumptions of
a uniform flow at the inlet and the fully developed
conditions at the outlet of the channel. The crux of
the present model lics in the cross-streamwise periodic
boundary conditions across a single module of the
multi-layer channel system, and this is reflected in
cquation (17). Consequently, the periodicity is applic-
able to the temperature as well as the temperature
gradients at ¥ =C and Y = —B. As asccrtained
earlier, the finite thickness of the base plate is fully
accounted for.

In order to solve the above system of equations, the
well established numerical solution scheme based
on the SIMPLER algorithm of Patankar [I8] was
utilized. In the actual computations, for the regions
occupied by the solid parts, v*(=v,/v) = 10"
k*(=k k) = 10, and *[=(pC,)./(pC,)] = 1.0 were
used [3]. Obviously, the concept of kinematic viscosity
for solid parts is introduced merely to facilitate
convenience of numerical computations. Clearly, by
setting v* =10'" for the solid portions, the
corresponding velocities would be effectively zero
(U, V ~ 107 *%). By resorting to this method, the
diffusion term in the energy equation can handle both
the fluid and solid regions as one calculation domain,
with zero velocities in the solid regions. For numerical
computations of the energy cquation, the resulting
finite difference algebraic equation was solved by
using CTDMA (Cyclic TriDiagonal Matrix Algo-
rithm), which was well documented by Patankar er al.
[13]. This methodology represents a special case of
the Gaussian elimination procedure, and it has
been found to be adequate to deal with the thermally
periodic nature in the Y-direction. No specifications
of the wall temperatures are required in this for-
mulation ; in the actual calculations, underrelaxation
had to be introduced to achieve converged solutions
of the temperature field.

All the computations were performed on a 101 x 41
grid network. In the X-direction, the grid points were
crowded near the blocks; in the Y-direction, the grid
points were clustered near the top and bottom surfaces
of the channel as well as in the vicinity of the blocks.
Approximately 7000 iterations were needed to obtain
the pre-assigned convergence in the velocity and tem-
perature fields. The computations were implemented
on a Cray 2-S supercomputer, and a typical computer
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CPU time was approximately 50 min for one set of
calculations. In the present study, convergence was
declared when the maximum changes in dimensionless
values of U, ¥ and © between two successive iterations
were less than 10~ Several trial calculations were
repeated to monitor the sensitivity of the results to
the grid size, and the outcome of these tests was
satisfactory.

With the converged solutions in hand, extensive
post-processings of the numerical data were conduc-
ted. As usual, a physical quantity of great interest is
the local Nusselt number, Ny, along the surfaces of
the solid walls. The definition of Nu has been given as

100

Nu=— —
“ZT e,

(18)
where n denotes the direction normal to the solid
surface.

3. RESULTS AND DISCUSSION

The geometrical particulars of the present cal-
culations wereset forth: L =1.0,L, = 4.0, L, = 21.0,
H=1035 H,=0135 B=0.15, C=1.05 S=1.0,
W =0.04. These values are representative of the
shapes of frequent occurrence in fluid cooling of the
high-tech electronic devices in industrial use [3]. It is
noted that, with the above values of L, and L,, the
uniformity of the entrance flow conditions as well as
the continuity in the exit flow (equations (12) and
(13)) is satisfied to a fair degree of accuracy (see ref.

7.

3.1. Horizontal channel

Initially, we shall examine the cases of a horizontal
channel, as portrayed in Fig. 2(a). Figure 3 illustrates
the effects of buoyancy on the global flow structure.
A series of calculations was carried out by varying the
strength of the mixed convection, Gr/Re?, in the range

=== R
{2)

Fi1G. 3. Stream patterns for the horizontal channel. Pr = 0.7,

Re = 100; the contour values are ¥ = —0.02, —0.01, 0,

0.01, 0.05, 0.1, and beyond ¥ = 0.1, the interval A¥ = 0.2.

(@ Gr/R*=0, —V¥,.=0023; (b) Gr/lR’=],

—¥ e =0.024; (¢) Gr/Re* =10, ~W,, =0028; (d)
Gr/Re? = 50, — W ., = 0.045,
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of 0-50, while the Reynolds number was fixed at
Re = 100. Scrutiny of the numerical results discloses
several interesting features. When Gr/Re’ is very
small, say less than O(1), the streamline patterns are
rather insensitive to the variation in Gr/Re’. The flow
fields displayed in Figs. 3(a)-(c) reveal the complex
nature of the flow behavior for a multi-block system
inside a channel [3, 17}. However, as Gr/Re® increases
(see Fig. 3(d)), the buoyancy effects become eminent ;
the reattachment point downstream of the last block
is delayed further downstream. Alternatively, owing
to the significant influence of the buoyancy, the overall
size of the recirculating zone after the last block
increases. This can be explained by noting that the
strong buoyancy effect causes the streamlines to be
uplifted from the surfaces of the blocks. Conse-
quently, the dividing streamline, which separates the
recirculating zone, has to travel a longer distance in
comparison to the case of a purely forced convective
flow.

Figure 4 exhibits the flow fields under a fixed value
of Gr(=5x10%), while Re is allowed to vary. The
recirculating zone after the last block increases in size
as Re increases. This is a well documented phenom-
enon; as the effect of forced convection strengthens,
the recirculating zone widens and the overall flow
intensifies. The results of Figs, 3 and 4 are not unex-
pected and the present numerical solutions provide
confirmation to these flow processes. It is notable in
Fig. 3(d) that, when the effects of natural convection
are substantial, there appear small, weak eddies in
addition to the primary eddies in the gaps between the
blocks. These additional eddies rotate in the direction
opposite to that of the primary eddies between the
blocks. This is also attributable to the workings
of the buoyancy effects; the fluid rises upward in
the vicinity of the block surface under substantial
buoyancy effects. This generates small and weak
counter-rotating eddies near the forward face of the
rearward-located block.

Figure 5 displays the temperature fields for varying
Reynolds numbers, while the Grashof number is fixed
at Gr =5x10° and Pr=0.7. As is evident in Fig.
5(a}, when the Peclet number (Pe = Re* Pr) is small,

Uo

—m—_ '

{c)
F1G. 4. Stream patterns for the horizontal channel. Pr = 0.7,
Gr = 5x10° (a) Re = 500, Gr/Re* = 2, — ¥, = 0.035; (b)
Re = 1000, Gr/Re’ =0.5, —¥,,, = 0.040; (c) Re = 1500,
GriRe? =022, — W, = 0.042.
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FiG. 5. Isotherm contours for the horizontal channel.
Pr= 0.7, Gr = 5x 10°; the contour values are ® = 0.001,
0.01, beyond © = 0.01, theinterval A® = 0.02. (a) Re = 100,
GriRe*> = 50, ©,,, = 0.137; (b) Re = 500, Gr/Re’=2.0,
@, = 0.107; (c) Re = 1500, Gr/Re*> = 0.22, @, = 0.094,

the regions where the effects of the blocks are felt tend
to be localized to the neighborhood of the blocks (see
Figs. 5(a) and (b)). However, at large Peclet numbers,
distinct thermal boundary layers at the top and bot-
tom surfaces of the channel are in evidence. At a
still higher Peclet number (see Fig. 5(c)), the thermal
boundary layers at the top and bottom surfaces of the
channel are thinner, and they do not meet each other
unti] the exit of the channel. These findings are in
qualitative agreement with the earlier observations of
Davalath and Bayazitoglu [3]. Therefore, when the
Peclet number is very high, the present results, which
are based on the conjugate heat transfer analysis using
the cross-streamwise periodic boundary conditions
{equation (17)), suggest that the top and bottom
surfaces of the channel are not in direct thermal
communication.

Figure 6 exemplifies the behavior of the local
Nusselt number along the block surfaces for a fixed
Reynolds number (Re = 100). For a given block, the
maximum heat transfer takes place at the front corner.
In these regions, the curvature of the streamline
becomes very large locally, and the accompanying
local Nusselt number 1s large. It is also remarked that,
as the fluid passes over the blocks, the temperature
of the fluid increases. Consequently, the temperature

2 5 sig
O < I - B O

30
201 - "
Nu
10} ﬁM'
oli2 f’gj« 5 .6%‘5

FiG. 6. Local Nusselt number variation along the block

surface for the horizontal channel. Pr = 0.7, Re = 100.

{ Y Gr=00, Gr/Re*=09; (-—-) Gr=10%
GriRe® = 1.0; (— —) Gr = 5x 10%, Gr{Re* = 50.
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difference between the fluid and the block decreases
as the fluid moves downstream ; as a result, the local
Nussclt number decreases progressively for the second
and third blocks. As anticipated, the local Nusselt num-
ber increases as the effect of the buoyancy strength-
ens. However, it should be pointed out that the
influence of mixed convection is prominent, prin-
cipally near the vertical faces of the block. On the bulk
of the horizontal surface of the block. the local Nusselt
number remains virtually unchanged as Gr/Re” varics.
Over much of the forward part of the horizontal sur-
face of a block, the buoyancy-generated flow is swept
away by the forced flow ; therefore, for the parameter
ranges adopted in the present study, the impact of
mixed convection is confined to over the vertical faces.

As stressed earlier, a main purpose of this paper
is to investigate the heat transfer characteristics by
specifying more realistic thermal conditions at the
plates. Tt is therefore useful to appraise the differences
in the results between those obtained by using the
present thermal conditions and the other conventional
treatments. Figure 7 exhibits the computed results
showing the temperature along the bottom surface of
the base plate, i.c. at ¥ = — B. (Note that, duc to the
cross-streamwise periodicity imposed in the present
analysis. these results also refer to the conditions
along the top surface of the channel, ie. Y = ) The
temperature plots in Fig. 7(a) demonstrate substantial
variations near the areas where the blocks are located.
Downstream of the last block, the wall temperature

0.06
@w 004 "
0.02 }
0.0
o 10 20
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(a)
0.5
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01} | .
0.0 —A A -
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(b)
FiG. 7. Surface temperature profiles. Pr = 0.7, Gr = 5 x 107,
(a) Along the bottom surface of the base plate (along
Y=C). (b} Along the top surface (¥ =10). { )
Re = 100; (——-) Re = 500; (— —) Re = 1500. Curves A
refer to the results obtained for the adiabatic base plate at
Re = 500.
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does not vary much until the fluid passes out through
the exit. The efficiency of cooling, measured in terms
of the reduction of the wall surface temperature, is
noticeable as the influence of the forced convection
strengthens, ie. Re increases. For comparison
purposes, parallel computations were performed for
the same geometry by using the assumption that the
base plate was thermally insulated. For the case of
adiabatic plates, it is illustrated in Fig. 7(a) that the
wall temperature along the bottom surface of the
plate, at Y = C, remains substantially unchanged as
the fluid travels downstream. Figure 7(b) displays the
temperature profiles along the top surface of the base
plate, i.e. at ¥ = 0. The blocks are attached to this
surface ; therefore, the temperature along this surface
is appreciably higher than that along Y = C. (Note
the difference in scales of the ordinates of Figs. 7(a)
and (b).) When the base plate is adiabatic, the fluid
in the vicinity of this surface, at ¥ = 0, has to carry
away all the thermal energy generated in the blocks,
since no heat transfer across the base plate is allowed.
Consequently, if the base plate is assumed to be adia-
batic, the temperature at this surface (¥ = 0) is much
higher than for the case of more realistic thermal
conditions. In summary, the observations of Fig. 7
point to an important conclusion as to the inadequacy
of such customary assumption as the adiabatic base
plate, which was invoked in some preceding work (e.g.
refs. [3, 17]).

Figure 8 displays the comparisons between the pre-
sent results and the solutions obtainable under the
assumption of isothermal base plates. Figure 8(a)
shows the Nusselt number profiles along the bottom
surface of the plate, i.e. ¥ = C. Evidently, heat trans-
fer from the plate to the fluid is intense in the regions
where the blocks are located, and this trend is pro-
nounced as Re increases. The plots in Fig. 8(b) illus-
trate Nu along the surface ¥ = 0. In the present model
of conjugate heat transfer analysis, in the regions
where the blocks are located, the heat generated at the
mid-height inside the block (at Y = H,) is transported
to the base plate by conduction. Therefore, in the
plots of Fig. 8(b), the Nusselt number at the surface
Y = 0, excluding the portions occupied by the blocks
(mamely 4 K X< B,C< X< D,E < X < F),isillus-
trated. For these portions, the conductive heat trans-
fer, shown by 6@/0Y],_, in the solid, is depicted in
Fig. 8(c). For comparison purposes, the results of the
parallel calculations, made under the assumption of
the isothermal base plate, are shown in Fig. 8. As
anticipated, the temperature profiles thus obtained
bear general similarity to the results of an ordinary
channel flow with isothermal wall surface conditions
[11]. The findings demonstrated in Fig. 8 also suggest
the inadequacy of the usual assumption of the iso-
thermal surface conditions in dealing with the com-
plex heat transfer properties in these realistic systems.
As portrayed by the present analyses, the heat trans-
fers in the regions of the blocks are eminent; the
predictions of the prior work (e.g. ref. [7]), which
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FiG. 8. Nusselt number profiles. Pr = 0.7, Gr = 5x 10°. (a)
Along the bottom surface of the base plate (along Y = C).
(b) Along the top surface Y = 0, excluding the portions
occupied by the blocks. (c) Conductive heat transport at
Y =0 in the portions occupied by the blocks. ( )
Re =100; (———) Re =500; (—-—) Re = 1500. Curves I
refer to the results obtained for the isothermal base plate at
Re = 500.

invoked the condition of isothermal base plates, tend
to underestimate the actual heat transfer rates.

3.2. Vertical channel

Now, we shall summarize in Figs. 9-15 the results
pertaining to the vertically-oriented channel, a flow
configuration depicted in Fig. 2(b). As shown in Fig.
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F1G. 9. Stream patterns for the vertical channel (assisting

case). Pr=0.7, Gr=5x10°% (a) Re = 100, Gr/Re’ = 50,

=W e = 0.050; (b) Re = 500, Gr/Re? = 2, —W¥,,,, = 0.045;
{C) Re = 1500, Gr/Re® = 0.22, — ¥, = 0.046.

9, for a fixed value of Gr, the recirculating zone behind
the last block increases in size as Re increases, a result
which is in qualitative accord with the preceding
observation shown in Fig. 4. The plot in Fig. 9(a)
is similar to a purely buoyancy-driven flow about a
vertically-oriented, multi-block system (see ref. [19]).
The impact of the forced convection is minor (Gr/Re>
large), and the overall flow field demonstrates the
characteristics revealed by the buoyant flows in the
wakes of upstream blocks (see ref. {7}).

The temperature fields are displayed in Fig. 10 for
a fixed Gr (=5 x 10%) and Pr(=0.7). As asserted pre-
viously for a horizontal channel (see Fig. 5), when the
Peclet number is small (see Fig. 10{(a)), the global
temperature fields are strongly interrelated, encom-
passing the entire domain from the bottom to the top
surfaces of the channel. However, for a high Peclet
number (see Fig. 10(c)), the formation of distinct
thermal boundary layers near both the top and bot-
tom surfaces of the channel is clearly seen. These
findings are qualitatively similar to those of a hori-
zontal channel.

The distribution of the local Nusselt number
obtained at a fixed value of Re = 100, Pr = 0.7, along

Fi6. 10. Isotherm contours for the vertical channel. Pr = 0.7,

Gr = 5x 10°. (a) Re = 100, Gr/Re* = 50, O, = 0.135; (b)

Re = 500, Gr/Re*=2, ©,,=0106: () Re= 1500,
GriRe* = 0.22, ©,,,, = 0.093.
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the block surfaces is shown in Fig. 11. Again, the
maximum heat transfer occurs near the front corner
of cach block. A notable feature now is the appreciable
variation of the Nusselt number with Gr along the top
surfaces, i.c. surfaces 2, S and 8 in Fig. 11, of the
blocks: this is in contrast to the case of a horizontal
channel (compare Fig. || with Fig. 6). In the case of
a vertical channel, the forced flow from the inlet and
the buoyancy-driven flow are augmenting each other.
Consequently, a change in the buoyancy effect causes
a substantial influence on the local heat transfer rate
from the surfaces that are parallel to the base plate.
The plots in Fig. 11 clearly demonstrate the mutually-
cooperative nature of the mixed convection for this
type of flow geometry. The numerical results pre-
sented in Fig. 11 provide an example to emphasize the
sensitivity of the cooling efficiency to the orientation
and configuration of the cooling device.

In a manner similar to Figs. 7 and 8. comparisons
are presented in Figs. 12 and 13 between the present
results and the results obtained by using the simplistic
conditions. The trends observable in Figs. 12 and 13
are akin to those found in Figs. 7 and 8. However, for
a vertically-oriented channel, the wall surface tem-
perature is lower and the heat transfer rate is higher
than for the case of a horizontal channel. As empha-
sized earlier, the mixed convection is cooperating for
the vertical channel in the present consideration.
Inspection of Figs. 12 and 13 underscores the inap-
propriateness of such simplistic treatments as the iso-
thermal or adiabatic base plates. Such simplified
assumptions may be useful in the regions far down-
stream of the last block. However, in practical tech-
nological applications, the downstream length of the
base plate is finite. The results in Figs. 12 and 13 imply
that the prior estimates of heat transfer [7], based on
such rather oversimplified treatments of the basc plate
boundary conditions, may lead to misleading descrip-
tions of the realistic systems.

In view of practical applications, the maximum tem-
perature that is attainable in a block is a significant
design parameter for high-powered electronic devices.
Table | exemplifies this maximum temperature vs Re
for air and water, for both horizontal and vertical
channels. It is immediately clear from Table | that the
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FiG. 11. Local Nusselt number variation along the block

surface for the vertical channel. Pr = 0.7, Re = 100. { )]
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Gr = 5 x 10°, Gr/Re® = 50.
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FIG. 12. Surface temperature profiles. Pr = 0.7, Gr = 5 x 10°,
(a) Along the surface of the base plate (along Y = C). (b)
Along the surface (Y =0). ( )} Re=100; (—--)
Re = 500; (—-—) Re = 1500. Curves A refer to the results
obtained for the adiabatic base plate at Re = 500.

maximum block temperature becomes lower as Re
and Pr increase, i.e. for higher Peclet numbers. How-
ever, Table 1 discloses that the gain (in terms of the
reduction of the maximum block temperature) levels
off quickly as Re increases over around Re = 900.0.
This is in accord with the previous assertion [3]. Per-
usal of Table 1(a) and (b) indicates that the vertically-
oriented channel is slightly more effective than the
horizontally-oriented channel. This can be easily
understood by noting that the buoyancy-driven flow
essentially aids the forced convective flow in the case
of a vertical channel.

In an effort to amplify the foregoing statement, the
flow and the thermal fields of the present results and
the results obtainable under the adiabatic wall con-
ditions are exemplified in Figs. 14 and 15. Substantial
discrepancies are discernible between these numeri-
cally-generated plots. It is noticed that there exists an
additional eddy downstream of the last block for the
case of an adiabatic wall (see Fig. 14(a)). However,
in the case in which the cross-streamwise periodicity
is enforced, due to the finite heat flux from the base
plate (see Fig. 13), such a conspicuous downstream
eddy is not seen (see Fig. 14(b)). Figure 15 shows
that the maximum temperature in the last block is
considerably higher for the case of an adiabatic
surface condition than that under the cross-stream-
wise periodic condition. This also suggests that, if an
adiabatic base plate condition is adopted, the block
temperatures are substantially overestimated.
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FiG. 13. Nusselt number profiles. Pr = 0.7, Gr = 5x 10°. (a)
Along the surface of the base plate (along ¥ = C). (b) Along
the surface Y = 0, excluding the portions occupied by the
blocks. (¢) Conductive heat transport at ¥ =0 in the por-
tions occupied by the blocks. ( ) Re =100; (—-)
Re = 500; (—-—) Re = 1500. Curves I refer to the results
obtained for the isothermal base plate at Re = 500.

The effect of the channel orientation is exemplified
in Fig. 16. For this particular geometry, the enhance-
ment of heat transfer by the gravity effect is discernible
for the case of a vertical channel.

As illustrated above, the present numerical studies
provide rather convincing evidence for the assertion
that more sophisticated boundary treatments (than
the customary isothermal or adiabatic plate surface
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Table 1. The maximum block temperature ; conditions arc
Gr=5x10"1{a) Pr=07.(b) Pr=70

Horizontal channel Vertical channel

Re O, O
(a)
100 0.137 0.135
500 0.107 0.106
1000 0.098 0.098
1500 0.094 0.093
(b
100 0.102 0.098
500 0.085 0.082
1000 0.079 0.078
1500

0.075

0.074

-~

Fi1G. 14. Exemplary comparisons of the stream patterns.

Re = 100, Gr{Re* = 10.0, Pr = 0.7. Results obtained under

the assumptions of: {(a) the adiabatic base plate,

=W = 0.031; (b) the cross-streamwise periodic boundary
conditions, —¥,,,, = 0.030.

conditions) are called for to delineate the subtle nature
of these complex systems. It is believed that the cross-
streamwise periodic conditions will be more readily
applicable when the overail channel height, C.
decreases and/or the power density increases further.
For modern micro-electronic devices, miniaturization
is pursued ; the thermal boundary conditions adopted
in the present paper will have morce relevance for these
practical situations.

4. CONCLUSIONS

Far-ranging numerical simulations have been pre-
sented to capture the essentials of mixed convective
heat transfer inside a channel. The conjugate nature

-—g

FiG. 15. Exemplary comparisons of the isotherm contours.

Re = 100, Gr/Re® = 10.0. (a) The adiabatic base plate,

O, = 0.448. (b) The cross-streamwise periodic boundary
conditions, ©,,,, = 0.137.
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F1G. 16. Exemplary comparisons of the local Nusselt num-

bers between a horizontal channel (————) and a vertical

channel (~--). Conditions are GriRe?=200.0 and

Gr=2x10° (a) Along the block surface. (b) Along the

surface (Y = 0}, excluding the portions occupied by the
blocks.

of heat transfer is fully accommodated in the for-
mulation. The crux of the present model lies in the
adoption of the periodic boundary conditions in the
cross-stream direction imposed on the successive base
plates.

For the horizontally-oriented channel, the flow pat-
terns, in particular, in the regions immediately behind
the last block, are sensitive to the change of Gr/Re’.
The buoyancy effects have profound influences in
determining the thermal fields. The local Nusselt num-
ber over the surface of the block is the highest for
the first block, and it decreases progressively for the
downstream blocks. The temperature field and heat
transfer along the surface of the base plate are
presented. They reveal the inadequacy of such sim-
plified assumptions as the isothermal or adiabatic base
plate conditions.

For the vertically-oriented channel, the impact of
the buoyancy effect on the flow and thermal fields is
more pronounced. The cooling efficiency, as measured
by the reduction of the maximum block temperature,
18 slightly higher for the vertically-oriented channel.
In the case of the vertical channel, the buovancy effect
aids the forced convection ; therefore, the heat transfer
is augmented. The present results based on the con-
jugate heat transfer analyses suggest that the adiabatic
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or isothermal base plate conditions are not fully com-
patible with realistic systems.
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CONVECTION MIXTE SUR DES BORDURES MULTI-COUCHES AVEC DES
CONDITIONS AUX LIMITES PERIODIQUES TRANSVERSALES

Résumé—On analyse les caractéristiques de I'écoulement et du transfert thermique en convection mixte
dans un canal avec des blocs rectangulaires attachés 4 une paroi du canal. On modélise le refroidissement
des chips 4 haute puissance montées sur un systéme de circuit imprimé. On résout numériquement les
équations de Navier-Stokes dans I'hypothése de Boussinesq. On tient compte de 1'épaisseur finie de la
paroi et on décrit le caractére conjugué du transfert thermique dans un module. On impose la condition
aux limites thermiquement périodigue sur les deux plaques successives. On détaille écoulement et le champ
thermique pour des nombres de Reynolds allant de 100 3 1500, des nombres de Grashof de 0 & 2% 10°,
pour deux cas représentatifs: un canal horizontal et un canal vertical. On considére le nombre de Nusselt
local le long des surfaces du block, les distributions de la température et de la densité de flux sur la surface
de base de la plaque. On décrit le comportement de la température maximale de la chip vis-a-vis de Re.
On peut affirmer que des hypothéses trop simplificatrices comme surface de paroi isotherme ou adiabatique
ne sont pas appropriées pour simuler le refroidissement des équipements électroniques modernes.
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MISCHKONVEKTION AN MEHRSCHICHTIGEN PLATTEN MIT PERIODISCHEN
RANDBEDINGUNGEN

Zusammenfassung—FEs werden Stromung und Wirmelbergang bei Mischkonvektion in einem Kanal mit
rechteckigen Blocken an einer der Winde untersucht. Mit dieser geometrischen Anordnung wird die
Kiihlung integrierter Schaltkreise (IC) mit hoher Leistungsdichte, dic auf einer mehrschichtigen gedruckten
Schaltung aufgebracht sind, modelliert. Aus den zugrundelicgenden Navicer Stokes Gleichungen ergeben
sich unter der Annahme eines Boussinesq-FLuides umfassende numerische Losungen. Die endliche Dicke
der Platte wird vollstindig berticksichtigt. Dic konjugierten Wirmetransportvorgénge in cinem einzelnen
Modul werden beschricben. Um stdrker an dic Realitidt heranzukommen, wird die thermisch-periodische
Randbedingung zwei aufeinander folgenden Platten aufgepriigt. Fiir Reynolds-Zahlen im Bereich von 100
bis 1500 und Grashof-Zahlen im Bercich von 0 bis 2x 10° werden Einzelheiten der Strémungs- und
Temperaturfelder fir zwei reprisentative Fille gezeigt, namlich einen waagerechten und einen senkrechten
Kanal. Das Verhalten der ortlichen Nusselt-Zahl entlang der Blockoberflidche wird abgebildet. Die Ver-
teilung von Temperatur- und Wirmestromdichte auf der Oberfliche der Grundplatte wird veranschaulicht.
Der Verlaufl der maximalen Chiptemperatur tber der Reynolds-Zah! wird beschrieben. Aus der vor-
gestellten Untersuchung der konjugierten Wiarmeiibertragung folgt, dali die zu stark vereinfachenden
Annahmen ciner isothermen oder adiabaten Randbedingung an der Wandoberfliche ungecignet fiir die
Simulation der Kiihlung moderner clektronischer Komponenten sind.

CMEIIAHHASA KOHBEKLIMSI OT MHOTOCJ/IOUHBIX IJIAT C TIEPUOANYECKH
WIMEHAIOINUMUCA TPAHUYHBIMU YCIOBUAMH

AHHOTAUMS—AHAM3UPYIOTCS XaPAKTEPUCTHKH TEYEHHA M TEIJIONEPEHOCA NPH CMELIAaHHOH KOHBEKLIMH B
KaHaJle ¢ NPAMOYFOJILHBIMH [IEPETOPOJKAMH Ha OJHOH CTeHKe. ['eOMeTpHs TeyeHHs MoaenupyeT
NPOHECC OXJIAKACHHSL HHTErPAIbHbIX YHIIOB C BLICOKUMH MOIIHOCTAMM, YCTAHOBJICHHBIX B CHCTEME MHO-
rocJjioiiHeix nevatueix mnat. [Toxydeno GosblOE KOJIMYECTBO YHMCJICHHBIX PELICHHH ONMpPENEISOIIMX
ypassenuii HaBoe-Ctokca B npubimxennn Byccunecka. Ilpy yyeTe KOHEWHOH TOJIUMHBI TUIATBI OIIMCHI-
BA4ETCS B3aMMOCBA3aHHBIH XapakTep TEIUIONEPeHOca B eAHHMYHOM Mojyie. C uenbio npuOMDKeHHs K
peajibHbIM YCIIOBHSIM HA ABE MOCJE0BATEIbHO PACMOJIOKECHHBIE MJIACTHHBI HAJIAracTCs NEPHOINIECKH
H3MEHAIOLLEeCH TEIUIOBOE IPaHnyHoOe ycioBue. [TpecTaBiIeHbl XapaKTEPUCTHKY HOJIeH TeYeHus U TeMIIe-
paTyp npu udcie Peitnonsnca, u3menstomiemcs ot 100 xo 1500, u yucne I'pacrodas B uHTEpBane ot 0
g0 2 x 10° m1s AByx THOMYHBIX CJIyYaeB, a HMEHHO, C TOPH3OHTAIBHOR M BEPTUKANIBLHON OpHeHTALHelH
kanana. [IpuBenessl 3Ha4€HUA JtoKanbHoro yacia HyccensTa y moBepXHOCTEH NEperopoJok 1 pacupee-
JICHAS] TeMIepaTyp M CKOPOCTeH TelionepeHoca Ha NOBEpXHOCTH omnopHo# mulactuubl. M306paxeHo
H3MEHEHHEe MAaKCHMAJILHOH TeMIepaTypsl YMNA B 3aBUCHMOCTH OT 3HadveHus Re. Ha ocsoBanum npenc-
TABJICHHOTO aHAIK3a B3aHMOCBA3AHHOIO TEILTONEPEHOCA AEJIAeTCs BBIBOJ, YTO YIPOIUEHHbIE JOMyule-
HUs 00 M30TEPMUYHOCTH WM aAHAabaTHMYHOCTH CTEHKH MOTYT OBITh HE COBCEM IIPHEMJIEMBIMH 15
MOIe/IHPOBAHUSA OXJIAXACHASA COBPEMEHHBIX 3JICKTPOHHBIX YCTPOWCTB.



