ABSTRACT

An analytical/numerical model is presented for determining wall
temperature distributions in PCB’s due to heat conduction within
the board. The analytical nature of the model allows thermal en-
; hancement options such as material selection and component loca-
: tion to be readily assessed while requiring only modest computing

‘ capabilities such as a personal computer.

Several examples are presented to show the sensitivity of the
model to changes in the thermal conductivity, the thickness of the
PCB and the film coefficient due to forced convection.

NOMENCLATURE
A - cross sectional area, m?
B: - Biot number, ht/k,
Cy, Ca, etc. - constants of integration
h - film coefficient, W/m?K
k - thermal conductivity, W/mK
L - element length, m
' m - parameter defined by Eqn. 20
n - parameter defined by Eqns. 21 and 22
N - total number of elements
q - heat flux, W/m?
Q - total heat flow, W
t - plate thickness, m
T - temperature, K

Greek Symbols

- parameter defined by Eqn. 41
- parameter defined by Eqn. 42
- thermal conductivity ratio

- temperature excess, K
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Subscripts

cond - conduction

convy - convection

fi - fluid above the plate

fo - fluid below the plate

s - solid

tot - total

0 - below the plate

1 - above the plate

Superscripts

+ - a8 in Eqn. 40
INTRODUCTION

The extensive use of surface mount technology in today’s printed
circuit boards (PCB’s) has allowed circuit designers to significantly
increase component packing densities. This increased packing den-
sity combined with the use of higher powered device packages dis-
sipating up to 7 W [Bergles," 1986] can lead to heat flux densities
which approach 10,000 W/m?. Localized temperatures on the sur-
face of a PCB can exceed 125°C with device junction temperatures
far exceeding reliable operating limits. The circuit designer is forced
to make use of some form of thermal enhancement ranging from the
use of secondary fluids in extreme overheating situations to the use of
cooling fins for less serious overheating. Both of these forms of ther-
mal enhancement often necessitate major design modifications which
delays delivery and radically increases production costs. For applica-
tions where junction temperatures marginally exceed recommended
operating temperatures, the circuit designer has several thermal en-
hancement options available, including fundamental design improve-
ments by optimizing the use of available PCB materials and lay-
ing out the board in a thermally optimum manner. This approach
can significantly reduce the major design changes as previously men-
tioned; however, it is dependent upon the availability of a model
which is accurate and requires minimal learning and setup time.

Several investigators [Eckert et al, 1957; Ling, 1963; Reynolds
et al, 1958; Sogin, 1960] have developed analytical techniques for
predicting temperatures on flat plates with either an isothermal or
a nonisothermal condition imposed at the surface. However, these
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As seen from Fig, 1, further simplifying assumptions have be

made, notably the heat Sources are considered to be flugh mount
with the surface of the circuit board, the contact resistance betwe:

depending on the geometry and the th the source and the circuit board is considered to be negligible and t. —
application. leading and trailing edge of the plate are adiabatic. Source regic

Other solutions [Atsugi et al, 1969 and Pinto et al, 1986] to the can be characterized by a total power dissipation, which in the ca.
problem of multi-dimensional steady conduction within a flat plate of an IC package will be the heat dissipated at the surface of the ¢
have been developed primarily based on finite difference and finite As a further’ simplifying assumption the heat transferred from 1. _
element techniques. These analyses provide accurate and detailed in- top of the device Package by means of radiation and convection w;
formation; however, the computing requirements often prohibit their be lumped as a single outward directed heat flow denoted as Qeon.
use as an everyday design aid. Similarly, the heat conducted through the leads or convected off th —

A careful examination of typical thermophysical properties and back side of the device package will be lumped as a single inwar
board dimensions indicates that complex two and three dimensional directed heat flow denoted a8 Qconq as shown in Fig. 2. —
heat transfer analyses are not always necessary to predict circuit
board temperatures accurately. The principal objective of this paper

is to develop a general analytical/numerical solution technique for T
predicting surface temperatures on PCB’s populated with any num-

ing to ignore heat conduction into the substrate. This assumption

solution techniques are based solely on fluid side heat transfer, choos-
. can lead to a significant over estimatio

n of peak board temperatures
ermophysical properties of the

ber of arbitrarily located components. Since actual circuit boards /;X ﬁ AR GAP —
rarely perform as idealized flat Plates with heat sources having uni- & AT / CAP
formly distributed heat flux, a model should allow the heat source —_ g < ‘./— _
flux distribution to be specified in an arbitrary manner. Similarly, ¥
the film coefficient is rarely uniformly distributed, therefore the model DIE \ N LEAD
should allow for arbitrary distributions. — ]7' y
The sensitivity of plate temperature with respect to flow condi- l _/ Y Z Z —)
tions and various thermophysical properties will be examined using AR GAP % ﬁ\) L PAD —
. . o, SUBSTRATE
the proposed model as described above. Only those properties over ‘%?’ 3
which the circuit designer has some control will be studied in detail. _
This parametric study will give some insight into the relative merit PC BOARD
of varying one parameter in relation to others. -
Figure 2. Heat Flow from an IC Package
‘ MODEL DEVELOPMENT

The total power dissi

For analytical analysis it is conve be written as

into two distinct regions,
erating devices such as IC

pated by a source in the form of heat can
nient to section the circuit board

areas which are populated with heat gen- Qtot = Qony + Qcond (1) —
packages and areas which are free of heat

. . If th t i i t
sources. For the purpose of this paper these areas will be referred to © heat transfer area is consxdex.-ed constant for each componen

N . of heat fow Eqn. 1 can then be written as -
as source and non-source sections respectively. If the components on
t.he surface of the circuit bf)ard are assl‘xmed contmuot‘Js in the y dn'.ec- Qtot = Geono + Goong (2)
tion, the thermal interaction perpendicular to the air flow direction

can be neglected

and the idealized cross section of the circuit board
in the axial direc

where gy, is the tota] heat generation of the heat source.
tion would look similar to the schematic shown in

Fig. 1. Governing Equation ¥
The governing equation for heat conduction within a solid is &
Uy, Laplace’s equation, which in two dimensions is given as
T4
)

2 2
alx) er. or_, ®
HP dz? ' 372 _
o0

If the cross sectional dimensions are assumed constant, the tem- |
7] @ Perature over any yz plane can be determined by integrating Eqn. 3 | _
é y T(x) i # over the thickness of the board fromz=0to z=1¢ 1
# .
4&" t 931 ¢ 921
0 [ o5 /~dz=0 2 =
Ut L"o(l) o 3z29F T o 9z2 . ]
-
Tty .

The second term in Eqn. 4 can be directly integrated to give

t 52 1
Figure 1. Idealized Crosg Section of a Circuit Board 0 # la=t #le=o )
. Using Leibnitz rule the first term in Eqn. 4 can be rewritten a8
t g2 92 3 T (‘,
dz = — =t
) 322 dz 327 [/0 sz] 327

where T the mean temperature over the thickness is given by
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T=;/o Tdz %

‘d the board thickness is assumed to be constant with respect to z.
Substituting Eqns. 5 and 6 into Eqn. 4 gives

T 147

18T
322 Tt 3z

z=t—zE

=0 ®)

=0

Eqn. 8 can then be solved for temperature, subject to the boundary
conditions imposed at the solid/fluid interface.

Boundary Conditions

Top Surface

The top surface of the circuit board consists of both source and
non-source sections, therefore, the boundary conditions on this sur-
face must vary subject to local conditions. A Neumann boundary
condition as given in Eqn. 9 is specified at the source sections.

aT| _ Yeond
0z l,my &, ©)
From Eqn. 2, Eqn. 9 can then be written as
aT| _ Ttot — Qeonv .
0z [,ey k, (10)
where
Qeonv = hl(T(z=t) = Th) (11)
The source boundary condition then becomes
T ~h(Toepy - T
.a“ - Qtot 1( (2=t) h) (12)
0z, k,
A Robin boundary condition is specified at all non-source loca-
aT hy
Bl ‘k_’(T(z=t) - Ty) (13)

Bottom Surface

A Robin boundary condition is specified over the bottom surface
of the board both for source and non-source sections. Because of the
choice of positive z in the upward direction the boundary condition
given in Eqn. 14 has a sign change from that of Egn. 13.

oT ho

-é? z2=0 - E(T(‘=O) - TIO) (14)

The boundary conditions in Eqns. 12, 13 and 14 can then be
usged to solve for temperature in Eqn. 8.

Board Temperature Solution

The temperature gradient across the thickness of the board is
typically small given the dimensions and the thermophysical proper-~
ties of most circuit boards, i.e. Bf = ht/k, < 0.1. Consequently, the

temperature at the upper and lower surface of the circuit board can
be assumed to be identical.

T(z:O) = T(z=t) =T (15)
and the temperature excess is given by
9=T-T, (16)

!bstituting Eqns. 12 - 14 and Eqn. 16 into Eqn. 8 the governing
differential equations for the source and non-source sections become
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Source
@_ [hg+h1}"__ [qtot+h0(Tfa—fo) 17
322 kot - k,t (an
Non-Source
3*9  Tho+hy ho(Ty, - Ty,)
Bl g
Solving for ¥ in Eqns. 17 and 18 gives
_ n
#z)=Cre ™ 4 Care™* 4 oo (19)
where,
ho+h
2_ o 1
m = (20)
and ho(Ty, ~ T
n = Jtot & ho(Ty, - fx), (source) (21)
L]
or ho(Ty, T
n= —0%, (non-source) (22)
8

Constants of Integration

The constants of integration can be determined for each section
over the length of the plate by imposing two boundary conditions at
the common interface between each section as shown in Fig. 3.

BOUNDARY SEPARATING SOURCE AND
NON-SOURCE SECTIONS

Jm - —— -
2 O)
M
P s ™ 8(x,) = 8(x;)
O, o 000, 200%)
X, ax5
Ve 24 X
Ve
y 0

Figure 3. Section Coupling Boundary Conditions

The first boundary condition is a consequence of the assumption
that there is perfect contact between each section. As a result the

temperature excess immediately adjacent to either side of the inter-
face will be identical and

l9(:t,~) = 19(:1:;.,.1) ‘(23)

The second boundary condition can be obtained by using the
principle of conservation of energy across the interface.

Qi = Qin
) 99(x;) _ ) 3%(zi41)
-’C‘A‘azi = —k'HA_“Bz,-H




'60(::,-) ~ 99(zi41)
k"w 7€.+1T.+1 (24)

Based on the previous assumption that the leading and trailing
edges of the board are adiabatic, the boundary condition at these

faces will be 99 (z;)
Ty

By substituting Eqns. 20 - 25 into Eqn. 19, a series of equations
will be obtained which can be solved using conventional matrix solv-
ing techniques such as Gaussian elimination. However, in some in-
stances these methods can be computationally intensive making them
prohibitive when analysing circuit boards with many heat sources.
The method chosen to determine the constants of integration involves
solving for a single constant of integration at the leading edge of the
board which can then be used to obtain all other constants through
linear combinations of the leading edge constant.

A standard circuit board will be assumed to have a non-source
section at the leading and trailing edge with alternating source and
non-source sections in between.

A board with N discrete sections necessitates solving for 2N con-
stants of integration and therefore 2N equations must be solved si-
multaneously. Substituting Eqns. 20 ~ 25 into Eqn. 19 and equating

common terms at matching interfaces the following equations are
obtained:

G =0 (28)
Cs+Cy+ n—zz = Cyemh + Cp e™la + n_!2 (27)
m3 m?

~myCs+myCy = -Kimy Czem‘llK;ml Czemlz"(%)

Cs + Ceg + n—32 = Cse—mzlz + C(Cm"’ + "'_22. (29)
m3 m2

—mg Cs + myCs = —szg Cse_m’l’

+Kamy Ce™ (30)

n -
Can-1+Cam+ -5 = Cpw_g) e ™w-1tw-s
my

nN-
+C(2N—2) eMmN-1tN_1 + _# (31)
my_1

MmN Cen-1)+my Cony = —Ky_1My_, Clan—g) e™N-1tn-1
TEN-1mMN_1 Can_g) e ™N-1t0-1 (32)

Clan-1) = Cpapyelmntn (33)

where the conductivity ratio is given by

=k 24

K= kg1’ (34

Through a method of substituting Eqn. 33 into Eqns. 31 and

32 and successively substituting into Eqns. 30 through .26, Cp can

be determined in terms of known basic design informa.txon such as

section length (£), source heat flux (g¢s:), film coefficient (h) and

the thermal conductivity of the circuit board(k,). The leading edge
constant of integration is given as
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nN A% = n J At -1 ny ( ~1
Ci = —_—— ) —_— = s,
YT mE {m{glz\y} Sm?|onf ar (7 m# {2A1+} ()

(ho),- (Tfo — fo)

iy p , (non-source) (38)
ny = MW\O—%H, (source) (37)
mf = Qolit () (38)

where 1 is the element designation, with the leading edge non-
element being 1st element,
being Nth element.

source
and the trailing edge non-source element

Bi e™it
A =
! Aiy (39)
(8:) sinh(m;&;) + cosh(m;e;) (40)
B = K Tihis1 i<n (41)
Miy1

. = (Bi) cosh(m;&) + sinh(m;¢;) .
b= (B:) sinh(m;£) + cosh(m;£;)’ t<n (42)

AN = coth(mpty) (43)
A typical calculation procedure for determining the constants of
integration would be as follows:
1. determine An, knowing my and N
2. determine Bn-y, knowing An,my,mpy_;, and Ky_q
3. determine Ay_; and A,
4. determine the remaining A; ’s, £; ’s and Af s

5. calculate C,

The remaining constants of integration can be determined for
each source and non-source section by using the general form of Cy;_,
and Cy as given in Eqns. 45 and 46.

Cz = Cl (44)
for i=2 to N
Cz.'-1 = .5 {C.-_l e_m'"‘ll'.'l (1 + K"_lzu;-)
m;
+Cs(i-1) em™i-1bim (l - Ky E)
't
M-l 1 '
- 45
* (""-'2-1 m?)} (#)
: m;_y
Cu = 5 {C.'—l e~ mimibiat (1 — K1 m; )

L mi_y
+Cfs—1) el (1+K"‘ m; )
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The board temperature at any location within each discretized
element can be obtained from

O(z:i) = Caio1 € ™% 4 Coi €™ + % (47)
1
MODEL ANALYSIS
Most practical applications involving distributed heat sources ar-
bitrarily located on a flat plate rarely conform to classic text book
solution techniques where the heat flux is uniformly distributed over
the sources. A more representative heat flux distribution over a mi-
croelectric device package, as shown through infra-red photography?!,
is a parabolic distribution with the peak heat flux occurring in the
center of the package. Three step change heat flux distributions as
shown in Fig. 4, ranging from a crude approximation of a parabolic
distribution given as a uniform heat flux over the full source, to a dis-
tribution consisting of 100 step changes which closely approximates a
true parabolic distribution are examined to observe the effect of heat
flux distribution on peak source temperature. The relative difference
in peak source temperature in Fig. 5 is defined as

Peak Temp. with Peak Temp. with
) Parabolic Flux } - {Another Flux }
— A Distribution Distribution
{Peak Temp. with}

in

Peak Temp.

{ Relative Diff.

Parabolic Flux
Distribution

a) a
{ 1
b) —Aq
L J—— —l )
c) 9
| 4
| !
e ! ~{4?
- L .

Figure 4. Heat Flux Distributions
a) uniform, b) 4 elements, c) 100 elements

As shown in Fig. 5, a uniform heat flux distribution underestimates
peak source temperature by as much as 22 percent, depending on the
size of the heat source in relation to the total length of the plate. Us-
ing a heat flux distribution characterized by four elements introduces
a maximum error of slightly less than 5 percent, while the distribu-
tion using 100 elements gives a peak source temperature identical to
the parabolic distribution. Conventional analytic solution techniques
restricted to uniform distributions can lead to a significant underes-
timation of peak temperatures, however, a model which allows for
even a coarse distribution with three or four elements per source can
provide temperature predictions which are more in line with actual
device temperatures.

!Personal Communications with Northern Telecom Ltd., Ottawa, Ontario.
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Figure 5. Effect of Heat Flux Distribution on Peak Temperature

DISCUSSION

During the initial stages of PCB design the circuit board designer
is given some degree of freedom in selecting component materials and
system operating conditions as long as certain electrical constraints
are adhered to. However, there are only a limited number of design
parameters which can be modified without disrupting the structural
or electrical integrity of the board or causing manufacturing cost
to escalate rapidly. Some of the design parameters which can be
modified over a limited range include the thermal conductivity of
the board, the board thickness and the flow velocity of the cooling
medium. The effect these parameters have on peak board tempera-
ture will be examined in the following section.

The analysis of heat conduction within a substrate having dis-
tributed heat sources separated by convectively cooled regions can
be very complex because of the difficulty in simplifying the problem
by isolating a typical cell bounded by planes of symmetry. This ne-
cessitates using a technique which considers the thermal interaction
between all heat sources, simultaneously. Analytical techniques on
their own are not general enough to deal with the variety of bound-
ary conditions which can be encountered in a problem of this nature.
The thickness to board length aspect ratio for a typical circuit board
exceeds 100:1. Most numerical techniques require many discrete el-
ements to obtain meaningful results for a problem with this geome-
try. The cost of running numerical codes for such a problem gener-
ally limits their use in most microelectronic applications. The ana-
Iytical/numerical technique presented here overcomes both of these
shortcomings of the purely analytical or numerical techniques. The
procedure is easy to code and typically requires less than one minute
to solve a multiple heat source problem using an IBM-PC. Although
the technique presented here allows for distributed sources with an
arbitrarily distributed heat flux for each source or an arbitrarily dis-
tributed film coefficient, the examples presented in the following will
be simplified for presentation clarity. A single heat source centrally
located on a homogeneous substrate will be examined using the de-
sign information given in Table 1.

The film coefficient is assumed to be uniform over the front and
back surface of the circuit board. A value of 20 W/m?K is typical
of a film coefficient observed over a circuit board cooled by lami-
nar air flow at approximately 20°C. A board thermal conductivity
of 5 W/mK is representative of a typical fiberglass board with cop-
per iracking. The size and location of the heat source have been




total board length - 0.15 m b) Board Thickness B

board thickness - 0.002 m A typical single layer board has a thickness of slightly less than
heat source length - 0.05m 2 mm, while some multilayer boards may approach a thickness of o
heat source center - 0.075 m 3mm. The effect on surface temperature due to varying thickneas
peak heat flux - 3000 W/m? over this range of values is shown in Fig. 6. —
‘ heat flux distribution - parabolic A change in the thickness of the board has a similar effect on peak
film coefficient - 20 W/m2K heat source temperature as was evident with changes in thermal con- _
board thermal conductivity - 5 W/mK

) heat source tem erature as heat is distribyt
Table 1. Default Circuii Board Configuration P oo b tted over a broader Jrea

chosen to represent a lumped total of all heat sources that might the decrease in peak source temperature 15 approximately inversely

appear on a typically sized circuit board. The modelling technique Proportional to the square root of the change in board thickness —

detailed above is capable of predicting surface temperatures for the A 100% increase in board thickness from 1 to 2 mm reduces the

distributed source problem, however the presentation of the results peak temperature by approximately 20%. Similarly, an increase in _

would not clearly show the effect of design changes on surface tem- board thickness from 2 - 4 mm results in a 20% decrease in peak

peratures. The lumped source example more clearly shows the effect temperature.

of thermophysical properties and flow conditions. The circuit designer rarely increases the thickness of the circuit o
The data for each set of curves is obtained by varying only the board as a method of improving heat conduction. A copper ground

parameter of interest, i.e. thermal conductivity, board thickness and Plane may sometimes be added and the board thickness increases, —

film coefficient, while maintaining all other design parameters at the  howeverit is principally the increase in effective thermal conductivity

default value. The effect on surface temperature distribution is ob- due to th

served in each case. Temperature excess is defined as the difference
between the wall temperature and some reference temperature, in 150
this instance, the free stream temperature.

{K)

a) Board Thermal Conductivity

120 _
The thermal conductivity of the board plays a major role in the

thermal spreading effect in the vicinity of the heat source. As shown

in Fig. 5the peak heat source temperature is strongly affected by the S0

thermal conductivity of the board. The most significant reduction in
peak heat source temperature occurs between a thermal conductivity
of 1 and 10 W/mK, where a tenfold increase in thermal conductivity
results in a 50% reduction in peak heat source temperature. Coinci-
dentally, this is the range of board thermal conductivities observed
‘ in most fiberglass/copper PCB’s. A small increase in copper content
could significantly reduce the temperature at the heat source. In-
creasing the board thermal conductivity beyond 25 W/mK leads to
8 minimal reduction in peak source temperature since the board is ' _
approaching an isothermal condition beyond which increases in ther- DIMENSIONLESS p OSITION
mal conductivivty have little effect on board temperatures.

60

30

TEMPERATURE EXCESS

Figure 6. Effect of Board Thickness on Temperature Excess a
150

¢) Film Coefficient

~— 0.1 W/mK The resistance to heat flow (R
-==-1.0 W/mK

——-10.0 W/mK 18 a function o'f the flow conditio,
=~ 100.0 W/mK board. In particular

(K)

120 -
30 |-
60 |

o 4 duction in peak temperature

AN from 10 to 30 W/m3K. A film coefficient, of this order can be easily
ol Te—o obta.l.ned with the use of small, low cost axial fang producing flow
0 B P & 3 ) v'elocxties of 1 ~ 3 m/s. Thisis particularly noteworthy for a de-

DIMENSIONLESS POSITION

TEMPERATURE EXCESS

] . temperature while requir t i
Figure 5. Effect of Board Thermal Conductivity on Temperature nois§ centrifugal blowcil:mng he designer to use a coetly and often
Excess .
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0 .2 .4 .6 .8 1 Reynolds, W.C., Kays, W.M. and Kline, S.J., 1958, “Heat Transfer N
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trary Wall Temperature and Heat Flux”, National Aeronautics

:E Figure 7. Effect of Film Coefficient on Temperature Excess nd Space Administration - Memorandum, 12-3-68 W. —
| Sogin, H.H., 1960, “Laminar Transfer from Isothermal Spanwise
Strips on a Flat Plate”, ASME Journal of Heat Transfer,
vol. 82, no.1, pp. 53 - 63.

SUMMARY AND CONCLUSIONS - |

1. The use of simple modelling tools which allow for only a uni-
form heat flux or film coefficient distribution can lead to sig-
nificant errors in predicting peak board temperatures.

2. The thermal conductivity of the board is the sole most im-

portant design parameter for reducing board temperatures. A

marginal increase in the relative percentage of copper within a +

board will result in an increased effective thermal conductivity

. and can lead to significant reduction in board temperature es- _
pecially when the effective thermal conductivity of the board

is between 1 and 10 W/mK.

3. An increase in the free stream flow velocity and in turn the
film coefficient is an effective means of reducing peak board 3
temperatures especially for film coefficients of 30 W/m?K and
less.

4. The circuit designer may alter the thickness of the circuit board
by only a fraction of & millimetre. The resulting effect on board |
temperatures is not sufficient to warrant changing the design
of the board.
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