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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 Boussine~-fluid assumption. The fiuite thickness of the board is fuily accounted for; the conjugate 
nature of the heat transfer within a single module is described. in an effort to move closer to realism, the 
thermally-periodic boundary condition is imposed on the two successive plates. Details of the ffow and 
thermal fields, for Reynolds numbers ranging from 100 to 1500 and Grashof numbers in the range of 0 to 
2 x lo”, 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 isothe~al or 
adiabatic surface wall conditions may not be entirely appropriate for simulating the cooling of modem 

electronic devices. 

1. INTRODUCTION 

ONE OF the serious requirements in the design and 
operation of modem 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 [I]. 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 I 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 convention regime. Davalath and 
Bayazitoglu [3] examined numerically the forced con- 
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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 either 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 ofmiaed 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, lo]. As to the mixed convection in a 
parallel channel, Maughan and Incropera [I l] made 
experimental measurements in the thermal entry 
region for various channel inclinations. Braaten and 
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NOMENCLATURE 

plate thickness 
spacing between the neighboring plates 

specific heat at constant pressure 
spanwise gap between the IC chips 
step function which draws a line between 
the horizontal and the vertical cases 

acceleration due to gravity 
step function which is zero everywhere, 
except at the mid-height of the block 
modified Grashofnumber (,q/YqLZ/4kv’) 

height of block 
height of heat sources from the plate 
surface on which IC chips are mounted 

thermal conductivity 
length of block 
upstream length from the first block 
downstream length from the last block 
total length of the plate 

local Nusselt number 
dimensionless pressure (P = p/p Ui) 

Peclet number (Pe = RePr = U,L/a) 

Prandtl number (v/a) 
heat per unit length 
heat per unit volume (4 = y/ WL) 
dimensionless heat input 
(0’ = 4rjL7y = 4L/W) 

Reynolds number ( UoL/v) 

IV 

.Y, 1’ 

X.'Y 

Greek symbols 

; 

thermal diffusivity 
coefficient of volumetric expansion 

0 dimensionless temperature 

(G- ~~~)/(~~4~)) 
1’ kinematic viscosity of fluid 

GJ 
density of fluid 
dimensionless stream function. 

Subscripts 

0 reference value 
max maximum 

s solid region 
W wall. 

-- 

spacing between the blocks 

uniform inlet temperature 
temperature 
uniform inlet velocity 
dimensionless velocity components 
dimensionless velocity components 

(U = U; Ii,,, v = L‘,/U,,) 
width of the heat source 
physical coordinates 

dimensionless X, J coordinates 
(X = X/L. Y = F/L). 

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 f&t that one or 
several blocks are attached to an inside wafl 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 Auid stream of the heat generated 
by the chip blocks. The earlier papers by Patankar ef 

ul. [13-l 51 and Knight and Crawford [ 161 delineated 
the heat transfer characteristics of the flow con- 
figuration in a similar manner to that in Fig. 2. How- 

Forced 

Flow ~~~~ 

FIG. I. 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 

- I 

FIG. 2. Flow geometries. (a) Horizontal channel. (b) Vertical 
channel. 
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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, 171. 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 Y = 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- 

sional steady laminar flow passing inside a parallel 

channel, as illustrated in Fig. 2. For practical situ- 
ations in electronic packaging, the mtio of the block 

height H to the channel width C is in the range 
H/C = 0.330.4. 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 

au av 
x+ry=o (1) 

ao ao k* 

+&*G. (4) 

In the above, nondimensionalizations were 
executed by adopting L, U0 (the incoming flow vel- 
ocity), and pUi 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 .O 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 .O. 
In the above, the major nondimensional parameters 
are defined as 

Re (Reynolds number) EE U,, L/v 

Gr (Grashof number) = g/3qL3/(4kv2) 

Pr (Prandtl number) = v/cc 

Pe (Peclet number) EE Re * Pr = U,L/a 

(5) 

(6) 

(7) 

(8) 



where q is the heat gcncration per unit length. 
Also, WC note that the ratio of thermal conductivity 
of the solid material. k,. to that of the tluid. h. is 
denoted by I<* ( = k,/k) ; similarly. V* ( = P,/Y) and 
c* [ = (pC,),/(pc’,)] designate rexpcctively 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 c* are unity. Only in the 
domains occupied by the solid parts should proper 
values of II*. k*, and c* be used (SW below). 

As shown in Figs. 1 and 2, the block is of width L 

and height H; the cartcsian 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 
tlow 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 : 

for 0 < Xi L,,, 

at Y = 0, u= v=o 

at Y=C. u= v=o 

at Y= -B, I/= v=o; 

for 0 < Yr < C, 

at X = 0, u= I, v=o; 

for-B< Y<C, 

(9) 

(10) 

(11) 

(12) 

For the temperature field, the boundary conditions 
are : 

forO< Y<C, atX=O, O=O (14) 

ao 
for -B<Y<O, atX=O, FT=O (15) 

for -B < Y < C. at X = L,, E$ = 0 (16) 

for 0 < X < L,, 0(X, C) = 0(X, --B), 

~(X,C) = E(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,, C,,) will be assigned. 

This is an ctfectivc way to deal with the conjugate 
nature of the convectionconduction between the 
flowing tluid 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 
rcflccts an effort to produce a realistic model ; in actual 
situations, the silicon chip, which generatcs 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 (Y)- (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 lies in the cross-streamwise periodic 

boundary conditions across a single module of the 
multi-layer channel system, and this is refleclcd in 

equation (17). Consequently. the periodicity is applic- 
able to the temperature as well as the temperature 
gradients at Y = C and Y = -B. As ascertained 
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 [18] was 
utilized. In the actual computations, for the regions 

occupied by the solid parts. v* (= VJV) = IO”‘, 
h-* (E k,/k) = 10, and c* [ = (pC,),/(pC,)] = 1 .O were 

used [3]. Obviously, the concept of kinematic viscosity 
for solid parts is introduced merely to facilitate 

convenience of numerical computations. Clearly, by 
setting ,I* = IO”’ for the solid portions, the 

corresponding velocities would be effectively zero 
(I/, V - 10 “). 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 equation, the resulting 
finite difference algebraic equation was solved by 
using CTDMA (Cyclic TriDiagonal Matrix Algo- 
rithm), which was well documented by Patankar et 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 arc 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 IO I x 4 1 
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, Vand 0 between two successive iterations 
were less than 10e4. 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, NV, along the surfaces of 
the solid walls. The definition of Nu has been given as 

Nu= -&.G 
*\I ( 

where n denotes the direction normal to the solid 
surface. 

3. RESULTS AND DISCUSSION 

The geometrical particulars of the present cal- 
culations were set forth : L = 1 .O, L, = 4.0, Lz = 2 1 .O, 
H =0.35, H, =0.13X 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 L2, the 
uniformity of the entrance flow conditions as well as 
the continuity in the exit flow (equations (12) and 
(13)f is satisfied to a fair degree of accuracy (see ref. 

[71). 

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 

lol) 

FIG. 3. Stream patterns for the horizontal channel. Pr = 0.7. 
Re = 100; the contour values are Y, = -0.02, -0.01, 0, 
0.01, 0.05, 0.1, and beyond Y = 0.1, the interval AY = 0.2. 
(a) Gr/Re’ = 0, -Yy,,, = 0.023 ; (b) Gr/Re* = 1, 
- Y’,,, = 0.024; (6) Gr/Re2 = 10, -Y’,,, = 0.028; (d) 

Gr/Re’ = 50, -Y’,,, = 0.045. 

of t&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(l), 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 fIow behavior for a multi-block system 
inside a channel [3, 171. 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 in~uence 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 (~5 x lo’), 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 llow 
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 Auid rises upward in 
the vicinity of the block surface under substantial 
buoyancy eflects. 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 = 5 x lo5 and Pr = 0.7. As is evident in Fig. 
S(a), when the Peclet number (Pe = Re*Pr) is small. 

fbJ 

1 g 

I g 

1 g 
FIG. 4. Stream patterns for the horizonta1 channel. Pr = 0.7, 
Gr = 5 x 10’. (a) Re = 500, Gr/Re’ = 2, -Y,,, = 0.035; (b) 
Re = 1000, Gr/Re* = 0.5, -Y,,I,, = 0.040; (c) Re = 1500, 

Gr/Re2 = 0.22, -Y,,, = 0.042. 
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FIG. 5. Isotherm contours for the horizontal channel. 
Pp. = 0.7, Gr = 5 x 10’; the contour V&I~S we 0 = 0.001, 
0.01, beyond@ = 0.01, tbeinterval A~ = 0.02. (a) Rc = 100, 
Gr/Re” = 50. O,,,, = 0.137; (b) Re = 500, Gr/Re’ = 2.0. 
0 mill = 0.107 ; (c) Re = 1.500, Gr/Rr’ = 0.22, O,,.,, = 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. S(c)), the thermal 
boundary layers at the top and bottom surfaces of the 
channel are thinner, and they do not meet each other 

until 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 
Nusseh 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 is large. It is also remarked that, 
as the fluid passes over the blocks, the temperature 
of the fluid increases. Consequently. the temperature 

2 5 6 
ln3 4(6 ij----jQ g 

Nu 

FIG. 6. Local Nusselt number variation along the block 
surface for the horizontal channet. Pr = 0.7, Re = 100. 

(--- ) Gr = 0.0, Gr/‘Re’ = 0.0; (---- -) GP = 104, 
Gr/Re’ = 1.0; (-- --) Gr = 5 x IO’, Gr;R$ = 50. 

ditfercnce between the fluid and the block dccreascs 
as the fluid moves downstream ; as a result, the local 

Nussclt number decreases progressively for the second 
and third blocks. Asanticipated. the local Nusselt num- 
her increases as the effect of the buoyancy strcngth- 
ens. However, it should bc pointed out that the 
influence of mixed convection is prominent, prin- 
cipally near the vertical faces of the block. On the bulk 

ofthe horizontal surface ofthe block, the local Nussclt 
number remains virtually unchanged as Gr/RcJ’ varies. 
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 prcscnt 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. It is therefore useful to appraise the differences 
in the results between those obtained by using the 

present thermal conditions and the other ~onventionai 
treatments. Figure 7 exhibits the computed results 

showing the temperature along the bottom surface of 
the base plate, ie. at Y = -R. (Note that, due to the 
cross-streamwise periodicity imposed in the prcscnt 
analysis. these results also refer to the conditions 
along the top surface of the channel, i.e. 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 
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(b) 
Ftc. 7. Surface temperature profiles. Pr = 0.7, Gr = 5 X IO’. 
(a) Along the bottom surface of the base plate (along 
Y = C). (b) Along the top surface (Y = 0). f-- ) 
Re = 100; (---) Re = 500; (-,-) Re = t500. 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, i.e. 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 Y = 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 Y = 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 (Y = 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, 171). 

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. Y = 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 Y = 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 
(namelyA<X<B,C<X<D,E<X<F),isillus- 
trated. For these portions, the conductive heat trans- 
fer, shown by a@/3 Y],,= 0 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 
[I 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 
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FIG. 8. Nusselt number profiles. Pr = 0.7, Gr = 5 x 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 
predictions of the prior work (e.g. ref. [7]), which configuration depicted in Fig. 2(b). As shown in Fig. 



(b) - 

(c) ------i-J 

I%. 9. Stream patterns for the vertical channel (assisting 
case). Pr = 0.7, Gr = 5 x IO’. (a) Rr = IOU, GrjRe’ = 50, 
- uI”,,*, = 0.050; (b) RP = 500. Gr/Re’ = 2. --‘E’,,,l, * = 0.045: 

(c) Re = 1500, Gr!Rr’ = 0.22, -Y,,,~,, = 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. 171). 

The tem~rature fields are displayed in Fig. 10 for 
a fixed Gr (= 5 x IO”) and Pr (=0.7). As asserted pre- 
viously for a horizontal channel (see Fig. S), 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 
surEaces of the channel. However, for a high Peclet 
number (see Fig. IO(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 

FE. 10. Isotherm contours for the vertical channd. Pr = 0.7, FIG. Il. Local Nusselt number variation along the block 
Gr = 5 x IO’. (a) Re = 100, Gr/Re’ = 50, O,,, = 0.135; (b) surface for the vertical channel. Pr = 0.7, Re = 100. (-- f 
Re = 500, Gr/Re’ = 2, O,, = 0.106; (c) Re = 1500, Gr = 0, Gri;Re’ = 0; (---) Gr = t04, Gr/Re’ = 1: (--.-) 

Gr/Re2 = 0.22, O,, = 0.093. Gr = 5 x IO’. Gr/Re’ = 50. 

the block surfaces is shown in Fig. I I. Again, the 
max~xnum heat transfer occurs near the front corner 
of each block. A notable feature now is the appreciable 
variation of the Nusselt number with G’r along the top 

surfaces, i.c. surfaces 2, 5 and 8 in Fig. II, 01‘ the 
blocks: this is in contrast to the case of a horizontal 
channel (compare Fig. I I with Fig. 6). In the case of 

a vertical channel, the forced flow from the inlet and 
the buoyancy-driven flow are augnlenting 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. I 1 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. I2 and 13 between the present 
results and the results obtained by using the simplistic 

conditions. The trends observable in Figs. I2 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 cmpha- 
sized earlier, the mixed convection is cooperating for 
the vertical channel in the present consideration. 
Inspection of Figs. I2 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. I2 and I3 imply 

that the prior estimates of heat transfer [7], based on 
such rather oversimplified treatments of the base 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 I exemplifies this maximum temperature vs Re 

for air and water, for both horizontal and vertical 
channels. It is immediately clear from Table I that the 
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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 = 5 x IO’. (a) 
Along the surface of the base plate (along Y = C). (b) Along 
the surface Y = 0, excluding the portions occupied by the 
blocks. (c) Conductive heat transport at Y = 0 in the por- 
tions occupied by the blocks. ( p) Re= 100; (pm-) 
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 



Table 1. The maximum block temperature: conditzons al-c 
(;I. = 5 x IO’: (a) f’r = 0.7. (hl Pr == 7.0 

Nr 

(a) 
100 
500 

1000 
1500 

(b) 
IO0 
500 

1000 
1500 

Horizontal channel 
0 111.1, 

0.137 
0.107 
0.098 
0.094 

0. IO? 
0.085 
0.079 
0.075 

vcrlical channel 
0 /I,.>\ 

0. I.35 
0.106 
0.09X 
0.093 

0.09x 
0.082 
0.07x 
0.074 

W 
RG. 14. Exemplary comparisons of the stream patterns. 
Re = 100, GrjRe’ = 10.0, I% = 0.7. Results obtained under 
the assumptions of: (a) the adiabatic base plate, 

-u”,.*, = 0.031 ; (b) the cross-streamwise periodic boundary 
conditions, -‘I’,.,, = 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 overall 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 more 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 

Frc;. 15. Exemplary comparisons of the isotherm contours. 
Re = 100, Gr/Re2 = 10.0, (a) The adiabatic base plate, 
O,,, = 0.448. fb) The cross-streamwise periodic boundary 

conditions, O,,,, = 0.137. 
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FIG. 16. Exemplary comparisons of the local Nusselt num- 
bers between a horizontal channel (-----) and a vertical 
channel ( --). Conditions are Gr/Re’ = 200.0 and 
Gr = 2 x IO”. (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 verti~aily-oriented channel, the impact of 
the buoyancy effect on the Aow and thermal fields is 
more pronounced. The cooling efficiency, as measured 
by the reduction of the maximum block temperature, 
is slightly higher for the vertically-oriented channel. 
In the case of the vertical channel, the buoyancy 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 corn- 

patible with realistic systems. 
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CONVECTION MIXTE SUR DES BORDURES MULTI-COUCHES AVEC DES 
CONDITIONS AUX LIMITES PERIODIQUES TRANSVERSALES 

R&sum&On analyse les caractiristiques de I‘ttcoulement et du transfert thermique en convection mixte 
dans un canal avec des blocs rectangulaires attach&s & une paroi du canal. On mod&e le refroidissement 
des chips 6 haute puissance montkes sur un systeme de circuit imprim& On r&out numkriquement les 
kquations de Navier-Stokes dans l’hypothkse de Boussinesq. On tient compte de I’kpaisseur finie de la 
paroi et on dkcrit le caract&e conjuguk du transfert thermique dans un module. On impose la condition 
aux limites the~iquement pbriodique sur les deux plaques successives. On dCtaille 1’8coulement et le champ 
thermique pour des nombres de Reynolds allant de 100 & 1500, des nombres de Grashof de 0 B 2 x 106, 
pour deux cas reprksentatifs : un canal horizontal et un canal vertical. On considtre le nombre de Nusselt 
local le long des surfaces dtt block, les distributions de la tempirature et de la densitt- de flux sur la surface 
de base de la plaque. On decrit le comportement de la temptrature maximale de la chip vis-ri-vis de Re. 
On peut affirmer que des hypoth&es trop simplificatrices comme surface de paroi isotherme ou adiabatique 

ne sont pas approprites pour simuler le refroidissement des Cquipements Clectroniques modernes. 



5. 1’. KIV <‘I oi. 

MISCI~KONVEKTION AN MEHRSC‘HIC‘HTIGEN PLATTEN MIT PERIODISCHEh 
RANDBEDlNGllNGEN 

Zusammenfassung--Es werdcn Striimtmg und W~irmciihergang bci Mlschkonvektlon in eincm K;~nal mil 
rechteckiken HI&ken an einer der Wiinde untersucht. Mit diescr grometrischen Anordnung wil-d die 
Kiihlung intcgrierter Schaltkreise (IC) mit hohel- Leistungsdichte, die aufeiner mchrschichtigcn gcdruckten 
Schaltung aufgehracht sind, modelliert. Aus den rugrundelicgenden Navicr Stokes Gleichungcn ergehcn 
sich unter der Annahme eincs Boussinesq-FLuides umfassende numerischc Liisungen. Die endliche Dickc 
der Platte wird vollstindig heriicksichtigt. Die konjugicrtcn W%rmctransportvorgange in cinem einrclnen 
Modul werdcn heschrichen. Urn stsrker 311 die Realitat hcranzukommrn, wird die therm&h-periodische 
Randhedingung zwei aufcinander folgenden Plattcn aufgepr&. Fiir Reynolds-Zahlen im Bcrcich van 100 
his 1500 und Grashof-Zahlcn im Bcrcich von 0 his 2x 10” &erden Ein7elheiten dcr Str~%~~ungs- und 
Tcmpcraturfelder fiir zwei rcprisentativc Fiille gezeigt. niimlich einen waagerechten und einen scnkrechtcn 
Kanal. Das Verhalten der iirtlichen Nusselt-Zahl cntlang dcr BlockobcrflCche wird ahgehildct. Die Vcr- 
teiltmg van Tempcratur- und Wiirmestromdichte auf der ObcrHiche der Grundplatte wird verallschaLllicht. 
Der Vcrlauf der maximalen Chiptempqratur iibcr der Reynolds-Zahl wird bcschriehen. Aus der vor- 
gcstellten Untersuchung der honjugierten Warmeiihertragung folgt. daR die ZLI stark vereinfachcnden 
Annahmcn einer isothermen oder adiahaten Randbcdingung an der Wandoherfliichc ungecignct fiir die 

Simulation dcr Kiihlung moderner clcktronischcr Komponcntcn sind. 

CMEIBAHHAR KOHBEKlJMR OT MHOI-OCJlOfiHbIX IIJIAT C rIEPHOAM4ECKM 
kl3MEHRIOQkiMEICI rPAHkl’-IHbIMM YCJIOBMRMM 

~I~OT~UU~-~+I~E~~S~~~IOTCF~ XapaKTepEiCTAKIl TeSeHASIII TenJIOnepeHOCanpHCMeIUaHHO~ KOHBeKIUiA B 

KaHane c npff~oyronb~b~~ki neperopoAKaMa Ha 0AHoii CTeHKe. I-eoMeTpun TCSeHBR MoAenapyeT 

npOWCC OXJIa~AeHH,l~HTerpaJbHbIX YAnOBC BbICOKEiMll MOUIHOCTIIMA, yCTaHOBJIeHHbIX ECUCTCMCMHO- 

rOCJlOiiHbIX ne'IaTHbIX IIJIaT. nOJIy'IeH0 6onbmoe KOJIWieCTBO 'EiCJICHHbIX peIlIeHFik OnpeAeJIFEOIUliX 

ypaBHeH&iii HaBbe-CTOKCa B npe6nameHasi EyCCHHeCKa.npEi y'IeTe KOHe'SHOii TOJILUHHbI nJIaTbI OnHCbI- 

BaeTcK B3aAMocBs3aHHbIfi xapaKTep TennonepeHoca B eA~HkivHoM Monyne. C uenbI0 npa6nHmeHlin K 

peanbHbIM ycnoeam Ha ABC nocneAoBaTenbH0 pacnonomeHHbIe nnacTwib1 HanaraeTcK nepeoAevecKki 

~3Mewno~eecx -rennoBoe rpasmaoe ycnoswe. IIpencrasneHbl xapamepwram noneii TeYeHHK II TeMne- 

paTyp np&i wcne PeiHonbAca, II3MeHmcweMCII OT 100 llo 1500, H smne rpaCrO@B B AHTepBane OT 0 
A0 2 X lo6 AAK IlByX TRnH'iHbIX CJIy'SaeB,a IIMeHHO,C rOpH3OHTanbHOii El BepTIlKaJIbHOii OpAeHTaUHefi 

KaHana.nptlBeneHbI 3HaSeHEiKnOKaJIbHOrO wicna HycCenbTaynoeepxHocTeiineperopoAoK H pacnpene- 

newsI TeMnepaTyp II cKopocreii TennonepeHoca Ha noBepxHoc-ra 0nopHoii nnacwHbI. ki306paxeHo 

N3MeHeHlle MaKCHMaJIbHOti TeMnCpaTypbI Wina B JIBACBMOCTU OT 3Ha'ieHAII Re. Ha OCHOBaHllH IIpeAC- 

TaBneHHoro aHanki3a B3akiMocBfl3aHHoro TennonepeHoca AenaeTcK B~IBOA, YTO ynpoureHHb*e Aonyue- 

HEW 06 U3OTCpMHSHOCTA RJIU aAHa6aTWIHOCTEi CTeHKH MOryT 6bITb He COBC‘ZM npkieMJIeMbIMI4 AJISI 

rdoAerIaposawiKoxna~AeHanc0~peMeHHbrx 3nCKTpoHHbIx YCT~O~TB. 


