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ABSTRACT

Many microelectronic applications employ natural convec-
tion cooling as the sole means of dissipating heat due to the
simplicity of the process and the low long term costs associ-
ated with maintenance and reliability. But the trend in micro-
electronic design towards higher packaging densities and higher
power dissipation rates often leads to circuit board tempera-
tures which exceed predetermined limitations, which have been
established to ensure long term reliability. In order to main-
tain operating temperatures at safe levels, designers must be
aware of the significance that each design decision has on the
rate of heat transfer and in turn the final operating tempera-
ture of circuit board components. The purpose of this paper is
to determine the parameters on which the operating tempera-
ture depends and to show the effect that these parameters, such

_ as the thermophysical properties, package location, and the ap-

plied power level, have on localized temperature and the average
Nusselt number.

NOMENCLATURE

Bi Biot number = ht/k,
Bq Boussinesq number = gfL%/ksa®

Cp specific heat, J/kgK

d dimensionless distance between heat sources
g gravitational acceleration, m/s®

h convective heat transfer coefficient, W/m?K
k thermal conductivity, W/mK

4 heat source length and width, m

L total circuit board length, m

Nu Nusselt Number = ¢f/(T — T )by

Pr Prandtl number = v/a

q heat flux, W/m?

Q heat transfer rate, W

t circuit board thickness, m

T temperature, K
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u,v,w flow velocity in the z,y, z-direction, m/s
w total circuit board width, m
z,y,z Cartesian coordinates

Greek Symbols

a thermal diffusivity = k;/pc,, m?/s

B thermal expansion coefficient, K-!

€ emissivity

p) density, kg/m?

] dimensionless temperature excess

v kinematic viscosity, m?/s

o Stefan-Boltzmann constant = 5.67 x 10~%, W/m® K*

® dimensionless temperature change, see Eq. (33)
Subscripts

c circuit board center line

f fuid

] Joulean heat generation

r radiation

s solid

sur surrounding condition

w wall condition

1 upstream heat source

2 downstream heat source

o free stream condition
Superscripts

* dimensionless variable
INTRODUCTION

The prediction of operating temperatures and heat trans-
fer performance in microelectronic circuit boards, necessitates
the use of a conjugate heat transfer model which accounts for




the simultaneous occurrence of convection into the cooling fluid,
conduction through the circuit board, and radiation heat trans-
fer to the surroundings. Conjugate problems involving natural
convection heat transfer from a vertical plate immersed in an
extensive fluid have not received much attention to date. Most
existing studies in the literature deal with two-dimensional anal-
yses, by ignoring or excluding the effect of the third dimension in
the direction across the width of the plate. Zinnes (1970) solved
two-dimensional conjugate problems with strip heat sources us-
ing finite difference methods and compared the surface temper-
ature variations with experimental results, Further studies were
carried out by Kishinami and Seki (1983), and Kishinami et
al. (1987) using both numerical and experimental methods. Lee
and Yovanovich (1989) obtained analytical solutions for two-
dimensional conjugate problems using an approximate method
and reported excellent agreement of the results with the numer-
ical and experimental data of Zinnes (1970).

Although the detailed output data available from most state-
of-the-art Computer Aided Design tools is of importance in es-
tablishing localized hot spots on the surface of a circuit board,
the preliminary stages of circuit board design often requires more
of a “feel” for the significance due to changes in various design
parameters and not as much detail. The “feel” can be based
on trends established from prior experimental testing, the esti-
mation of upper and lower bound solutions based on analytical
simplifications or, as is the intent of this paper, the presentation
of a case study where a specific example is examined in detail
to ascertain a better understanding of the relationship between
basic design parameters and conjugate heat transfer in a circuit

board.

THERMAL MODEL

A typical microelectronic circuit board, as shown in Fig. 1,
consists of a multilayered substrate, formed from alternating
layers of a conductive material, such as copper with layers of
an insulating material, such as fiberglass/epoxy. Attached to
the surface of the substrate are IC packages, resistors, capaci-
tors and other heat generating devices. For the purpose of this
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Fig. 1 Printed circuit board shown with schematic of thermal dis-
sipation from heat sources.

study, the heat sources are assumed to be low profile, square
packages in perfect contact with the substrate. The Joulean -
heating within each source is assumed to be uniform. Due to the
complex temperature field established between the substrate,
the heat sources and the surrounding air medium an exact ana-
lytical solution is not available with present solution techniques.
However, approximate methods combined with a few simplifying
assumptions will significantly reduce the difficulties associated
with the solution technique and can be used to obtain accurate
solutions to highly complex conjugate heat transfer problems.

Figure 2 shows a geometric configuration of the circuit board
with two iso-flux heat sources and the coordinate system used in
the following analysis. The circuit board is suspended in a quies-
cent fluid which is contained within surroundings of large extent.
The fluid is assumed to be maintained at a uniform tempera-
ture T, and the surroundings, not shown in the figure, are also
assumed to be at a uniform temperature, Tiyr. For the present
modeling, flush mounted heat sources are assumed, represen-
tative of chip-on-board or surface mount technology. Surface
mount and chip-on-board technology eliminates the need to in-
stall component pins in pre-formed through-holes which must be
filled with solder to provide electrical and mechanical integrity.
Surface mount and chip-on-board technologies also permit com-
ponents to be mounted closer to the surface of the circuit board,
giving the overall surface of the circuit board a smooth appear-
ance.

Fluid-Side Equations

The standard boundary layer eguations, in which the trans-
port of momentum and energy by diffusion processes is assumed
negligible compared to convection in the direction parallel to
the flow stream, will be used to describe the flow and energy
field within the surrounding fuid. In addition to the implicit
boundary layer approximations the following assumptions will
be included in the present study.
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Fig. 2 Configuration and coordinate system of printed circuit board
used as default case.




The v-velocity in the y-direction, across the width of the
circuit board, is small compared to the buoyancy induced u-
velocity in the z-direction. This combined with a scale analysis
indicate that the convective transport in the y-direction can be
ignored.

Thermophysical properties of the fluid, except the density
variation used in the Boussinesq approximation, are assumed
constant. The work done by the viscous force and the pres-
sure work term are neglected. When air is used as a coolant
fluid, its thermal conductivity is usually orders of magnitude
smaller than that of the circuit board. As such, one can assume
that the planar thermal diffusion parallel to the board surface
(i.e., the z and y directions) is predominantly characterized by
the conduction heat transfer in the circuit board. This not only
supplements the validity of the boundary layer approximations
but also allows one to ignore the planar diffusion of energy in
the fluid, which in turn allows the planar diffusion of momentum
to be ignored. Since the circuit board is thin and heat sources
are usually mounted away from the edges of the drcuit board, it
is reasonable to assume that the operating temperature and the
heat transfer characteristics of heating elements are not influ-
enced by the edge effects. Based on the foregoing assumptions
and approximations, the resulting governing equations become
identical to the two-dimensional boundary layer equations in the
z-z coordinates.

u  Ow X
mtam =0 (1)
b du 6%y
ua—: + wg; = I/E; +98(T - Tw) (2)
QZ + E = 32_T (3)
Yz TV T oz

where the following boundary conditions apply.

asz—xec , u—0, T—o Ty 4)
atz=0, u=0, T="T, (5)
atz=—t and 0 , u=w=0 (6)

Although the assumption of negligible diffusion transport in
the y-direction is invalid near the side-edges of the circuit board,
and, for the same reason, the boundary layer approximations fail
near the leading edge of the circuit board, the above equations
can be considered applicable at any fixed y-location over the
entire circuit board, for all practical purposes of the present
investigation.

Solid-Side Equations

The gbveming equation for heat flow in a homogeneous solid
body is Laplace’s equation, given as

T 62T 8T
322 T O T 9 2

where the boundary conditions, assuming negligible heat dissi-
pation through the edge surfaces, are
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‘ aT '
atz=0 and L, % = 0 (8)
éT
aty=0 and W, -a—y- = 0 (9

And the interfacial conditions that couple the fluid/solid-side
equations are

at z = —¢ Tery =Ticemy (10)
ky g—f— ” = Gp_y + k1 %’5'_;- (11)

atz=0 To-y = To) (12)
G| mueath ‘Z—f]m (13)

where g, represents the radiative heat flux distribution over the
front and back surface of the circuit board which can be ex-
pressed in terms of the Stefan-Boltzmann law of radiation,

g = 50(T4 su.r; (14)

where T, denotes the local surface temperature of the circuit
board at either z = —t or z = 0. The subscripts —t* and 0~
denote the solid-side surfaces, and —¢~ and 0% denote the
fluid-side surfaces at the fluid-solid interfaces.

The Joulean heat flux distribution, g;, is an input function
of z and y prescribed over the surface of the circuit board. It is
obtained by dividing the total power input per heating element
by the element surface area over the source locations and by
assigning O over the non-heating regions.

If the Biot number based on the circuit board thickness
(Bi = ht/k,) is less than 0.1 the temperature gradient across
the thickness of the board can be ignored without significantly
altering the final solutions. In such cases, the interfacial con-
ditions can be absorbed into the governing equations by inte-
grating Laplace’s equation across the thickness of the circuit
board, and Egs. (7), (11) and (13) reduce to a two-dimensional
fin equation written as

a7_T+62_T ._1.. +2L aT
oz | Oy T kg \F T TR 57

where ¢, = g, + Grq-

META, a conjugate heat transfer modeling routine devel-
oped by Culham et al. (1991b) combines an approximate ana-
lytical boundary layer solution with a finite volume solid body
solution, which takes advantage of the negligible temperature
gradient across the thickness of a circuit board (i.e., Bi < 0.1),
thereby allowing a two-dimensional solution to be used to solve
for board temperatures. The boundary layer solution is based
on a linearized form of the boundary layer equations (Lee and
Yovanovich, 1991) for laminar flow over a flat plate with a flux
specified boundary condition. The resulting formulation for the
local heat transfer coefficient is then used as the surface con-
vective condition in the solid body model. as presented by Lee
and Yovanovich {1989). The two solutions are coupled using an
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iterative procedure to give a unique temperature profile at the
fluid-solid interface which simultaneously satisfies the governing
equations described in the previous section for both the fluid
and solid domains.

PARAMETRIC ANALYSIS

The above equations are non-dimensionalized by using the
dimensionless parameters defined as

" = % .(16)
- = 2
@ =7 (17)
= L (18)
T L
-
o= = (19)
w o= 2L (20)
v
T-T.

) = A2 1

o’f/gBLe @)
Non-dimensionalizing the fluid-side equations
du | Ow"

—_—t— = 2

dz* " Bz" 0 22)
JOut . But BFur 9
Yo tVer T matha )
. 08 .08 1 9%
v Oz* T 8z T Proz? (24)
with the boundary conditions
asz”— oo , uT—0, § =90 (25)

atz"=0 , u"=0, =0 (26)
at 2" =—t"and 0 , W =w*=0 (27)

The corresponding two-dimensional solid-side equation be-
comes

a0 a9

kit [ 8% ‘
—— == +35—|+Bq;—Bq, + 2—| =0 28
kL {81"2 * By'z] + B9, Ba- + 257 ot (28)
with
08
atz"=0and 1l , -6?—0 (29)
. w 04
aty =0andf , ay.-—O (30)
where Bq is the Boussinesq number defined as
gBL%q
= 31
Bq e (31)

with Bq; based on ¢;, and Bq, based on g;.
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From the above equations the functional dependency of the
dimensionless surface temperature can be written as

w.

= . k’t
0‘,, = aw(l %) » =, Pr, EI—E!qu’qu) (32)

L

This is an implicit non-linear equation due to the radiation heat

. transfer denoted by Bq, which contains a fourth-order term of

8,. Although the above function depends only on five dimen-
sionless parameters, excluding the local positional parameters,
the major difficulty in presenting and summarizing the paramet-

- ric behavior of the surface temperature rests on the fact that one

of the input parameters, namely Bq;, itself is a function of z*
and y.

When Bi is greater than 0.1, the three-dimensional solid
equation must be solved and the surface temperature depends on
an additional parameter as the parameter k,t/k;L decomposes
to k,/ks and t/L.

DEFAULT CONDITIONS

Because of the inherent complexity of microelectronic circuit
boards and the arrangement of IC packages, an endless combina-
tion of configurations could be selected for this study. Instead,
a conventional two heat source circuit board, as shown in Fig. 2,
will be analyzed, where dimensions. and thermophysical prop-
erties for the default case are given as

Board LxWxt=02mx0.1mx0.0016 m
ky =2 W/mK
e=0

Ix£=002mx002m
e=0

Qi=Qp=1W

Heat Sources

Fluid
(air @ 300 K)

ks =0.0263 W/mK
v =15.89 x 10~ m?/s

Pr = 0.707
To =293 K
Surroundings Towr = 293 K

The circuit board aspect ratio, defined as the total length of
the board in the flow direction over the thickness of the board
(L/t), is of the order 125:1. The predominant surfaces for con-
vective cooling are the front and back surfaces of the circuit
board, which encompass approximately 99% of the total exposed
surface area of the circuit board. Therefore, the heat transfer
through the edges of the circuit board is considered negligible
and these surfaces will be treated as adiabatic.

Although the local convective heat transfer coefficient varies
significantly over the surface of an electronic circuit board, local

" maximum values of & associated with natural convection cool-

ing of typical PCBs range from approximately 5 to 20 W/m?K
when air is used as the coolant fluid {Chu and Simons, 1984).
As a result, typical values of the Biot Number (Bi = At/k,)
in practical applications rarely become greater than 0.1. The




magnitude of the Biot number serves as an indication of the rel-
ative magnitude of the thermal resistance across the thickness
of the circuit board to the thermal resistance within the fluid
boundary layer. Since it is commonly accepted that a Bi < 0.1
allows a two-dimensional conduction analysis to be used with
minimal deviation from results obtained using a more rigorous
three-dimensional solution, a two-dimensional assumption will
be used in the iterative model. For the present default case, this
approximation is valid where the heat transfer coefficient h is
less than 250 W/m?K. This value is greater than the values ob-
served even in many forced convection applications and as it will
be seen, this is approximately 20 times greater than the local
maximum values of A observed for the default case.

The cooling fluid is taken to be dry air with flow over the
circuit board assumed to be steady, two dimensional and incom-
pressible. The maximum flow velocity anticipated in microelec-
tronic applications is low enough that the flow can be considered
laminar and frictional dissipation can be considered negligible.
The circuit board has a uniform thickness with heat dissipating
component packages being in perfect contact with the surface of
the circuit board. The power dissipated by the components is
assumed to be steady and invariant with respect to time.

In the following section, the parametric behavior of the sur-
{ace temperature variation and heat transfer characteristics of
the circuit board will be discussed.

DISCUSSION

The three-dimensional plots in Fig. 3 show the distributions
of the local Boussinesq number based on the convective heat
flux, dimensionless temperature, and heat transfer coefficient
for the default configuration where &k, = 2 W/mK, ¢ = 0, and
@i, = Qs =1 W. The circuit board is cooled by natural convec-
tion with the gravity vector pointing in the negative z-direction
leading to a buoyancy induced flow in the positive z-direction.

The temperature profile, as shown in Fig. 3b, is similar to
what could be found in a low velocity forced convection applica-
tion. But in natural convection the flow velocity increases in the
positive z-direction as more heat is dissipated into the boundary
layer. Unlike in forced flow applications where two heat sources
of equal strength, arranged as in Fig. 2, always produces a higher
peak temperature over the second source, in natural convection
the downstream source can have a lower peak temperature than
the upstream source because of the positional dependence of the
flow velocity. This is due to the non-linear characteristic of the
natural convection cooling and the lower peak temperature at
the downstream source occurs when the circuit board conductiv-
ity is small and/or two heat sources are located far apart along
the flow stream.

As shown in Fig. 3¢, the heat transfer coefficient in conjugate
natural convection applications is driven by the heat flux and
as such the heat transfer coefficient in the immediate vicinity of
the leading edge of the circuit board is approximately 4 W/m?K,
growing to a local maximum value of 12 W/m?K over the first
source. This is in sharp contrast to forced convection, as shown
by Culham et al. (1991a), where the value of the local heat
transfer coefficient is observed to be decreasing monotonically
from its maximum near the leading edge of the circuit board to
its minimum of near zero in the downstream wake of the first
source.

For the following discussions on the parametric behavior, the
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Fig. 3 Dimensionless surface heat flux and surface temperature
distributions and local convective heat transfer coefficient for the
default case (k, =2 W/mK, e =10,Q; =Q;, =1 W).

above default case will be used as the reference configuration.
As it was stated earlier there are five controllable dimensionless
parameters on which the solutions depead. With physical di-
mensions of the circuit board and the vaiues of thermophysical
properties of air unchanged, the effects that the three remaining
parameters, namely k,t/k;L, Bq,, and Bq;, have on the solu-
tions will be examined by varying the board conductivity ki,
the surface emissivity ¢, and the power dissipation and location
of the leading heat source over a range typically observed in
microelectronic applications. Figures 4-6 show the effect that
thermal conductivity, emissivity and heat source strength have
on the local value of the dimensionless surface temperature along
the center line of the circuit board, where 8, = 8, (y* = 0.25).

Thermal Conductivity

The conduction of heat within a printed circuit board is de-
scribed by Laplace’s equation, as given in Eq. (7), which leads
to the fin equation, as given in Eq. (13). when the appropri-
ate interfacial conditions are applied. As seen in Eq. (15), the
thermal conductivity of the solid, k,, must be considered in the
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Fig. 4 Dimensionless surface temperature variation along the center
line of the circuit board (y* = 0.25) showing the effect of changes in
board conductivity k, from 0.2 to 54 W/mK where k, = 2 W/mK
is the default case.

solution process, and it has a strong impact on the distribution
of heat and therefore the distribution of temperature. Although
most printed circuit boards are complex laminated structures,
the present study assumes a constant value for the circuit board
conductivity. A method can be employed to produce a single
representative value of thermal conductivity for the full multi-
layered structure. The series and parallel heat flow paths must
be considered, with the harmonic mean of the two resistive paths
being used to calculate the effective thermal conductivity.

The thermal conductivity, as shown in Fig. 4, has a signif-
icant effect on the peak source temperature. Through the use
of laboratory experiments and numerical simulation it can be
seen that the conduction heat transfer in the solid must be con-
sidered even for low conductivity materials, such as plastics and
fiberglass found in circuit board constructions. The default case,
where k, = 2 W/mK, is shown using the dotied line in Fig. 4.

When the thermal conductivity is low (i.e., k, < 0.2 W/mK)
the peak temperature of the downstream source is lower than
that of the leading source. This phenomenon was first observed
by Jaluria (1982) who solved the boundary layer equations by
using finite difference methods for cases with a number of strip
heat sources of uniform surface heat flux mounted flush on an
adiabatic plate (i.e., k, = 0 W/mK) in air. As the circuit board
conductivity decreases, less heat is conducted away from the
heat sources through the solid and more heat has to be dissi-
pated directly into the fluid from the confined region at and
near the sources. As it happens, the temperature of the leading
heat source will increase significantly, resulting in an increase in
the velocity of the buoyant driven flow in the boundary layer.
The surface temperature decreases immediately after the first
source but never becomes lower than the ambient fluid tem- -
perature. The positive fluid temperature excess represents an
upward buoyant force on the fluid. A portion of this force will
be used to overcome the friction, and the remainder will be used
to accelerate the flow, resulting in a perpetual increase in the .
fluid velocity. If the two sources are far enough apart, the higher
approaching velocity combined with decreasing wake tempera-
ture will lower the peak temperature of the downstream source
below that of the leading source.
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Fig. 5 Dimensionless surface temperature variation along the center
line of the circuit board (y* = 0.25) showing the effect of changes
in board emissivity € from 0 to 1 where = = 0 is the default case.

In the limit as the circuit board conductivity becomes zero,
the boundary layer approximation in the energy equation and
the assumption of negligible thermal diffusion in the planar di-
rections become invalid also in the vicinity of the source edges.
The problem is no longer a conjugate problem. As the circuit
board conductivity increases on the other hand, the circuit board
approaches an isothermal condition in the limit, representing the
minimum temperature the heat sources can attain by means of
changes in the thermal conductivity.

Surface Emissivity

Because the convective heat transfer coefficient in natural
convection applications is generally less than 10 W/m?K, the
component of heat dissipated by way of radiation is much more
significant than in forced convection applications. It is not un-
common for up to 40% of the total heat generated to be dissi-
pated by radiation. )

A change in the surface emissivity of the circuit board has
a similar effect on dimensionless temperature regardless of loca-
tion, as shown in Fig. 5. The emissivity of the circuit board is
assumed uniform for each case, with three cases examined: i)
0 (white body), ii) € = 0.5 (grey body) and iii) ¢ = 1.0
(black body). The default case, where ¢ = 0, is shown using the
dotted line in Fig. 5.

£ =

Source Strength
Figure 6 shows the effect of a change in the heat flux of the

" upstream heat source on the dimensionless centerline tempera-

ture. Anincrease in heat flux at upstream locations is felt locally
as evidenced by the increase in the peak temperature of the first
heat source and to a smaller extent through the propagation of
heat within the boundary layer at downstream locations. Unlike
in the forced convection applications (Culham et al., 1991a), a
close examination of the figure reveals that the rate of increase
in the temperature of the first source with respect to Joulean
heating diminishes as the level of heating increases. This cor-
responds to what was expected, since the temperature excess is
known to be proportional to a 0.8 power of the convective heat
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Fig. 6 Dimensionless surface temperature variation along the center
fine of the circuit board (y* = 0.25) showing the effect of changes
in power level of upstream source Q;, from 0 to 2 W where @;, =1
W is the default case. :

flux, (T —Tw)  ¢*/°, according to the boundary layer solutions.
The default case, where Q;, = 1 W, is shown using the dotted

line in Fig. 6.

Source Location

Figure 7 shows how the dimensionless temperature of the
second source is affected by a change in the location of the first
source when it is moved between the leading and trailing edge
of the circuit board, for different values of the circuit board
conductivity. The abscissa is given as d, which is defined as the
distance between the centerline of the two heat sources divided
by the source length £. When d = 0 the centerline of the two
heat sources coincide and the two sources overlap giving the
same effect as a single source of twice the source strength. The
ordinate ¢ is defined as

= _7;-2 — TZ.O
Tr0 - T

where T, denotes the average temperature of the second source,
and Tag is T2 when the second source is the only source on the
circuit board.

For a fixed thermal conductivity k,, the maximum temper-
ature occurs at d = 0. When k, becomes small and approaches
0 the circuit board becomes adiabatic, and the boundary layer
theory indicates that the maximum value of ¢ should approach
a value of 0.741. When k, becomes large and approaches infinity
‘the circuit board becomes isothermal, and the boundary layer
theory indicates that the maximum & is again 0.741. The figure
reveals the proper behavior of the solutions as k, approaches
these limiting values. ‘

Negative ¢ values are observed in the left end of the varia-
tion when k, = 0.2 W/mK. This indicates that it is possible to
obtain a lower temperature of the downstream source by adding
a secondary source near the leading edge of the circuit board
when the circuit board conductivity is small. This is due to
the same non-linear phenomena that was discussed previously
in Fig. 4.

(33)
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Fig. 7 Dimensionless average temperature of the downstream source
as a function of the position of the other source for various k, val-
ues, as the location of the other source varies from the leading edge
to the trailing edge of the board.

Parameter Summary

Figure 8 is a summary of the effects of the thermal con-
ductivity, surface emissivity of the circuit board and the source
strength of the upstream source on the average Nusselt number
of the downstream source which is defined by

1 - Qiz
Nea = ok

The multiple scales along the abscissa are arranged such that
the node in the center of the curves corresponds to the default
conditions. Therefore the heat transfer efficiency, as measured
at the downstream heat source, can be compared for the full
range of design conditions discussed herein.

A change in the thermal conductivity leads to the largest
change in the Nusselt number, with a change of circuit board
conductivity between the default setting of 2 W/mK and a value
of 34 W/mK giving a three fold increase in the Nusselt dumber.

(34)
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Fig. 8 Average Nusselt number variation of the downstream source
as a function of k,, =, and @;,.




As the thermal conducrivity becomes large the increase in the
Nusselt number quickly diminishes due to the relative increase
in the thermal resistance in the boundary layer. A change in the
emissivity between 0 and 1 provides an increase in the Nusselt
number of approximately 35%, while an increase in the heat
flux of the first source reduces the Nusselt number of the second
source by 10 - 15% due to the wake effect through the boundary
layer. ’

Figure 9 summarizes the relative fraction of heat dissipation
attributed to each of the three modes of heat transfer from both
heat sources for the default circuit board (except the value of &
as indicated in the figure) with a thermal conductivity ranging
from 0+ to 20 W/mK. When the thermal conductivity is greater
than 1.0 W/mK conduction is the predominant mode of heat
dissipation from the sources. For thermal conductivities of less
than 0.2 W/mK, conduction still accounts for approximately
25% of the total heat transfer.

Figure 9 also shows the change in heat dissipation due to
conduction, convection and radiation for changes in the surface
emissivity of the circuit board. When the emissivity is increased
the component of heat previously dissipated by conduction and
convection is dissipated by radiation which may account for near
30% of the total heat dissipation from the heat sources. As can
be seen from the figure when ¢ = 1.0, the magnitude of radiation
is comparable to that of convection throughout the range of k,
values presented.

CONCLUSIONS

The problem discussed in this paper is a specific example
of a circuit board and heat source combination. The ability to
analyze problems of a general nature can only be accomplished
by conducting extensive laboratory experiments, which can be
time consuming and extremely expensive to perform, or through
the use of a general purpose conjugate model, such as META.

The thermal conductivity is found to be the most efficient
parameter that can be controlled to lower the peak source tem-

Fig. 3 Dimensionless heat dissipation from the downstream heat
source by means of various modes of heat transfer, showing the
relative magnitude of convection Qoq., conduction Q.ong and ra-
diation Qraq as functions of k, for different & values.
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peratures. The peak temperature and heat transier performance
of heat sources are most sensitive to the changes in the ther-
mal conductivity when the circuit board conductivity is small.
Therefore, the effect of conduction heat transfer through a cir-
cuit board can never be ignored and a conjugate model has to
be solved to obtain correct predictions of heat transfer charac-
teristics of a circuit board. The effect of radiation should be
included also as radiation may account for a significant fraction
of the total heat dissipation from heat sources as well as from
entire circuit board surfaces.
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