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ABSTRACT

A simple thermal resistance model for conjugate natural convection heat transfer from
an isothermal cubic heat source attached to a vertical plate is developed to predict heat
source temperature and the thermal performance of the plate. The proposed model is useful
in applications related to microelectronic cooling, as it can provide circuit designers with a
quick estimate of the junction temperature and the effect of common design parameters due
to natural convection cooling of a single chip package on printed circuit boards (PCB).

The model is based on a novel analytical-numerical method to determine various heat
transfer resistances. The convection and radiation resistances from the heat source to the
ambient and the contact resistance between the heat source and the plate are determined
analytically. The resistances of the plate center section are obtained from an analytical
solution of the 3D heat conduction equation, and the resistances of the plate fin section are
_ obtained numerically from the solution of the discretized conduction equation. The effect of
some parameters such as the plate conductivity, thickness and emissivity, and the contact
resistance between the heat source and the plate are examined in detail to determine the
relative merit of each as a means of improving cooling of IC packages on PCBs.

The validity and accuracy of the model is demonstrated by comparisons with experi-
ment data and a MicroElectronic Thermal Analyser (META). An experiment is conducted
in which the heat transfer from an aluminum heated cube attached to a vertical plate with
or without copper layer is examined by monitoring the temperature excess of the cube. It is
shown that good agreement is obtained between the experimental data and META and the
prediction of the thermal resistance model.

Tt is found that adding high conductivity copper land on one side of the board around
the heat source can reduce the heat source temperature up to 20%. The most significant
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effect of the copper land is attributed to a very small region closest to the heat source, with

\ increases in the size of land contributing very little to the overall cooling of the heat source.
It is also shown that the effect of radiation should be included, as the radiation from the
heat source surface and the entire circuit board surface may account for up to 33% and 46%
of the total heat dissipation, respectively.

oM ATUR
Ap base area of cube (m?)
A total exposed surface area of cube (m?)
A plan area of copper land (m?)
A, total exposed surface area of plate (m?)
A surface area of ith control volume of fin section (m?)
A, fin tip surface area (m?)
a side of cube (m)
ai, b, ¢, d; coefficients of the discretized equation
Gma”y b coefficients as defined in Eq. (23) and Eq. (24)
B: Biot number = ht/k
Biy, Bi, dimensionless variables as defined in Eq. (30) and Eq. (29)
b side of plate (m)

c side of cube (m)

Fy, F,, F3, Fy coeficients as defined in Eq. (25)—(28)

view factor from the cube to surroundings

view factor from the front surface of ith control volume to surroundings

®

L)

f function

g acceleration due to gravity (m/s?)

h convective coeflicient (W/m? - K)

hy total film coefficient over the back side of center section (W/m? - K)

he average convection coefficient over the cube (W/m? - K)

hec contact conductance (W/m? - K)

hei convection coefficient over the surface of ith control volume (W/m? - K)

h, equivalent radiation coefficient over the cube (W/m? - K)

hi equivalent radiation coefficient over the surface of ith control volume
(W/m? - K)

hrt equivalent radiation coefficient over the fin tip (W/m? - K)

he total film coefficient over the fin tip (W/m? - K)

k thermal conductivity of plate (W/m - K)

key thermal conductivity of copper layer (W/m - K)

kei effective thermal conductivity of ith control volume of fin section (W/m - K)

k¢ thermal conductivity of ambient medium (W/m - K)

L length of copper layer around the cube (m)

N number of control volumes

N, number of control volumes of the plate section with copper layer

total cube heat flow rate (W)
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Q@ ep(cd) heat flow rate from the cube to the plate by conduction (W)

Qea(cv) heat flow rate from the cube to the ambient by convection (W)
. Qca(rd) heat flow rate from the cube to the ambient by radiation (W)

Qee heat flow rate from the cube to the center section (W)

Qoo heat flow rate from the cube to the fin root (W)

@pa(cvy  heat fow rate from the plate to the ambient by convection (W)
Qpa(rqy  heat flow rate from the plate to the ambient by radiation (W)

Ra Rayleigh number, dimensionless
R total thermal resistance from the cube to the ambient (°C/W)
Rea(cv) cube to ambient convection thermal resistance (°C/W)
Reo(ra) cube to ambient radiation thermal resistance (°C/W)
co cube to center section heat dissipation Q.. thermal resistance (°C/W)
R, cube to fin root heat dissipation @, thermal resistance (°C/W)
Ry fin section thermal resistance (°C/W)
Ric(cv) ith control volume to ambient convection thermal resistance (°C/W)
Ria(ra) ith control volume to ambient radiation thermal resistance (°C /W)
Rij(ca) conduction thermal resistance between ith and jth control volumes (°C/W)
temperature of center section (°C)
T, cube temperature or mean package case temperature (°C)
T local ambient mean temperature or surrounding temperature (°C)
T; average temperature of ith control volume of fin section (°C)
T, root temperature of fin section (°C')
t plate thickness (m)
‘ teu copper layer thickness (m)
X,Y,Z cartesian coordinates
Greek Symbols
a thermal diffusivity (m?/s)
B expansion coeflicient of air (1/K)
v kinematic viscosity of air (m?/s)
AT, temperature difference between cube and ambient (°C)
€e cube surface emissivity
€cu copper layer surface emissivity
€p plate surface emissivity
Epi plate ith control volume surface emissivity
€ms An separation constants
Ym,n effective separation constant
o Stefan-Boltzmann constant (W/m? - K*)
6. cube temperature rise above the root temperature = T, — T, °C
04 fluid temperature rise above the root temperature = Ty — T, °C
Subscripts
VA using v/A as the characteristic length
m, n series indices on coeflicients

cf
e

using mean temperature 1 (T, + Ty) for properties calculation
using mean temperature %(T1 + Ty) for properties calculation

o3,

39




INTRODUCTION

The thermal design of microelectronic equipment has assumed a more prominent role
in recent years due to the trend towards increased component packaging densities and high
powered integrated circuits. Reliability considerations of silicon based devices require that
chip junction temperature not exceed a maximum value of 85°C to 125°C depending upon on
the application [1]. Thus, it is necessary to predict and control operating chip temperatures
to ensure reliability within electronic systems. In addition, during the early stages of the
design process, the circuit designer is primarily concerned with determining the sensitivity
of junction temperatures to changes in basic printed circuit board (PCB) parameters over
which the circuit designer has some control.

Recent years have witnessed a proliferation in the use of junction to ambient thermal
resistance (R;,) for the thermal characterization of packages. Unfortunately, as noted by
Andrews [2] and Bar-Cohen et al. [3], a specific R;, value will not adequately reflect the
dependence of package thermal performance in the actual operating environment. It is
necessary to combine with the PCB model to determine the actual temperatures of the
package. Various PCB models have been developed , most of which analyze heat transfer
and temperature distribution of PCBs by assuming chips, or other heat sources flushed
mounted on the board. Culham et al. [4] incorporated a detailed package model developed
by Lemczyk et al. [5] within a PCB model, MicroElectronic Thermal Analyser, called META
to allow internal package thermal resistances to be determined and give a detailed thermal
description for each package with junction temperature.

A few recent studies, notably those of Culham and Yovanovich [6], Graham and
Witzman [7], Laderman, et al. [8] and S. Lee, et al. [9] have addressed the parameter
studies of PCBs on the cooling of electronic packages mounted on the board. Culham and
Yovanovich [6] used a one-dimensional analytical/numerical model to determine the effects
of some PCB parameters. Graham and Witzman [7] presented an analytical expression,
supplemented with experimental data to correlate the junction temperature of a convectively
cooled single-component package mounted on a PCB to a number of factors which include
the component package size and PCB characteristics. But the above analyses are limited to
the thermal conductivity, the thickness of the PCB and the forced convection film coefficient.
Laderman et al. [8] used the SINDA computer program to provide a parametric study to
determine the relative effectiveness of various conduction heat transfer schemes for cooling
of a typical high power density SMT package on a multilayer PCB. The analysis was limited
to conduction cooling and also the PCB was assumed to be connected to the cooled wall
which acted as a uniform temperature heat sink. Lee et al. [9] used META to predict the
effect of some design parameters on the thermal performance of microelectronic equipment.
As META neglects the temperature gradient across the thickness of the board, the effect of
the PCB thickness was not considered.

So far no work has been found which uses a simple thermal resistance network to
predict the junction temperature and to analyze the effect of basic design parameters of the
PCB on the natural convection cooling of electronic package. It is to this end that a simple
thermal resistance model for conjugate natural convection heat transfer from an electronic
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package/circuit board prototype consisting of an isothermal cubic heat source attached to a
vertical plate was developed.

THERMAL RESISTANCE MODEL

Model Assumptions

In order to simplify the problem, but retain the nature of the physics, the following
assumptions are made in the present research:

1. As shown in Fig. 1, the single chip package is modelled as an isothermal cube, and
attached to the center of the board with the contact conductance h..

2. The circuit board is suspended in a quiescent fluid which is contained within sur-
roundings of large extent. The fluid and the surroundings are maintained at a uniform
temperature T5.

3. The printed circuit board is assumed as a square homogeneous plate with a copper
layer attached to one side. The copper layer is attached around the cube with the
same length L (L = ¢ — a). The exposed area of the copper layer around the cube,
denoted as A;, can be related to the base area of the cube A, to provide a convenient
measure of the size of the copper land.

. The plate is divided into two sections, the fin section and the center section, as shown
in Fig. 1. Although the convective heat transfer coefficient varies significantly over
the surfaces of the fin section, typical values of the Biot Number (B: =ht/k) range
from 0.0003 to 0.1. Therefore the temperature gradient across the thickness of the fin
section will be neglected. It is noted that this assumption will not be used for the
center section due to the high contact conductance A, on one of its surfaces.

5. The fin section is discretized into N control volumes, as shown in Fig. 2. The continuous
variation of temperature of this section is modelled by determining the values at discrete
points located at the center of each control volume.

6. The emissivity of the plate, the copper layer, and the cube are assumed uniform.

General Resistance Equation

Figure 3 shows the heat transfer paths from the cube. The total heat @ dissipated in
the cube is removed by convection Qca(cv), radiation Qca(rq) from the cube surface area and
conduction Qep(cq) to the plate through the contact area between the cube and the plate.
@ cp(ca) consists of two parts Q. and Qco, Where @ is conducted through the thickness of the
center section and then removed by convection and radiation to the surrounding air medium;
Q. conducts along the plate in the X, Y directions, and is finally removed by convection

Q and radiation from the surface of the fin section. Therefore one has the thermal resistance
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network of a cube on plate assembly as shown in Fig. 4. The total thermal resistance is:

1 1 1 1 -1
® PO TS S S

+
(Rca(rd) Rca(cu) Rcc Rco + Rf

(1)

where the overall resistance and the component resistances are defined as:

R = Tf—-fQ—:'l (2)
T,-T, 1
RCG(W) B Qca(cv) B hcAc (3)
T.-T, 1
Rca(rd) = Qca(rd) = h. A, (4)
T.-T
R = B2L | 5)
Tc_ 4
Ro = T (6)
7,-T
Ry = =5~ (7)

Convection and Radiation Resistances of the Cube

Rea(evy and Reg(rg) are the convection and radiation resistances of the cube to the
. ambient respectively. They are determined by average convection and equivalent radiation
coefficients k. and h, over the cube respectively. For the present study, A. is approximated
by using the correlation of Yovanovich [10] for an isothermal cube in natural convection, and
h, is calculated by approximating the system as a two surface enclosure with small convex
object (cube-on-plate) in a large cavity (surroundings) [11], they are:

3.388 + 0.489(Ra /) by 8
¢ VA, ©

where the Rayleigh number is defined as

Royzz = (20)_(T. - Ty)(/A) ©

The air property values (gé)_, k77 are obtained from dry air correlations given in {11], and
V& cf

the subscript ¢/ denotes that the mean temperature 3(T. +T) is used for the air properties

calculations.
, _ Fuee (T + 273)* — (T + 273)"] .
r= T. - Ty | (10)
. F,, is the radiation view factor from the cube to the surroundings, which is found to be 0.696
W [11].
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Center Section Analytical Solution

Q R.. and R,, are the resistances for Q.. and Qe respectively. It is important to note

' that both R.. and R., inherently include contact resistance between the cube and the plate.
Besides, R.. includes the conduction resistance of the center section in the Z direction and
convection and radiation resistances on the back side of the center section. R., includes
the conduction resistance of the center section in the X and Y directions. Q.. and Qeo
can be obtained from the solution of the three-dimensional heat conduction equation in the
center section if the average root temperature T,, and the average film coefficient around
the back side of center section hy are assumed known. Figure 5 shows the configuration and
the assumed boundary conditions of the center section. It is important to note that the
assumed boundary conditions of T, and h, can be determined later by solving the entire
thermal resistance network through an iterative procedure. Due to configuration symmetry,
it is only necessary to model a quarter of this center section. The conduction equation:

PT  OT 8T _

527 T 37t o 0 | (11)
with the boundary conditions:
T = O T = To (12)
T=a %g =0 (13)
y=20 T=1T, (14)
oT

L = —_— = 1

. y=a o (15)
oT

z2=0 k'é; — (T ~-T5)=0 (16)
r =t k%% (T =T.) =0 (17)

A separable solution to Eq. (11) subject to boundary conditions, Egs. (12)—(17) can be
formed in a straightforward manner [11]. So finally Qe and Q., can be found as:

Qcc=kaii

m=1n=1 Mm%

. oosh-l(l’-"c;—"f) (18)

Ym,n
EmA

and

oo 0o . t mnt
Qu=ta 3 302 far vann(22h) b 1 - o™ (2]} 19)

m=1n=1 Em/\” a

where the separation constants and other system parameters are defined below:

e = (m—%)w ~ (20)
M = (=) (21)
v = AJh N (22)




4B1.8,
G = (Bt BE) (TS — RFY) (23)
| F, 4Bi.8.
| - = —FBF)+F 94
E bm,n F1+F2F3( Em/\n 2 4)+ 4 ( )
3
mnt
‘ F = Bic+7m,ntanh(7a' ) (25)
mnt
F, = ’)’m,n+Bictanh(7a’ ) (26)
Biy
o= 27
? Ymn (27)
mnly .
4cosh(7a; ) By
F4 - ’Ym,nem/\n (28)
h..a
B' — cc
be k (29)
h
0, = T.—-1T, (31)
0y = Ty—-T, (32)

Th numerical results of Q.. and Q., were obtained using M = 20 terms as the Fourier Series
Truncation Limit. This was found to converge temperatures to within 4.5%.

' Fin Section Numerical Solution

1. Temperature Discretization Equation

R o

R; is the total resistance of the fin section which includes the conduction resistance
through the fin and the convection and radiation resistances on the surface of the fin section.
Discretizing the fin section into N control volumes and performing an energy balance on the
different control volumes as shown in Fig. 2, one obtains the discretized equation:

a;T; = b;Ti—y + ¢;Tigr + ds (33)

keit T e -
b+ i + (e o hoi)ridhri + i i =1
, n (34)

b,-+c,-+%l,; lf't#l

{ 0 ifi=1
keirit P (35)
—_— 1
Ar; + Ari it 7

{ 0 ifi=N '
ket(ri + Ary) .. (36)
RedlATi 7 27i) ;4N

Ar; + Ari i 7
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Lotr:
(hei + hri)ridriTy + Z: T, ifi=1

d = (hei + hri)riAr;Ty + %ht(tri + Ar)tTy ifi=N (37)
(hei + Rei)riarTy ifi#£landi# N

The discrete convection, equivalent radiation coefficients, and surface emissivities and con-
ductivities are calculated by means of the equations given below:

{3.21+0.559(Ra 7 hr
VAT i (38)
VA
Batl s [(T: + 273)* — (Ty + 273)"]

hci =

hy = hen + Byt
&0 [(Tw +273)* = (T +273)"]

= h,
N+ Tw =T, (40)
e i <N,
i = {e,, iti> N, (41)
tcu . .
by = { FtEess IS (42)
k iti> N,

It is noted that correlations of Yovanovich [10] and Lee et al. [12] for an isothermal vertical
plate in natural convection are used to approximate the average convection coefficient h.; over
the surface of ith control volume, and Eq. (9) is used to define Ra T with the difference that
T; and A, are used instead of T and A, respectively. A similar method is used to approximate
the equivalent radiation coefficient h.; over the surface of the ith control volume. hs 1s the
combined convection and radiation coefficient of the fin tip. The calculation of the radiation

view factor F., from the front surface of ith control volume to surroundings can be found in
[11]. Equation (33) can be solved using the TDMA method [13].

2. Computation of Component Resistances
The fin section component resistances can be determined from the following steps:

1
ifi4 N
Ris(ewy = h“'A“'l (43)
—_——— if:=N
hci(Asi + At)
— ifi £ N
Rigray = mtst Y (44)
h'riAsi + h'rtAt e ‘
T, -1
Rol(cd) = T, — T, (45)

(hcl + h‘rl) (Tl - Tf) Asl + R
12(cd)

45




T —T
RlZ(cd) = - - Ty — 15 (46)
(heg + r2) (T2 = T4) Agz + T
23(cd)
Tny-o1—Tn
RN-1N(c 47
N=-1N(ed) (hen + hew)Asn + heAe (T — 1) (47)
3. Computation of Fin Resistance
The fin section resistance R; can be determined from the following steps:
Rf = Rfl (48)
1
Rfl = Rol(cd) + 1 1 1 (49)
+ +
Rla.(rd) Rla(cv) Rj2
1
Rf2 = R12(cd) + 1 1 1 (50)
+ +
R2a(rd) R2a(cu) Rf3
1
Rfs = R23(cd) + 1 1 il (51)
+ +
R3a(rd) RSa(cv) Rf4
1
RN = RN-N(ed) + T T (52)

+
RNa(rd) RNa(cu)

The above procedure shows that a novel analytical-numerical method is used to de-
termine various heat transfer resistances. Substituting the above resistance calculation equa-
tions into the general resistance equation, Eq. (1), one can calculate the temperature of the
cube which is related to several parameters as given by the following relationship:

T. = f(Q, T}, heey ks Feus €ps €cus €c, @, D, €,y tew) (53)

Therefore, if the total power dissipation and the physical and geometrical parameters are
known, the cube temperature can be determined. It is noted that these resistances are
| nonlinear due to their dependencies on cube temperature ;. Therefore an iterative procedure
| is required to calculate these resistances and finally one can determine the cube temperature
T, [11]. Usually 7 to 8 iteration are required for the convergence criterion set on the cube
temperature. The details of determining the convergence criterion can be found in [11).

MODEL RESULTS AND DISCUSSION

The following presents several parametric studies using the proposed thermal resis-
tance model. The sensitivity of the cubic heat source temperature excess AT, = T, — Ty with
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respect to some parameters such as the plate conductivity, thickness and emissivity, and the
contact resistance between the heat source and the plate are examined in detail to determine
. the relative merit of each as a means of improving cooling of IC packages attached to PCBs.

Except as indicated otherwise, the result for each parametric study is obtained by
varying only the parameter of interest such as plate thermal conductivity, thickness, and

emissivity, etc, while maintaining all other design parameters at the default values, which
are given in the following:

plate parameters: b= 228.6 mm
t=15mm
k=2W/m K
e =0.1

cube parameters: a =43.26 mm
e. = 0.085
Q=5W

heo = 105 W/m - K

copper layer parameters L=0mm
' key =386 W/m- K
tew = 0.0343 mm
€., = 0.06

fluid and ambient temperatures: Ty =293 K

Effect of Plate Thermal Conductivity

_ The effect of plate thermal conductivity on the heat source temperature reduction is
shown in Fig. 6 for three power levels. It is seen that the cube temperature excess is strongly
affected by the thermal conductivity of the plate, and increasing the thermal conductivity
spreads the heat in the plate more easily which results in lower cube temperatures. This
shows the advantage of incorporating high conductivity materials like copper in the PCB.
The gains are, however, limited as can be seen in Fig. 6, where the cube temperature ex-
cess is negligible after the plate conductivity becomes larger than about 100W/m-K for the
cases analyzed here. This is because the plate is approaching an isothermal condition beyond
which increasing its thermal conductivity has negligible effect on the heat source temperature
excess. Figure 6 also reveals that the most significant reduction of cube temperature occurs
between a thermal conductivity of 1 and 10W/m-K, where a tenfold increase in thermal con-
ductivity from 1—10W/m-K results in more than 40% reduction of the cube temperature.
This phenomenon is quite similar with that observed by Culham and Yovanovich [6]. Co-
incidentally, the conductivity of 1—10W/mK is the range of board thermal conductivities
observed in most fiber/copper PCBs. Therefore a small increase of copper content in the
PCB can significantly reduce the heat source temperature excess.
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Effect of Copper Layer

To examine the effect of copper layer on the cube temperature excess, four different
lengths of copper layer: L = 0.0 (default case), L = (b—a)/4, L = (b—a)/2,and L = b—a,
corresponding to A;/A. = 0.0, A/ Ac = 3.3, Ai/Ac. = 8.9, and A;/A. = 27.0 were studied in
detail. The results with change of the plate conductivity are shown in Fig. 7. It is shown
that adding high conductivity copper land on one side of the board around the heat source
can reduce the heat source temperature up to 20%. The most significant effect of the copper
layer is attributed to a small region closest to the heat source (A;/ A < 3.3), with increase in
the size of the copper layer contributing very little to the overall cooling of the heat source.
Figure 7 also reveals that the most significant effect of copper layer occurs when the plate
conductivity is about 1W/m-K. It is expected that there is almost no contribution of the
copper layer on the overall cooling of the heat source as the thermal conductivity approaches
100W/m-K.

Effect of Plate Thickness

A typical single layer board has a thickness of slightly less than 2 mm, while some
multilayer boards may approach a thickness of 4 mm. The effect on the cube temperature due
to varying thickness over this range of values is shown in Fig. 8, where the cube temperature
excess is plotted against the plate thermal conductivity. It is clearly shown that a thicker
plate results in lower cube temperature for the cases examined here. This occurs because
the heat flux spreads more easily in the thicker plate. Figure 8 also reveals that the most
significant effect of plate thickness occurs when the plate conductivity is around 10W/m-K.

Effect of Plate Emissivity

The effect of plate surface emissivity is shown in Fig. 9. It is evident that an increase
in plate emissivity results in a decrease in cube temperature. This is because more heat will
be dissipated from the surface of the plate by radiation as the surface emissivity increases.
Figure 9 also reveals that the cube temperature excess reduction various almost linearly with
the plate emissivity over the examined range of plate thermal conductivity.

Effect of Contact Resistance between Cube and Plate

The effect of thermal contact resistance on the cube temperature was examined by
assuming different values of thermal contact conductance, and the results are shown in
Fig. 10. It is evident that higher contact conductance (lower contact resistance) results in
lower cube temperatures, since more heat will be dissipated to the plate from the cube by
conduction as the contact conductance increases. But there is a limit, when the contact
conductance is increased beyond 10°W/m-K, the decrease in the cube temperature excess is
negligible. Therefore, a perfect contact condition can be defined approximately by assuming
he. > 10*W/m-K. In the present study, k. is assumed to be 10°W/m-K for a perfect contact
condition. Also Fig. 10 shows that the effect of contact resistance will be more significant
for higher plate conductivities. This is because plates with higher conductivities will provide
the dominant heat transfer path by conduction, therefore the plate resistance which includes
contact resistance in the proposed model will have a larger effect on the reduction of heat

source temperature. When the plate conductivity is less than 0.1W /m-K, the effect of contact
resistance is negligible.

48




_—

Summary of the Fraction of Heat Dissipation

As mentioned previously, the total heat Q dissipated in the cube is removed by con-
vection Qea(cv), radiation Qca(ra) from the cube surface area and conduction Qp(cq) t0 the
plate through the contact area between the cube and the plate. Figure 11 summarizes the
relative fraction of heat dissipation attributed to each of the three modes of heat transfer
from the heat source for the default case (except for the value of €. as indicated in the figure).
It can be seen that when the thermal conductivity is larger than 3W/m-K, conduction is the
predominant mode of heat dissipation from the source. As the plate conductivity decreases,
less heat is conducted away from the heat source through the plate and more heat has to
be dissipated directly into the ambient through the surface of the source by convection and
radiation. However for small conductivity( e.g., k=0.1W/m-K), conduction still accounts for
approximately 18% of the total heat transfer. So conduction heat transfer through the plate
must be considered even for low conductivity materials, such as plastics and fiberglass found
in most circuit board constructions. Figure 11 also shows the change in heat dissipation
due to conduction, convection and radiation for changes in the surface emissivity of the heat
source. When the heat source emissivity is increased, the component of heat previously
dissipated by conduction and convection is dissipated by radiation. For most fiber PCBs,
the conductivities of which are around 1—10W/m-K, the radiation may account for up to
33% of the total heat dissipation from the heat source. As can be seen from the figure, when
¢, = 1, the magnitude of radiation loss is comparable to that of convection.

The conduction dissipation Qp(cq) from the cube is dissipated through the plate and
it is finally removed by convection Qa(c) and radiation Qpa(re) from the exposed surface
of the plate. Figure 12 summarizes the relative fraction of heat dissipation from the plate

Q due to convection and radiation for the default case (except the value of €, as indicated
in the figure). As the plate conductivity increases, more heat is conducted away from the
heat source through the plate, which is finally dissipated through the surface of the plate
by radiation and convection. For the plate conductivity range of 1-10W/m-K, the radiation
heat loss from the plate may account for up to 46% of the total heat dissipation.

COMPARISON WITH EXPERIMENTAL RESULTS AND META

To verify the thermal resistance model (TRM), a series of experiments are conducted
in which the significance of conjugate heat transfer, including conduction, natural convection
and radiation from an aluminum heated cube attached to a vertical plate is studied by mon-
itoring temperatures in the cube and the surrounding air medium. All tests are performed
under steady state conditions and limited to natural convection over a range of Rayleigh
numbers between 5.4 x10° to 6.7 x106, where the characteristic length of the Rayleigh
number is based on the square root of the exposed surface area of the cube.

The dimensions and thermophysical properties of the aluminum cube are maintained
in each experiment while the internal thermal resistance of the plate is altered by varying
the plate conductivity, thickness, and emissivity. For the cube on the plate without copper

' layer tests, cubes on three homogeneous plates made of plexiglass, stainless steel and copper,

49




Table 1: Plate dimensions, thermal conductivity and surface emissivity of each test case.

Case Plate Length | Width | Thickness | Conductivity | Emissivity
(mm) | (mm) (mm) (W/m - K)

1A plexiglas 228.6 | 228.6 3.2 0.1904 0.90
1B | 304 SS polished | 228.6 | 228.6 1.5 13.404 0.14
1C copper 228.6 | 228.6 1.6 40104l 0.03-0.06

Table 2: The copper land specifications for each cases [11].
Case | Copper Land | Length | Width | Thickness | Conductivity | Emissivity
(mm) | (mm) (mm) (W/m - K)

2A | A/A. =270 927 92.7 0.0343 386 0.06

2B | A /A. =289 46.4 46.4 0.0343 386 0.06

2C | A/A. =36 25.0 25.0 0.0343 386 0.06

2D | A/A.=0.0 0 0 0 - -

Table 3: Experimental vs. TRM and META predicted AT, for case 1B.

ho. = 500W/m? - K | hee = 3000W/m? - K | hee = 10°W/m? - K
EXP [ TRM | META | TRM | META |TRM | META
313 || 344 33.3 31.0 30.0 30.0 29.0
27.2 || 29.3 28.4 26.4 25.6 25.2 24.8
22.3 || 23.9 23.2 21.6 20.9 20.6 20.3
172 || 185 17.9 16.7 16.2 16.2 15.9
12.1 || 13.0 12.4 11.7 11.2 11.2 10.9
64 | 6.9 6.6 6.3 6.0 6.0 5.8
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denoted as case 1A (Measured by Mack [14]), 1B, and 1C respectively were examined. Table
1 summarizes the plate dimensions, thermal conductivities and surface emissivities for each

Q case.

In addition to using homogeneous plates, a fiberglass reinforced epoxy plate (FR4)
with a one ounce layer of copper attached to one side is used. The conductivity, thickness
and emissivity of the FR4 plate without copper layer are 0.41W/m-'K, 15.9 mm and 0.9
respectively [11]. The experiment is initiated by testing the plate with fully covered copper
layer on one side (A;/A. = 27.0). Further tests were conducted for cases where the copper
layer closest to the edge of the plate was progressively etched away by using PC etch solu-
tion and etch resistance solution. The plan dimensions of all plates are still maintained at
228.6 mm x 228.6 mm. Table 2 presents the copper land specifications for those tests.

The experiment results are presented in terms of the cube temperature excess AT, =
T.—T; and the heat power input Q, where the cube temperature T is the average value of four
thermocouples located in the cube, the ambient temperature T} is the average value of three
thermocouples located in the test section. Figure 13 show the experiment results for cases 1A,
1B, 1C and the predicted results of the thermal resistance model (TRM) with the assumption
of contact conductances: Ao = 103W/m?. K, 3 x 103W/m?- K, 10°W/m?- K, which translate
into contact resistances: 1.9°C/W, 0.2°C/W, 0.0°C/W respectively. Although a conductive
grease has been applied between the cube and the plate, the contact resistance still can not
be neglected. Figure 13 shows that if a contact conductance hee = 3 x 10°W/m? - K is
assumed, there is good agreement between the experimental data and the predictions of the

model. For these three cases, the absolute and percentage temperature difference are less
& than 0.9°C and 5.1% respectively [11].

Figure 14 shows the experimental results of cases 2A—2D and the predicted results
of the model with the assumption of contact conductance h, = 3 x 10°W/m? - K respec-
tively. The absolute and percentage temperature difference for these four cases are less
than 2.3°C and 6.4% respectively [11]. The experiments clearly verify that adding only a
small amount of copper layer (A;/A.=3.6) on one side of the plate can reduce the cube
temperature significantly (9°C-10 °C)). However, the addition of more copper lands (e.g.,
A1 A.=8.9, A;]/A.=27.0) does not significantly contribute to heat dissipation through the
plate and lands.

The validity and accuracy of the model is also demonstrated by comparisons with
the predictions of the MicroElectronic Thermal Analyser (META), an analytical-numerical
model for air cooling of circuit boards with arbitrarily located heat sources [4]. Tables 3—4
show the predicted results of the thermal resistance model (TRM) and META for cases 1B
and 2B with the assumption of contact conductance h.. = 10°W/m?- K, 3 x 10°W/m? - K,
10°W/m?- K. 1t is seen that although different methods are used to calculate the conjugate
heat transfer from the cube on a vertical plate, there is not much difference between the
predictions of META and those of the thermal resistance model (TRM). The maximum

temperature difference for cases 1B—1C, and 2A—2D is 5.9°C, and the average temperature
difference is 1.5°C [11].

i
i
}
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Table 4: Experimental vs. TRM and META predicted AT for case 2B.

ho = 500W/m? - K | hee = 3000W/m* - K | hee = 10°W/m? - K
EXP I TRM | META | TRM | META |TRM | META
485 || 51.3 47.9 477 44.7 46.6 44.0
42.3 || 44.4 41.6 41.3 38.8 40.3 38.2
35.5 || 37.3 35.0 34.6 32.7 33.8 32.2
28.5 | 29.8 28.0 27.6 26.2 26.9 25.9
21.3 || 22.2 20.9 20.5 19.6 20.0 19.3
13.5 || 14.2 13.5 13.1 12.7 12.7 12.5
50 || 5.2 5.0 4.8 4.8 4.7 4.7

CONCLUDING REMARKS

A simple thermal resistance model for conjugate heat transfer from an isothermal
cubic heat source attached to a vertical plate can be used to predict accurately heat source
temperature and the thermal performance of the plate.

The thermal conductivity of the board is the most important design parameter for
reducing heat source temperature. Adding high conductivity copper land on one side of the
board around the heat source can reduce the heat source temperature up to 20%. The most
significant effect of the copper land is attributed to a very small region closest to the heat
source, and further increases in the size of land contributes very little to the overall cooling
of the heat source. Also, the most significant effect of the copper land occurs when the board

thermal conductivity is around 1W/m-K or the contact resistance between the package and
board is relatively low.

In addition, increasing the board thickness, emissivity or reducing the contact resis-
tance between the package and the board will reduce the heat source temperature. Especially,
for natural convection cooling where convection and radiation are of equal magnitude, the
effect of radiation should be included as the radiation from the heat source surface and the

entire circuit board surface may account for up to 33% and 46% of the total heat dissipation
respectively.

The heat transfer coefficients determined from the correlations of Yovanovich [10] and
Lee et al. [12] for the isothermal cube and plate can be successfully used for the cube on
plate assembly. This makes the resistance model simple, as it does not need to solve the
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momentum and energy equation in fluid side for natural convection heat transfer.
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