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Abstract

Designers of microelectronic circuitry have very few options avail-
able to them in their efforts to control temperature related failures.
Some of the design options, such as the thermal conductivity and sur-
face emissivity of the circuit board, the flow velocity of the cooling
fluid and the positioning and power dissipation of the heat sources
are examined here in order to determine the relative merit of each as
a means of controlling circuit board temperatures.

META - an analytical/numerical conjugate heat transfer model a
‘ is used to calculate temperature distributions in a test circuit board
in which the above mentioned design conditions are varied over a
range of values typically found in microelectronic applications. ¢

Greek Symbols

thermal diffusivity,

= k¢/(p- ), m?/s

emissivity

relative temperature change in the downstream
heat source, = (AT, — ATz0)/AT20

0 density, kg/m3

m

Nomenclature 8 dimensionless temperature excess,
= (T - Ta)/Tres

cp specific heat, J/(kg - C) v kinematic viscosity, m?/s
d dimensionless distance between heat sources 4 Stefan-Boltzmann constant,
h heat transfer coefficient, W/(m? - K) = 5.67 x 1078, W/(m?* K*)
k thermal conductivity, W/(m - K)
£ heat source length and width, m Subscripts
L total circuit board length, m
Nu, Average Nusselt Number of second heat source, f fluid

= gj2 - £/(BT2ky) j Joulean “
Pe Peclet number, = 4y * L/ r, rz radiation from the front and back - i
Pr Prandtl number, = v/a surfaces, respectively i
q heat flux density, W/m? ref reference ]
Re Reynolds Number uq, - L/v s solid B
t board thickness, m sk sink
T temperature, K wy wp front and back wall, respectively
u,v,w boundary layer velocity in the 00 free stream

x, y and z-direction, respectively, m/s
Uoo free stream velocity, m/s Superscripts
w circuit board width, m
z,y,z Cartesian coordinates * dimensionless variable
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Introduction

The thermal design of microelectronjc equipment has assumed
a more prominent role in recent years due to the trend towards
increased component packaging densities and higher powered inte-

grated circuits. Circuit designers are faced with maintaining junction

shows a side view of the circuit board /heat source interface where the
pertinent methods of heat dissipation involved in the cooling process
are shown.

The complexity of the temperature field is also reflected in the

governing equations describing the thermal behavior and the asso-

temperatures at or below 100 °C while trying to design circuit boards

ciated boundary conditions, as given in Eqgs. (1-13). As a result —
which do not compromise electrical behavior., Computer Aided De.

an exact analytical solution is not available with present solution
techniques. However, approximate methods, which significantly sim- —
plify the solution technique, can be used to obtain accurate solutions
to highly complex conjugate heat transfer problems. Assumptions .
which simplify the analytical modeling but do not detract from the

accuracy or the physical integrity of the solution are given as follows: N

sign tools, based on fnite element or finite difference techniques
are often used to perform the rigorous thermal assessment required
throughout the many design processes required in the development
of microelectronic circuit boards. However, the many tradeoff stud-
ies required during the initial stages of the design process restrict the
use of most numerical based CAD tools because of the cost involved o
in setting up and running parametric studies, 1. Heat sources are assumed to be flush mounted with the surface

As opposed to the detailed temperature map required during the
latter stages of the design process, the circuit designer rarely requires
such detail during the initial stages of circuit design. Instead, the
circuit designer is more intent on establishing the upper and lower
bounds of operating temperature given the preliminary design lay-
out and the thermophysical properties of the materials proposed for
the circuit design. The intent of thig Paper is to provide a feel for
the sensitivity of the various parameters over which a designer has
some control. The effect each of these parameters has on component
or heat source temperature will be presented for a range of values
typically observed in circuit board design.

of the printed circuit board, representative of chip-on-board or
surface mount technology. |

2. The circuit board aspect ratio, defined as the total length of o
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- N
vective cooling are the upper and lower surfaces of the circyit :
board, which éncompass approximately 99% of the total ex- |
posed surface area of the board. Therefore, the heat transfer
through the edges of the board is considered negligible and
these surfaces will be treated as adiabatic,

3. Although the convective heat transfer coefficient varies signif-

Thermal Model
A microelectronic circujt board, as shown in Fig. 1, has a com-
plex temperature field, established through the thermal interaction
of many discrete heat sources with a multilayer circuit board and
the boundary layer, which may be laminar or turbulent, depending
on the nature of the forced flow. The enlarged illustration in Fig. 1

icantly over the surface of an electronic circuit board, cooled

by forced convection, typical values of the Biot Number (Bi=

htfk,) range from 0.0003 to 0.1. The magnitude of the Biot E
number serves as an indication of the relative magnitude of

the thermal resistance across the thickness of the board to the

thermal resistance within the fluid boundary layer. Since it is —
commonly accepted that a Bj < 0.1 allows a two-dimensional

conduction analysis to be used with minimal deviation from —
results obtained using a more rigorous three-dimensional soly-

tion, a two-dimensional assumption will be used in the iterative : o
model.

4. The cooling fluid is taken to be dry air with flow over the circuit

board assumed to be steady, two dimensional and incompress-
ible,

~¥ conduction

5. The maximum flow velocity anticipated in microelectronic ap-

plications is low enough that viscous dissipation can be consid-
ered negligible.

= convection

6. Since the component Packages are assumed to be flush mounted

the pressure difference through the boundary layer can be as-
sumed uniform.

VYWY odiation

7. the circuit board has a uniform thickness with heat dissipating o

“igure 1: Conjugate Heat Transfer From a Typical Circuit Board component packages being in perfect contact with the surface

56




of the circuit board.

8. The power dissipated by the components is assumed to be

steady and invariant with respect to time.

Boundary Layer Equations

Equations (1 - 3) are the conventional boundary layer equations
where mass, momentum and energy are conserved within the domain
of the boundary layer while the diffusion of momentum and energy
in the direction parallel to the flow is considered negligible.

The velocity term across the flow direction (v) is deemed to be
much smaller than the u-velocity and therefore can be dropped from
the full three dimensional boundary layer equations. The two di-
mensional equations and their associated boundary conditions sig-
nificantly simplify the boundary layer analysis without an apprecia-
ble loss of accuracy when compared with experimental results. All

fluid thermophysical properties are assumed constant throughout the

analysis.
% + 3—1: =0 1)
u% + w% = u% 2)
L + w% = a%—zz-:; 3)

where the following boundary conditions are applied

asz— 200 , U tUyn, T =T (4)
atz=0 , U= Up, T=T;s (5)
atz=0 , u=w=0 (6)

As mentioned above these boundary conditions apply for all val-
ues of 0 < y < W, where edge losses are assumed negligible.

Solid-Side Equations
The three-dimensional Laplace equation for heat flow in a homo-

geneous solid is
8T 9T 8T
o) 29 _ 7
927 T oy T 822 M
where the boundary conditions along the edges of a flat plate, con-

sidered to be adiabatic, can be written as

T
atz=0and L 3 = 0 (8)
2z
aT
= = - 9
aty=0and W 3y 0 9

The boundary conditions along the planar surfaces, at the front
surface of the board, denoted as z = 0, and the back surface of the

board, denoted as z = —t are given as
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at z = —t T(z=~-t*)=T(z=-t7) (10)
orT .
k, 52— " = Quy t+ 4Gy, (11)
at z=20 T(z2=0")=T(z= 0+) (12)
aT
k,-5;0_=qj—qm"qn (13)

where g¢,,, and g, represent convective heat flux distributions over
the front and back surfaces of the board, respectively. The wall heat
flux over both surfaces can be written as

aT

e = kgl (14)
aT

Qu, = ”ka‘M (15)

The radiative heat flux distribution, ¢,, and ¢r,, from the front
and back of the circuit board can be expressed in terms of the Boltz-
mann equation, as

g = GU(T;.' -TE) fori=1,2 (16)

where the emissivity is assumed constant over each surface and the
sink temperature is assumed to be the same as that of the free stream
fluid.

If the Biot number (Bi = ht/k,), which is a measure of the inter-
nal thermal resistance of the solid to the external thermal resistance
within the boundary, is less than 0.1 then the temperature differ-
ence across the thickness of the solid is small and a single average
value of the cross sectional temperature can be used thus reducing
the dimensional dependency of the governing equation by a factor of
one.

By integrating Laplace’s equation across the thickness of the
board the interfacial conditions are absorbed into the governing equa-
tion, and Egs. (7), (11) and (13) reduce to a two-dimensional fin
equation:

T 8T 1

927 T TR G T~ ) =0 (7

where ¢ = qu, + qu, and ¢ = ¢r, + ¢r,-

META, a conjugate heat transfer modeling routine developed by
the Microelectronics Heat Transfer Laboratory, (Culham et al., 1991)
combines an analytical boundary layer solution with a finite volume
solid body solution, as described in the preceding discussion. The
boundary layer solution is based on existing solution methods (Kays,
1966) for laminar boundary layer flows over flat plates where the in-

tegral form of the boundary layer equations are solved, given a flux
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specified boundary condition. The resulting formulation for the lo-
cal Nusselt number is used as the surface convective condition in the
solid body model, as presented by Culham and Yovanovich, 1987.
The two solutions are coupled using an iterative procedure to give a
unique temperature profile at the fluid-solid interface which simul-
taneously satisfies the governing equations in both the fluid and the
solid domains.

META is a diverse model, which has the capabilities of modeling
conjugate heat transfer with either natural, forced or mixed convec-
tion, channel flow, laminar or turbulent flows and conduction within
chip carriers for the purpose of calculating junction temperatures. In
order to clearly accentuate the behavior of certain design parameters,
some modeling options, such as package resistances and channel flow
conditions, have been relaxed to a simpler form i.e., thin film sources

and free stream flow conditions.

Parametric Analysis
The basic parameters used in the governing equations and the

boundary conditions can be expressed in a dimensionless form as
follows:

* = z/L (18) 2 = z/L (19)

* = ufue,  (20) w* = wfug (21)

t* = t/L (22) 0 = (T-Tw)/AT; (23)
where

AT,y =7 L/ky (24)

where the average heat flux over the front and back surface of the
board is defined as

— 2 Qi
F = 25
q] 9. (L R W) ( )
Non-dimensionalizing the governing equations
ou*  Ow*
=0 26
dz*  O0z* (26)
ou* ou* 1 9%~
SATIP LA M A 27
Y Bz tw 8z Red(z*)? @7
il 08 1 0%
* e e = e e 28
¢ B T 0z Ped(2")? (28)
where the following boundary conditions apply.
a8z’ >0 , u—>1,0=0 (29)
atz*=0 , v"=168=0 (30)
at z2*=—-t"and0 , v =w"=0 (31)
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where

Re = oL (32)
v
Upo *

Pe = = RePr (33)

The two-dimensional solid body equations can be expressed as

828 %0 kL. . .1
W+W+E{%—%—%J—O (34)
where
. o6
at =z -Qandl ax‘—O (35)
. w89
at y—Oa.nd-L- 5?7-0 (36)
and the ¢*’s in Eq. (34) are defined as
* q
=1 37
=z 67

where the subscripts 7, » and w refer to the Joulean, radiative and
wall components.

The solution to the governing equations for conjugate heat trans-
fer, given in Eqs. (26 - 28) and Eq. (34), can be expressed in terms
of the following eight parameters.

W kiL
Oy = 9w(z*ay‘7Re,Pe7_’ kft 1‘1;74:)
s

u (38)

This is an implicit non-linear equation because of the fourth order
dependency of the radiation term, ¢?, on 8,,. The implicit nature of
the wall temperature equation necessitates the use of an jterative
solution technique in META, the computational model used in this
analysis.

When the Biot number is greater than 0.1, and temperature gra-
dient across the thickness of the board is not negligible, then the
fourth term in Eq. (38), k,t/ksL, must be treated as two separate
terms, namely k,/ks and t/L.

Default Conditi
Because of the inherent complexity of microelectronic circuit boards
and the arrangement of IC packages, an endless combination of con-
figurations could be selected for this study. Instead, a conventional
two heat source circuit board, as shown in Fig. 2, will be analysed,
where dimensions, flow conditions and thermophysical properties for

the default case are given as

Board LxW xt=102(m)x0.1(m)x 0.0016 (m)
ks =2 (W/(m - K))

e=0




L/4 L/2 L/4

¢ R

2-ixl heat sources
(flush mounted)

Figure 2: Geometry and Configuration of Printed Circuit Board

Heat Sources £x £ =0.02 (m) x 0.02 {(m)

e=0
Q1 =Q2=2(W)
Fluid ¢ ks = 0.0263 (W/(m- K))
(air @ 300 K) v = 15.89 x 1078 (m?/s)
Pr =0.707
U =5 (M/3)
T =293 (K)

Discussion

Figure 3 shows the heat flux, temperature and heat transfer coef-
ficient distribution for the default case where k, =2 W/(m - K), € =
0, oo =5 m/fs and Q1 = Q2 =2 W. Air flow for each figure is in
the positive z direction.

Figure 3.a shows a three-dimensional view of the heat flux dis-
tribution for the default conditions. Typical of most forced convec-
tion applications, the developing boundary layer near the leading
edge of the circuit board provides a lower thermal resistance to heat
flow across the boundary layer than corresponding downstream lo-
cations. Hence, the peak heat flux over the first source is slightly
larger than that of the second source for a similar level of Joulean
heating. This creates a situation in conjugate heat transfer appli-
cations where the heat conduction within the board is primarily in
the negative x-direction, counter to the primary heat flow within the
boundary layer.

The heat flux near the downstream edges of the packages is higher
than in the centerline wake of the package. Again, this can be more
clearly understood by examining the plot of heat transfer coefficient
in Fig. 3.c. Downstream of the heat sources the heat transfer coeffi-
cient approaches zero as the boundary layer grows rapidly. The edges
of the heat sources, parallel to the flow direction offer an alternate
heat flow path of lower resistance, as shown in Fig. 3.c. Therefore
the heat tends to flow within the circuit board perpendicular to the

flow direction, showing the most pronounced increase immediately
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Figure 3: Dimensionless Heat Flux, Temperature and Heat Transfer
Coefficient Distributions for the Default Conditions

downstream of the heat sources.
Figure 3.b shows the dimensionless temperature, defined as

T -Tw
aiL{ks

For sources of equal power dissipation cooled by forced convec-

(39)

tion, the temperature of the downstream source will always be greater
than the upstream source, for constant free stream conditions, due
to heat propagation within the wake.

Although the heat transfer coefficient distribution is shown over
the full range of z and y in Fig. 3.c, it is not defined at z = 0
and at y = 0 or y = W. The heat transfer coefficient is a useful
tool for estimating the local convective potential, but it should be
remembered that the heat transfer coefficient is a derived quantity
and is not meaningful over the full domain of z and .

The default case, described above, will be used as th;a reference
for other examples where the thermal conductivity and the emissivity
of the printed circuit board, the flow velocity of the cooling fluid (air)
and the applied power to the heat sources are varied over a range

typically observed in microelectronics applications.
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Figures 4 - 7 show the effect the control parameters have on 2.4

dimensionless temperature. Temperature profiles are taken along the
‘ centerline of the packages in the positive z direction. In each instance 2
a single parameter is varied, and the other default parameters are - —
maintained. 1.6 f
Thermal Conductivity

The thermal conductivity of the circuit board plays a major role .2
in the distribution of heat. Typically, a circuit board consists of al- = o
ternating layers of highly conductive tracking material, usually cop- -8r
per, separated by a low conductivity, insulating material such as B N
fiberglass-epoxy. Thermal modeling of laminated materials can be S4r -
accomplished in one of two ways. A more exact, but more compli- B
cated method is to treat each layer individually as a homogeneous DU . . _
substance. The temperature fields of the individual layers are cou- z*

pled through appropriate boundary conditions at the interfaces, al- —

Figure 5: Centerline Temperature Profile for a Range of Circuit
lowing a temperature profile of the full cross section to be obtained. Board Emissivities Between 0.0 and 1.0

Secondly, a more practical method of determining the temperature -

profile of a laminated material is to calculate an effective thermal 4 B
conductivity, based on the harmonic mean (Lemczyk et al., 1991) of 2k
the component thermal conductivities calculated using the series and - -
parallel resistive paths with the laminates. The following discussion 1.6
of thermal conductivity assumes a single homogeneous value for the S - —
entire circuit board. x l.2fF
The effect of board thermal conductivity on dimensionless tem- < - —
perature is shown in Fig. 4, where the dotted line represents the -8
‘ temperature profile for the default conditions. The peak tempera- B -
ture over each source is strongly influenced by a change in the ther- A
mal conductivity of the board. As the thermal conductivity becomes - -
large the heat flows unrestricted within the solid and an isothermal DO

condition is attained. Increasing the thermal conductivity is an ef-
fective means of reducing localized temperature spikes, however, an

. . e . . Figure 6: Centerline Temperature Profile for a Range of Circuit
t ductivit, ally obtained b -
increase in thermal conductivity is principally obtained by increas Board Flow Velocities Between 1.0 and 10.0 m /s

2.4 2.4
k, (W/mK) = 0.2

1.6

1.2+

8. x 100

. Figure 4: Centerline Temperature Profile for a Range of Circuit 3 Figure 7: Centerline Temperature Profile for Changes in the Joulean
Board Thermal Conductivities Between 0.2 and 54 W/m & Heat Dissipation of the Upstream Source
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ing the copper content of the circuit board, resulting in a significant

increase in cost.

'Surface Emissivity
In forced convection, the effect of radiative heat transfer is signif-

icantly smaller than in a similar circuit board cooled only by natural

convection (Lee et al., 1991). However, radiation can account for
as much as 10% of the total heat dissipation in microelectronic ap-
plications using forced air flow. Figure 5 shows the effect a change
in surface emissivity has on the dimensionless temperature of the
printed circuit board. Applications in which the sink temperature is
close to room temperature (293 K) a radiative heat transfer coeffi-
cient can be calculated which is approximately 5-6 W/m? . K over
the full working range of temperature in a circuit board (= 293K -
393K). This compares with the convective heat transfer coefficient,
shown in Fig. 3.c, which for the default case ranges between infinity
at the leading edge of the board (nominally 80-100 W/m? - K) to a
negligible value downstream of the heat sources.
Air Flow Velocity

The board temperature is affected by the free stream velocity
through the square root of the Reynolds number in forced convec-
tion. As shown in Fig. 6, the rate at which the board temperature
is lowered for increasing velocity is diminished as the free stream
velocity increases. In addition to the diminishing returns attained
for higher velocities, a practical limit of flow velocity of between 5
and 10 m/s is mandated for most office environments due to noise

.constra.ints. Where noise constraints are not applicable, flow velocity

can be an effective means of controlling board temperatures.
Source Strength

Figure 7 is a plot of the centerline temperature profile for changes
in the strength of the upstream heat source (source 1). The addition
of Joulean heating has the expected effect of linearly increasing the
peak temperature of heat source 1 but the peak temperature of the
second heat source is also increased due to both conduction through
the board and advection within the boundary layer. With a boa,r&
conductivity of 2 W/m - K, local Joulean heating accounts for ap-
proximately 90% of the temperature rise over the second source while
heating of the second source because of its location in the wake of the

first source accounts for 10% of the peak temperature of the second
source.

Source Location

Figure 8 shows how the dimensionless temperature of the second
source changes when the first source is moved from the leading edge
to the trailing edge of the board.

When d, the distance between the center line of the two heat
sources divided by the source length (£) is equal to zero, the two
sources overlap, and the temperature distribution is identical to a
single source with twice the heat dissipation. Since the forced con-

vection problem is linear, the resultant temperature is twice that of
@
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Figure 8: The Effect of the Upstream Heat Source Location on the
Peak Temperature of the Downstream Heat Source

AT, — AThp
ATy
where ATy is the average temperature excess of the second source

when the second source is the only source on the board.

¢= (40)

Parameter Summary

Figure 9 is a summary of the effects that each of the controlled
parameters has on the average Nusselt number over the second or
downstream heat source. The ordinate scale for thermal conductivity
is on the right side of the graph while the ordinate for all other
parameters is on the left hand axis.

150 400
- E '/-/‘
———k -

130 U' /.4—» - 300
""" -] -
—_ 7

] .5 1 e
/.\'[ i i L I 1 1 J
.2 2 15 28 41 54 k,(W/mK)
| S i Il 1 1 I’ i L J. J
o 2 4 6 8 10 Uy (m/s)
[ = i iy i 1 1 1 H J
0 1 2 3 4 QW)

Figure 9: The Effect of Changes in the Selected Design Parameters
on the Average Nusselt Number of the Downstream Heat
Source




The thermal conductivity is the most effective parameter for in-
creasing the Nusselt number over the second source and in turn de-
creasing the temperature. The multiple scales on the abscissa are
arranged such that the node in the center of the curves is the de-
fault case. The resultant Nusselt number, which is indicative of heat
transfer efficiency, can be easily monitored for changes in the control
parameters. Since the average Nusselt number of the second source

can be written as

Nug = L2 6 (41)

where g;2, L and ks are constant, the mean temperature of the

second source can be written as

=1 v
AT « o (42)

Figure 10 relates the heat dissipated by the various modes of
heat transfer, i.e., conduction, convection and radiation, for a range
of board thermal conductivities between 0 and 20 W/m - K. Three
levels of emissivity are presented for each case.

In forced convection, the radiative component of the dissipated
heat is generally less than 15% but for most of the range examined
the radiative component can be considered constant, in the range of
5%.

When the thermal conductivity of the board is small, the resis-
tance to heat flow under the source is greater than the thermal re-
sistance of the boundary layer and the heat dissipated by convection
dominates. However, at a thermal conductivity of approximately 2.5
W/m - K the resistance between the boundary layer and the board
are equivalent and the two modes of heat transfer are essentially
of equivalent magnitude. For board conductivities greater than 2.5

W/m - K the conduction within the board dominates.

k,(W/mK)

Figure 10: The Relative Contribution of Conduction, Convection

and Radiation to Overall Heat Dissipation

The convective fraction decreases with increasing conductivity
primarily because the resistance within the board is greater than the

resistance in the boundary layer.

Concluding Remarks

Conjugate heat transfer problems of the type described in the
previous sections can be extremely complex due to the interaction of
the fluid and solid domains and the necessity for the governing equa-
tions in each domain to be satisfied simultaneously. Studies of this
type are useful for observing the relative importance of basic design
parameters in respect to the role they have in controlling local circuit
board temperatures. However, for more general studies, in which a
variety flow conditions, circuit board geometries and thermophysical
properties are studied, a simulation model, such as META, must be
used to provide accurate results in a time frame which is conducive

to design scheduling.
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