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Abstract

A method is developed to numerically investigate thermal-fluid flow behavior in a bundle of parallel boards with
heat producing blocks. The system simulates cooling passages in a stack of electronic circuit boards with heat gener-
ating chips. At a low Reynolds number flow, a developing flow may achieve a fully developed flow state at certain block
number from the entrance. Thermal conductivity of the board and thermal contact resistance between the chip and
board has a considerable impact on thermal performance. The fluid flow and heat transfer performance in this channel

flow is similar to that in ribbed channel flow.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

One fetal shortcoming of electronic components and
devices is a limit on operating temperature in order to
ascertain their accuracy and reliability. With a trend in
reducing their volume, heat generating density increases
accordingly. As a result, thermal management of elec-
tronic equipment and devices has become a crucial
problem in electronic industry. A number of studies on
cooling of electronic devices were discussed by Naka-
yama [1] and Incropera [2]. Numerical simulation of
laminar developing flow and heat transfer in two-
dimensional ribbed channel has been performed by
Davalath and Bayazitoglu [3] and Kim and Anand [4].
Periodically fully developed flow in a similar ribbed
channel has been studied by Schmidt and Patankar [5]
and Kim and Anand [6]. This study deals with numerical
simulation of flow and heat transfer problem in a stack
of two parallel boards with a series of ten heat gener-
ating blocks attached on the surface of one board. The
system simulates cooling in a stack of circuit boards with
heat generating chips. The study is unique in that both
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the velocity and temperature are in developing stage
inside each channel. Both profiles may eventually
achieve a fully developed stage at further downstream.
Results show how friction factor and heat transfer per-
formance (in the form of thermal resistance or heat
transfer coefficient) evolve along the flow through the
coolant channel. The results resemble those in ribbed
channel flow with a distinct difference in that the former
has heat generation in only the blocks while the latter
has heating from both the blocks (ribs) and the board
(primary surface). Some problems which are unique in
electronic cooling, such as case-to-board thermal con-
tact resistance, junction-to-case thermal resistance, and
non-uniform conductivity of the board are also treated.

2. Formation of the problem

The physical system to be studied consists of a bundle
of parallel plates with a series of heat generating blocks
attached to one side of every other board surface. Since
the heat generating blocks are placed on one side of the
channel surfaces, one may define each channel enclosed
by the midplanes of two adjacent boards S; and S, is
defined as the control volume, as shown in Fig. 1, for
theoretical analysis. A coolant flows through the bundle
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Nomenclature

B block height, m

D channel space, m

Dy hydrodynamic diameter of channel, m

f friction factor

h heat transfer coefficient, W/m?> K

H fin height or height of a stack of boards, m

K thermal conductivity, W/m K

L channel length, m

N total number of block

p pressure, N/m?

P block pitch, m

Pe Peclet number

Pr Prandtl number

q heat transfer rate, W

R thermal resistance, K/W

R" thermal contact resistance, m?> K/W

Re Reynolds number

Ry thermal resistance between chip and channel
bulk flow, K/W

Ry residual

S block space, m

t board thickness, m

T temperature, K

Too ambient temperature, K

u, v velocity, m/s

14 inlet velocity of channel, m/s

w heat sink width or block width, m

X,y coordinate, m

Greek symbols

Ax space between the chip case and board, m
& convergence criterion

¢ dependent variable

Superscripts

k iteration number

- dimensionless

per unit length
per unit square

Subscripts

a air

ave average

b block or bulk

¢ chip

cb case-to-base

int interface

i, ] x- and y-direction grid numbers
] junction

jc junction to case

1 local

max maximum

nb neighbor

pl board in-plane

ref reference

th through board thickness

Printed circuit boards

Control volume

Heat generating block

Fig. 1. A schematic of the physical system to be studied.

to remove the heat generated by the blocks. Thus, the
system simulates cooling of a stack of electronic circuit
boards with heat generating chips. The temperature field
in each flow channel is thermally coupled with adjacent
channels because heat transfer from the board to the
coolant is by the conduction—convection conjugate
mode. The origin of the coordinate system, x and y, is

fixed at the entrance on the inner surface of the board S,
with x measuring the distance in the transverse direction
and y for the distance in the stream-wise direction. D
denotes the channel width; L, the channel length; ¢,
board thickness; B, block height; W, block width; S,
distance between blocks; and P, pitch between blocks.
Ten heat-generating blocks are modeled in the devel-
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oping channel flow model. The entrance length between
the inlet and first block is set to be 4/ and the channel
length is 35/ in the model.

Let the flow through the channel be two-dimensional,
steady and laminar. It enters the channel, at y = 0, with
uniform velocity 7 and temperature 7,.. u and v are the
velocity components in the x- and y-direction, respec-
tively and T is the temperature at location (x, ). Let us
define the dimensionless variables as

=t =2 X S5_72

7V7 7V7 7D7 y7D7

w=l =2 7T I (1)
D’ - D’ g /k

where ¢j, is the heat transfer rate from each block per
unit length perpendicular to the xy plane and £, is the
average air thermal conductivity. Consideration is given
to steady laminar incompressible airflow, and an as-
sumption is imposed that all thermal properties of flow
and solidity, including density, viscosity, and conduc-
tivities, are constant.

With neglect of viscous dissipation and gravity force,
the governing differential equations in dimensionless
form can be expressed as

Continuity

Ou 0v

L0 2
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x-direction momentum
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Here, f(Q) is a kronecker delta taking the value of unity
in the block and zero in the fluid, that is,

1, in block
f(Q) = {0, in fluid ()

Note that the volume of the heat source, characterized
by the product of the width and height of non-dimen-
sionalized block, appears in the source term of the en-
ergy equation.

No-slip boundary conditions are applied at the two
parallel plates and the block surface. Both the axial
diffusion and pressure are set to be zero at the channel
exit. The fluid is assumed to enter the channel with

uniform velocity and temperature profiles. Then, the
velocity boundary conditions become

u,0 =0 at the board and block surface (7)
u=0, v=1 at0<x<landy=0 (8)
Ou ov

— = —=0 0<x<1 y=L/D 9
5" 5% at0<x<landy=1L/ 9)

In addition, the pressure at the channel exit is set to zero.
The thermal inlet and outlet boundary conditions

T=0 atO<x<1, =0 (10)
oT
y

Because of symmetrical arrangement of a stack of par-
allel boards, a repeated boundary condition may apply
at the midplanes of the board S, and S, to simulate
thermal coupling between two adjacent channels.

or oT
ko th = = kbt i (12)
X (325 X 1 (147/25)
Tipy) = Tasipg) (13)

where k¢, is conductivity through the board thickness.
The inlet temperature is set to equal the ambient tem-
perature while the exit boundary is placed at the middle
of the last block in the flow direction. To simulate infi-
nitely repeated blocks in the stream-wise direction, the
outlet thermal boundary conditions for both the fluid
and solid temperature field can be described as

(5)
6)7 in the middle of (N—1)th block
B ( 67)

Y/ in the middle of Nth block
The above equation implies that temperature rise
through the centerline of the (N — 1)th block is the same
as that at through the center line of the Nth block. Since

ten heat generating blocks are considered in this devel-
oping channel flow, N is set to be 10 in this study.

(14)

3. Numerical solutions

A numerical procedure called SIMPLER [7] was used
to solve the governing differential equations. The finite
difference mesh consists of many rectangular control
volumes forming a staggered grid system. Different
control volumes are used for the x-, y-direction mo-
mentum and continuity equations. The discretized
equations are constructed by means of a power law
scheme. The flow field is solved by the line-by-line tri-
diagonal matrix algorithm (TDMA) [8,9]. This scheme is
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a combination of the direct method and the Gauss—
Seidel method. Since the repeated conditions are applied
to the temperature field in the transverse direction, the
cyclic tri-diagonal matrix algorithm (CTDMA) [10] is
used to sweep in the stream-wise direction.

Since the solution procedure is iterative, some crite-
rion is used to determine the convergence of the solu-
tion. A residual R, defined as

2
Ry = \/Z(anb</>nb +bij—aijdiy) (15)
is used at each nodal point.
The first convergence criterion, &, is set at
Ry

¢, ref

<107 (16)

& =

where Ry denotes either the residual of the initial
calculation or the maximum residual in the entire cal-
culation. The second convergence criterion, &,, is defined
as

9 = ¢’
& :”Z(Tl)z< 10_5 (17)

ij

for local values. Here, k is an iteration number. Con-
vergence is achieved when both conditions are satisfied.
¢ is larger than & in order to economize the computa-
tional time because ¢ deals with convergence of the
entire solution while &, concerns with local values.

In order to accurately simulate heat transfer phe-
nomena in electronic devices, it is essential to correctly
model some physical quantities including the solid—fluid
interfacial thermal conductivity 4k, junction-to-case
thermal resistance R;. and case-to-board thermal contact
resistance RY,.

3.1. Solid—fluid interfacial thermal conductivity

Consider an interface between a solid phase Pe and a
liquid phase eE of thickness (dx), and (x),,, respec-

et?

tively. The plane e represents the solid—fluid interface.
Let 7p, T, and Ty be the temperatures at the planes P, e
and E, respectively and kp and kz be the thermal con-
ductivities of the solid and fluid phases, respectively.
Then, the heat flux at the interface ¢ can be written as
q// _ kinl(TP - TE) _ kP(TP - Tg) _ kE(Te — TE) (18)
¢ (ax)e (6x)e— (8x)e+
It yield the definition of the interfacial thermal con-
ductivity as

kgkp

e, ;. G0
A

kint = ( 19)

3.2. Thermal resistances

The ultimate goal in thermal management of elec-
tronic devices is to restrict the component junction
temperature 7;, within its maximum allowable value
specified by the manufacturer. Most often, chip manu-
facturers provide the junction-to-case thermal resistance
Rj. for chips. The chip case is not directly placed on the
board but instead it is connected to the board by the
leads, thus creating an air space between the chip and
the board Ax,, as illustrated in Fig. 2. Hence, the case-
to-board thermal resistance R, may be modeled in the
numerical simulation for determining the junction tem-
perature. The thermal resistance Rj. and R} are defined
as
ch _ ]3 - Tc.lop and Rgb _ Tc,bol,/_ Tb (20)

qc 9ev
respectively. g, is the total heat dissipation from the chip
and ¢, is the heat flux through the chip case and board.
The quantities with double prime denote those per unit
heat transfer area.

In the present study, the heat-generating block is
mounted directly on the board and the air space is not
modeled in numerical simulations. Instead of modeling
the physical air space, thermal resistance can be assigned

Molding Wire bond Chip Case
\ \ Tc, top T
A X
- —_—
[ ¥ 1 L 3|
l v v v |
R
| «— —>» T «— —» |
Air space \ Board

Fig. 2. Detail description and heat transfer path of an electronic component.
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at the interface of the block and board. Thermal resis-
tances can be modeled by modifying the interface con-
ductivity of the board and block. It can be shown that

(11]
Ax,
ka

R/c/b = (21)
where Ax, is the air space and k, is the thermal con-
ductivity of air. Therefore, the thermal contact resis-
tance between the case and board is calculated by
knowing the air gap thickness.

3.3. Thermal conductivity of printed circuit board

A typical printed circuit board is a layered composite
material consisting of layers of copper foil and glass-
reinforced polymer (FR-4). Due to low thermal con-
ductivity of the FR-4 and absence of a continuous
copper path, the thermal conductivity through the
thickness of the plane &, in the traverse direction is
much lower than that within the plane &, ;; in the stream-
wise direction. The magnitudes of kyp, and kyq in a
typical PCB having two internal copper planes and two
FR-4 layers are 17.4 and 0.26 W/m K, respectively [12].
Since the heat generated by a chip is dissipated through
the PCB, these two thermal conductivities play an im-
portant role in lowering thermal resistance from the chip
to the ambient. Low conductivity of kyy, results in an
increase in the thermal resistance. A remedy of low
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thermal conductivity can be achieved by installing a
number of thermal vias or heat slugs in the transverse
direction. The use of the thermal vias or heat slugs en-
hances heat dissipation form the chip component. Note
that the thermal conductivities k, and ky are em-
ployed in the present numerical simulation.

4. Results and discussion

The friction factor per module, f, is defined as

p(x,y) = plx,y +P) Dy
P pV2/2

(22)

Heat transfer performance is presented as the local
and average heat transfer coefficients 4 and A, re-
spectively. First it is necessary to define a reference
temperature. Moffat and Anderson [13] proposed a few
options and finally selected adiabatic temperature as the
reference temperature obtained from a superposition of
the Kernel function. It can be used independently of
flow and heating conditions but required the informa-
tion at the inlet. Kim and Anand [4] selected bulk tem-
perature T, as the reference temperature, which is
defined as

D
= o T 3)
- D
Jo lvldx
(b) 27 = I TP s,
T /F/P T -
2650 T Wil
e T ‘ il
(e i
L) R IO N Wi
255
25"‘,
S.245)
BN
24 - . 1
L.t T
o
235F 11
L
NN
RN
23:—3%
T
T
T
225[1 7
N
T
22 2%
0 02 03 04 05

x/W

Fig. 3. (a) Velocity distribution in entrance region of developing flow at Re = 1000. (b) Velocity distribution in downstream of last

block of developing flow at Re = 1000.
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The bulk temperature can be easily obtained for both
developing flow in channels and a periodically fully de-
veloped flow in modules. In this study, only constant

heat source is treated. For such case, the bulk temper-
ature is not affected by different upstream heating con-
ditions. The local heat transfer coefficient of the channel
flow is defined based on the bulk temperature and local
surface temperature 75 as

@ M R 7k_1(dr>
m dV
6 K = 22 _ h = at local surface 24
S —— . I T T (24)
\\\\'\\\\\“.. \\\\\\\\»“..
\ MMy \\\\\\ \\ Mg The heat transfer coefficient in the channel module
sap, T gl AR may be used to compare the thermal performance for
‘ fliEEe: Wil the developed flow and periodically fully developed flow.
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It is calculated along the upper board surface and top
surface of the block. The average heat transfer coeffi-
cient is defined as

v
Nave = ——— md +/ hd) 25
P+Ww ( upper board 1 block top 1 ( )
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Fig. 4. Cavity flow in developing flow for B/W =02 at
Re =100 (A) and Re = 1000 (B): (a) first cavity and (b) ninth Fig. 5. Transverse velocity profiles at the middle of cavities,
cavity. B/W =0.2: (a) Re = 100 and (b) Re = 1000.
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An alternative way of expressing heat transfer per-
formance is through the use of thermal resistance be-
tween the chip and bulk channel flow which is defined as

R[h _ ]::‘max - Tb (26)
qc

Here, Timax is the maximum temperature of the block
and its magnitude represents the junction temperature of
the chip 7j. ¢. denotes the heat generation rate from the
block.

Results for velocity vectors, friction factor, iso-
therms, heat transfer coefficients, and thermal resistance
are presented in Figs. 3-8.

4.1. Fluid flow behavior

Fig. 3(a) and (b) show the velocity-vector distribu-
tions in the entrance region and the region downstream

from the last block, respectively, of a developing flow in
the channel. The Reynolds number is at 1000. The en-
trance region refers to the flow regime from the inlet to
the upstream end of the first block. It is observed that
the incoming flow impacts on the first block, resulting in
an abrupt change in its direction. Another special flow
characteristic is a step-down flow in the wake region
behind the downstream end of the last (10th) block. A
flow circulation is observed in the wake region with the
size of about a two-block length. It is of importance to
note that flow patterns in Fig. 3(a) and (b) exhibit the
characteristics of the up-step and down-step flow, re-
spectively.

Fig. 4(A) and (B) show circulation flows in the first
and ninth cavity at the Reynolds numbers of 100 and
1000, respectively. Notice the formation of a circulating
flow in the wake region behind the upstream heating
block in Fig. 4(A) at a low Reynolds number of 100. As

10F

—e—Re=100
—m— Re=500
—a— Re=1000

0.1
1 2 3 4 5

6 7 8 9 10 11

Block number

(a)

01 1 1 1 1

—=— Re=500

—a— Re=1000

1 2 3 4 5

6 7 8 9 10 1"

Block number

(b)

Fig. 6. Variation of friction factor in the stream-wise direction: (a) B/W = 0.2 and (b) B/W = 0.4.
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x/W

Fig. 7. Temperature distribution in developing flow with
ki, ky1 = 1k, for B/W = 0.2 and Re = 1000.

the Reynolds number reaches 1000, the circulating flow
covers the entire cavity with the main stream passing
over the cavity, as seen in Fig. 4(B). At Re = 1000, flow
circulation in the first cavity is stronger than that in the
ninth cavity, while little difference is observed at
Re = 100. This is because after undergoing a large de-
flection induced at the first block, the flow tends to slide
over the cavity downstream of the first block. This also
implies that the hydrodynamic entrance region length at
Re = 1000 is much longer than that at Re = 100.
Transverse velocity profiles at the middle of the
cavities are examined at Re =100 and 1000 for the
blocks with B/W = 0.2 and 0.4. The channel width, D, is
the same as the block width, 7, while the block pitch, P,
is twice as the block width, 2. Only the transverse
velocity profiles for B/W = 0.2 are presented in Fig. 5
for both developing flow and the periodically fully de-
veloped flow for comparison. The figure shows the
transverse velocity profiles at the cavities 1, 5, and 9 and
velocity profile of periodically fully developed flow with
the velocities being normalized with the bulk velocity V4.
As can be seen from the figure, the transverse velocity
profiles of all cavities in the developing flow practically

coincide with that of periodically fully developed flow.
This implies that the developing flow has practically
reached a periodically fully developed state at its second
module. However, this is not the case at the higher
Reynolds number, Re = 1000. The developing flow ve-
locity profiles fail to come to close to that of periodically
fully developed flow even at its ninth cavity. This ob-
servation is in accord with the fact that the entrance
region length increases with the Reynolds number.
Similar phenomena are observed for B/W = 0.4 case. In
laminar flow, the hydrodynamic entrance length can be
approximated by the form [14]

Lfd,h ~ O.OSReDhDh (27)

Here, the Reynolds number is based on the hydraulic
diameter of the channel, Dy,. Using Eq. (27), the entrance
length of this channel flow reaches 100D at Re = 1000.
Therefore, when the block pitch, P, is 2/, the flow
would reach a fully developed flow state at around the
50th blocks.

Fig. 6 displays the variation of friction factors along
the blocks for B/W = 0.2 and 0.4. The corresponding
friction factor for periodically fully developed flow
shown at the block number 11 is superimposed for
comparison. In both flows, the friction factor f falls
substantially from the first to second blocks due to the
abrupt change in the flow direction as seen in Fig. 3(a).
The friction factor recovers as the flow reaches the third
block and takes a fairly constant value thereafter. It is
observed that the f curve drops with an increase in the
Reynolds number Re, indicating the benefit of higher
coolant flow.

4.2. Heat transfer performance

Fig. 7 depicts temperature distribution in a develop-
ing flow through the channel at Re = 1000. Coolant air
enters with uniform temperature 20 °C at y/W = 0. Both
ko and kyp are 1k,. Nearly symmetrical, cone-shaped
isotherms such as 25, 30, 35 and 40 °C are formed with
the axis located at the center of the flow passage between
the block tips and the plane board (without block). The
effect of convection-conduction conjugate mode in both
the boards with and without the blocks is clearly visible
through the unusual distribution of the isotherms in the
coolant near the plane board. The magnitude of iso-
therms in and around the blocks increases in the
downstream direction, from the first to the last (10th)
blocks. This isotherm distribution pattern constitutes
the basic mechanism for the distribution pattern of both
the local and average heat transfer coefficients in the
system.

Thermal performance of a developing channel flow is
investigated to determine when the flow reaches a ther-
mally fully developed state. The distribution of local
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Fig. 8. Variation of local heat transfer coefficient for B/W = 0.2, Ry, = 0.01 and ky, = kypp = ka (solid lines for block surface and
broken line for upper board surface): (a) Re = 100 and (b) Re = 1000.

heat transfer coefficients on both the block top surface
and upper board surface in the stream-wise direction is
presented in Fig. 8 for B/W = 0.2. Ry, is 0.01 (K m?/W)
and the board is uniform conductivity £, in all results of
the figures. The solid line indicates the local heat transfer
coefficient along the block surface and the broken line
indicates that along the upper board surface. It is seen
that at a low Reynolds number of 100, the periodic
variation of the local heat transfer coefficients is
achieved on both the block top and upper board sur-
faces at the second module with y/W between 6 and 7.
However, at a high Reynolds number of 1000, the pe-
riodicity is gradually established towards the last block,
without a distinct location for the inception of a ther-
mally fully developed state.

It is observed in Fig. 8 that periodic thermal be-
havior in the flow direction is induced by periodic
heating due to block heating. Each cycle begins with a
maximum and follows a “v”’ shape curve, as illustrated

by the broken line. The maximum local heat transfer
coefficient occurs at the upstream edge of each heating
block caused by an upsurge in the flow velocity, as
observed at y/W = 4.0 in Fig. 3(a) and at y/W = 6.0
and 22.0 in Fig. 4(A) and (B). The heat transfer per-
formance diminishes gradually along the heating block
surface, followed a dip and subsequent recovery, thus
forming a valley, during a cavity flow as seen in Fig.
4(A) and (B).

Thermal performance in an electronics chip cooling is
often examined in terms of thermal resistance between
the chip junction and the cooling medium. The Nusselt
number of a channel is a good indicator for examining
the thermal performance in a channel flow. However,
heat transfer in electronics cooling is a combination of
convection in channel air flow and conduction of printed
circuit board and chip module, a sort of conjugate heat
transfer problem. Therefore, the thermal resistance
between the chip module and the channel bulk flow,
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defined in Eq. (26), is a better choice for examining the
thermal performance in electronics chip cooling.

The variation of thermal resistances in the stream-
wise direction are presented in Fig. 9(a) and (b) for the
various board conductivities and case-to-base thermal
resistances, respectively. R, is fixed to be 0.01 [K m*/W]
in Fig. 9(a) and the board is uniform conductivity &, in
Fig. 9(b).The corresponding thermal resistances of pe-
riodically fully developed flow are superimposed at the
block number 11 for comparison. Results of two dif-
ferent block height, B/W = 0.2 and 0.4 are shown in the
same figures. At a low Reynolds number of 100 (not
shown), the thermal resistance after the second block
remains constant at its corresponding values for peri-
odically fully developed flow. Hence, one can conclude
that the flow has reached a thermally fully developed
state at the second module. At a high Reynolds number
of 1000, the thermal resistance approaches to its peri-

odically fully developed value, as the flow proceeds
downstream, i.c., as the block number increases. How-
ever, this trend continues until the ninth block. There-
fore, the flow has not reached its thermally fully
developed state even at the ninth block.

The interesting result is attributed to non-uniform
thermal conductivity of the board, due to non-homo-
geneity of printed circuit board. An increase in the
conductivity through the board thickness, &y 1, has more
effect on reducing the chip-to-bulk flow thermal resis-
tance than an increase in the in-plane thermal conduc-
tivity, k. This implies that an increase in the
conductivity through the board thickness would con-
tribute more to thermal performance of chip cooling
than an increase in the in-plane conductivity of the
board. This result suggested the remedy for low thermal
conductivity by installing thermal vias or heat slug in
a layered printed circuit board under a chip. In general,
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Fig. 9. Variation of thermal resistances in the stream-wise direction with the result of periodically fully developed flow (solid line for
B/W = 0.2 and broken line for B/W = 0.4): (a) various board conductivities at R, = 0.01 and (b) various case-to-base thermal contact
resistance with kyw = ko pi = ka-
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an increase of the thermal contact resistance leads to the
increase of the junction temperature. In Fig. 9(b), the
considerable increase of Ry, is observed between Ry, =
0.1 and 0.01 in all results. The air gap between the chip
case and board Ax, is calculated using Eq. (24). For
Ry, = 0.01, the calculation yields Ax, = 0.28 mm. This
might suggest that the air gap between the chip case and
board should be designed not to exceed 0.28 mm.

5. Conclusions

A method has been developed to numerically inves-
tigate thermal-fluid flow behavior in a bundle of parallel
boards with heat producing blocks. The system simu-
lates cooling passages in a stack of electronic circuit
boards with heat generating chips. Numerical results
have been obtained for velocity vectors, isotherms,
friction factor, local and average heat transfer coeffi-
cients, and thermal resistance. It is disclosed that at a
low Reynolds number flow, a developing flow may
achieve a fully developed flow state at certain block
number from the entrance. However, the block number
for a flow to become fully developed increases with an
increase in Re. At low Re, a circulation is developed
inside the separation regime in each cavity with the main
stream dip into the downstream region of the cavity.
However, at high Re, the circulating flow occupies on
entire cavity with the main stream travels straight over
the cavity. Those flow patterns constitutes the basic
mechanisms of behavior of local heat transfer co-
efficients and eventually that of average heat transfer
coefficient. Both the fluid flow and heat transfer per-
formance resembles those in ribbed channel flow.

An increase in the conductivity through the board
thickness had more effect on reducing the chip-to-bulk
flow thermal resistance than by an increase in the in-
plane thermal conductivity. This result suggests the
remedy for low thermal conductivity by installing ther-
mal vias or heat slug in a layered printed circuit board
under a chip. It was also discovered that the air gap
between the chip case and the board had a considerable
impact on the junction temperature. It is important to
model the case-to-board thermal contact resistance R,
to determine the correct junction temperature.
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