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ABSTRACT

A thermal layout modeling and optimization routine for a Printed Circuit Board (PCB) has been made
in the present work. The thermal model includes the modeling of electronic components based on thermal
resistances and the PCB as a flat plate with multiple heat sources. Isothermal and Isoflux natural
convection heat transfer for horizontal and vertical PCB thermal modeling. The numerical solution
method for the 2-dimensional thermal model is the superposition method for the adiabatic PCB edges. The
optimization meshing model was constructed based on the Complex Method. The numerical Complex
Method has been improved to a new optimization method named as "Dual Complex Method", which
minimize the objective function to give the optimal step sizes in X and Y -directions. The optimization
thermal layout model was constructed to accommodate the numerical SUMT mathematical optimization
method. Optimization results show that in free convection, and for the optimum total heat loss objective
function, the larger dimension of the PCB must be oriented horizontally rather than vertically, and the
electronic components or sub-assemblies of large power should be placed near the top of the PCB. In the
case of horizontal upset-down in natural convection, the components of large power must be placed near
the center of the PCB.
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INTRODUCTION

Increasing clock frequencies on integrated circuits, together with continuous miniaturization, is
resulting in widely increased heat dissipation per unit area on PCB. Within avionics, high demands are set
regarding optimization of space and weight of devices. At the same time, reliability and functionality
requirements are of vital importance.

Lee et. al. (1989) developed a quasi-analytical conjugate heat transfer model for two-dimensional
vertical flat plates with discrete heat sources of arbitrary size and power level under natural convection.
The plate is located in an extensive, quiescent fluid, which is maintained at uniform temperature. The
model consists of an approximate analytical boundary layer solution and a one-dimensional numerical
conduction analysis, which on allowance is made to account for radiation heat transfer. Lee et al. (1990)
developed a conjugate model for airflow over flat plates with arbitrarily located heat sources based on the
integral formulation of the boundary layer equations combined with finite volume solution, which
assumes two-dimensional heat flow within the plate. The fluid and solid solutions are coupled through an
iterative procedure, allowing a unique temperature profile to be obtained at fluid-solid interface. Radiation
heat loss is also included in the plate heat transfer Mahaney et al. (1990) investigated mixed convection
heat transfer from a four-row, in-line array of 12 square heat sources that are flush mounted to the lower
wall of a horizontal, rectangular channel. The experimental data encompass heat transfer regimes
characterized by pure natural convection, mixed convection, and laminar forced convection, where water
was used as a coolant. Lee et. al.(1991) examine some of common design of microelectronic circuitry
such as the thermal conductivity and surface emissivity of the circuit board under forced convection. The
flow velocity of the cooling fluid and positioning and power dissipation on the heat sources, to determine
the relative merits of each as means of controlling circuit Lee et. al. (1991A) found the parameters on
which the operating temperature depends in natural convection heat transfer and they showed the effect of
these parameters such as the thermophysical properties, package location, and the applied power level
have on localized temperature and average Nusselt number. Also they discussed a specific example of a
circuit board and heat source combination. Lee et al. (1992) obtained thermal resistance characterization
of typical microelectronic packages in terms of an optimization factor, which can provide a useful
standard for design and modeling package performance. The various heat flow paths from typical model
are outlined, and a variety of package types are modeled, including single-chip and multi-chip package.
Elias and Sridhar (1995) examined the problem of natural convection of air in horizontal, enclosed air
layers, due to localized heating from below. The problem is of great relevance to several electronic
cooling applications. The results obtained can help the electronic packaging designer in determining
whether heat transfer will be dominated by conduction or convection, for a given module heat dissipation
and size of the air gap around the module. Gerald (2001) used a superposition method and the adiabatic
heat transfer coefficient is introduced. A specific, and highly simplified problem, is considered in detail:
the heat transfer from three, uniformly spaced, geometrical identical blocks. The researcher explained how
the adiabatic heat transfer coefficient and superposition Kernel function could be measured. A typical
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piece of electronic equipment has several components mounted on one or more printed circuit boards.
Ying et al. (2002) optimize the thermal performance of the Integrated Power Electronic Modules IPEM.
Three-dimensional active IPEM was modeled using the thermal-fluid analysis program ESC in [-DEAS to
study the thermal performance of IPEM. Several design variables including the ceramic material, the
ceramic thickness, and the thickness of the heat spreader were modeled to optimize IPEM geometric
design and to improve the thermal performance while reduce the footprint.

In the previous works, the authors attempt to solve the energy, continuity, and momentum equation
with specified boundary conditions and validated the results by using experimental work. In other words,
their results are founded as charts or graphs; therefore, these charts can be translated as equations to the
specified cases. In the present work, these equations can be coupled to the optimization program to
optimize the thermal design of electronic equipment cooling (passive and/or active cooling). The present
work represents a complementary solution for the optimum thermal design.

THERMAL MODEL

The main modeling assumptions are as follows:
1. The temperature distribution 7'(X,Y’) within the board L; X L, of k; conductivity and the

thickness 7 in two dimension;
2. The convective heat transfer on the upper and lower board faces are characterized by a unique
pair (T, , h) where fluid temperature 7, and heat transfer coefficient / are uniform;

3. Components are modeled by rectangular heat sources with uniform power Qi

4. Steady state only is considered.
The boundary conditions along the edges of the PCB, considered to be adiabatic (Lee et. al., 1991A),
Then governing equation can be derived as follows(see Fig. 1a):
dq dgq :
X Y —
aX dX +a—YdY_(qconv+qrad)+qudYtS5_O (D)

Where; O =1 inside the heat source;
O = 0 in other PCB regions;

oT oT
qx:_kth&dY , qy =—kth£dX;

Q

Gooy = hdXdY(T =T.)) . quoy =h,dXdY(T —T.,):and q =
bwit
Rearranging Eq. (1) yields
2 2
_(a_€+a_€)+n2(T_Tm):Q—§ (1a)

aX aY kbbi Wits
The boundary conditions are:
oT(0.Y) _ OT(L.Y) _3T(X.0) _0T(X.Ly) _ o

X X oY oY
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h+h
with 7% = (hth) (3)
k bl
The board temperature is then given by an expansion of the form:
Ny Ny inX Y
T'(X,Y)= X X a; cos( )cos(J ) 4)

The superposition principle allows computing the board thermal map, i.e. the map of the board
equipped with its components, as the sum of the board map assumed to be free of components and of each
component thermal map. Accordingly, when a component placement is modified, the operation cycle is as
follow:

1- The individual component map is subtracted from the global map;
2- The component map is computed at the new location;
3- This new map is added to the global map.

From computational viewpoint, the second sequence is obviously the critical one.The direct
formulation (Le Jannou and Houn, 1991) is actually inadequate for an interactive updating of the
thermal maps. The algorithm of optimization, through a modified formulation and a careful
implementation, whose details are beyond the scope of this article, is the main difficulty in meeting the
“real time” requirement. By contrast, seen from the user viewpoint, two parameters are sufficient to
control the algorithm numerical behavior. One is used to specify the computational grid density while the
other allows control of the accuracy of the series convergence.

Setting the problem also requires the specification of the heat transfer coefficients on the board faces.
Providing an assessing tool here circumvents this constant difficulty of thermal simulations. The user
interface of this tool allows the designer to characterize rapidly the board cooling configuration: natural
convection on a horizontal or vertical board, parallel or impingement flow on a board cooled by forced
convection and fluid temperature. Internally, the program uses the physical properties of air and common
correlations between the relevant non-dimensional numbers to derive and proposed heat transfer
coefficient values. The user remains free to impose his own values.

The air gap R gap thermal resistance is calculated from the following equation:

o

R =8
P " kA,

Where, A6 is the area of the lower surface of the electronic component. The junction to board thermal

(&)

resistance R jb is calculated from the following equation:

)
R,=R.+R,, +—'— ©6)
Jjb Jje gap
NkaAp

Where, N D k D A D and [ p are the number, thermal conductivity, cross-sectional area, and length of

the lead pins.
The coefficient of Eq. (4) can be calculated by applying it into Eq. (1a) at each point in the PCB
meshing (7 X m) . The electronic component regions can be limited in the expression below:
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In the present study, the Biot number (Bi = ht s lk b) is less than 0.1, and then the temperature

difference across the thickness of the board is small and can be neglected. Applying Eq. (4) at each
point yields:

NNy i jry
Z ZaU (—) cos( )cos( )+ Z Zal] (—) cos( )cos( )+
i=1j=1 2 1 i=1j=1 1 LZ
2 qij
+ 771] Z Za cos(—) cos(—) nile +— (7)
i=1j=I 1 ij
Ny
Where, kij =ky,, n; = P and ¢;;_q at the regions that free of modules. Also kij =k, and
ij's

qij = Ql] / Wl-bit ¢ at the element (module). Expanding Eq. (7) for 2X 2 mesh points (for example)
yields:

+
Q
=

2r ? 2rX , TY, 2z ? 2rX , 2rY,
cos cos + a cos cos
L, L, L, L, L, L,

+
Q

TY, 27 ) 27X 277,
—L |+ ay cos | ———=—|cos | —/—=
L2 Ll LI L2
2
(ﬂ'le [zYlJ (ﬂ'j (EXIJ [27:1/2)
a, cos cos + ap,, | — cos | — | cos
2 L, L, L, L, L,
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The above equation is for the point (1,1). If we define:
2 2
¥4 i h inX Y,
Cifl: (l—j +(]—J — cos( ’jcos(] ’j ©)
L, L, kit L, L,
p . = i o, 4 (10)
v kot k

Then for the above example, Eq. (7) becomes:
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c C C 5 C % anq Dy
c C 5 C 5 C % ap | _ | Do an
cit cd o @ |lew | | Dy
L C 7 C 5 C 3 C 3% ) D 2
In general for (1 X m ymesh points,
c i} Ch c !l c i .ol ATay ] [ Dy ]
C it Ciz . Cin cai - - Com ap D
cf? cy c 3 cl3 ..o h
A1m D 1m
. . . . . . anq D nl
Clri,m—l C1112,m—1 Clnn,zm—l C:],m—l . ) C;z”,lm—l
c{ C " c " s .. Com JLawm 1 | D, |

(12)

The above system represents a linear system of (n X m)X (n X m) unknowns with (n X m)X (n X m)
equations, which can be solved by Gaussian Elimination Method. The final solution gives the coefficients
of Eq. (4) that leads to find the temperature distribution 7(X,Y’) for the complete electronic system
cooling.

The temperature distribution is assumed equal to th ambient temperature 7 as the first
approximation. Then the iterations will be continued until the following condition is satisfied:
T'(X,Y)-T " (X,Y)<0.0001 (13)
Where r represents the number of iteration. The temperature 7(X,Y') represents the PCB temperature,
and then the following procedure can be followed to predict the module surface temperature (Tsij ) using

the nomenclature of Fig. 1b:
4i; = 9vj Y 492i T 4935 T 945 T dsij T eij

deij =49 —(quij +92i T 4935 + qaij +q5i5) (14)
Tiwm =46;Rjp +T(X.Y) (15)
Ty =—Rq3; + Ty, (16)
where, R jt =junction to top resistance

R b =junction to board resistance
The value of Tsij was initiated at the starting of iteration as:
RjoIij ij%‘j
+
2

Then the iteration will be terminated when,

+1.5T,, (17)

I
Ty =
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r r—1
Ty — Ty <0.0001 (18)
The values of a;; are found VE (number of electronic components) times, then
NE p
a; = 2. a; (19)
p=0

The values of convective heat transfer qyjj to gs;; can be found from the relation
hij (q;; = hij Aij (TlJ —T..)). A series of convective and radiative heat transfer coefficients were
calculated for each surface using a surface temperature range of ambient (or free stream) to

T.. +130° C by implementing the empirical equations.

DESIGN OPTIMIZATION: GRADIENT SEARCH

Any function in the vicinity of its minimum can be approximated by a quadratic function by using
Taylor series expansion. The quadratic function;

F(x)=a+be+%xTGx (20)

Where a is a constant, bis a constant vector and G is a positive definite symmetric matrix which has a
minimum at the point x>l< where )C>l< is given by,
VF(x )=b+Gx =0
ie. x =—G7'b
From Taylor series;
P = (x)+ (=) VG 42 (6= )T Gl Mk = x,)
where;
_
v 0x;0x

A reasonable approximation to the minimum for f (x) might be minimum for x. If the latter is at X

G is the Hessian matrix G

we shall have

Vf(x,)+G(x,)(x,, —x,)=0

or x,=x,-G " (x,)g(x,) 1)
generally X;,| =X; — G (x;)g(x;) (22)
or more flexibly, X;,; = X; — ﬂiG_l (x;)g(x;) (23)

Where A, is determined by a search in the direction G! (x;)g(x;).
The Newton-Raphson method is based on this last equation. The gradient search method is based on
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equations (21) and (23), although it avoids calculating the inverse Hessian matrix G_1 (x;) at each step
by setting the search direction at stage i as — H; g(x; ), where H; is a positive definite symmetric

matrix which is updated at each stage in a manner to make H equal to the inverse Hessian Matrix.
The constraints and the form of the objective function for the optimized meshing can be expressed as
the minimum temperature error as the follows:

ZirAle Ay ” i2 zAle‘l jlmhy f -
—ZZa cos( i ) cos( 7 ) ZZa cos( 7 ) cos( 7 ) (24

i=lj=1 1 2 i=1j=1 1 2

From the above we note that the number of design variables (Nx + Ny ), is a variable also. The
constraints are:

Nx; < Nx < Nxy, Ny; <Ny < Ny, (24a)
N,
b < Ax; < b L < Ay, <L— ZAx L, YAy, = (24b)
1’ Y=
Nxy NxL Nyy N)’L i=1 j=1

It will be noted that the numbers of constraints are 72 = 6. Since the number of the design variables
(Nx + Ny) is variable, we will perform the Complex Method in dual form (new technique or originality
point of the present work) as the follows:
1-Construct the external two-dimensional complex of 7 = 2 and m = 2 with the same objective

function of the internal complex (Eq. (24a)), while the constraints are explicit only.
2-In each iteration step of external complex, the data will be exported to the internal complex of m = 4

constraints (Eq. (24b)) and n=( Nx + Ny design variables.
3-The optimum mesh of step2 will export to the external complex (step1), and so on until the global

optimum is found.
The initial step sizes are:

! (N'XU +N.XLJ , J (NyU +NyL]
2 2

at the start of iteration we will make;
Pl ai aop=l Al Jl
Ax! —Axl-,ij —ij

To quantify the maximum permissible heat loss from an electronic module, the heat Q;,; can be
separated, based on the heat transfer mechanism, into convective heat transfer g, and radiative heat

q r4aq - The convection heat transfer coefficients for the horizontal PCB are (Holman. 1989):
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=

AT
1 .42(—)0’25 ,vertical surfaces
t

0.25
AT
2bw
b+w

1.32 ,horizontal  surfaces (25)

0.2

AT
2bw

b+w
Assuming that the heat transfer through the bottom surface is negligible and that the surface
temperature distribution is uniform, the convective heat transfer is given for horizontal PCB (see Fig. 1b).

0.61 ,upset —down surfaces

26
Oloss =22q1 229, + 293 Y qp1 Y qpo + G r0a (20)
e e e

AT.
Where, g; = hy A, AT, =1.42(t,;w;)( t LO0B AT,

i

4> = hy Ay AT, = 1.42(birl.)(At_T" )0 = 1.42b,1 P AT
1
0.25
AT;
a3 = Iy AAT, =1.32(w;b;)| — -~ AT,
b; +w;
0.25
L +L
gy =111 =22 | (L,L, - Y bw)(T, -T..)"*
LL, y
0.2
—061LL,| 20| A7 =0.531(L,L,) "3 (L, + L) (T, -T,,)'*
Clbz—-lzzLL 1= Y. 1L2 1 2 b 1o
142
L+ 1,

Qyag =5.669%107° (Z fo€ ATy —Tia) + (Tb4 -T2 belgblAbl + fp2€p2Am2 )j
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Where  f: Upper surface of PCB radiation shape factor
S Lower surface of PCB radiation shape factor
f .+ Electronic element radiation shape factor
Due to the blockage effect of the desk f, and f}; is reduced to 0.5 for all surfaces, and bottom surface

of element is practically ineffective. Therefore, using typical emissivity values of &€, =0.9 for plastic
materials, f b2 = 1 and Epp =&y = 0.7 is recommended. The above equation can be rewritten as:
4 4
| 058 (b +2bit; + 2wt )T —T.0) + {0.5¢,,(L,L, =Y w;b,)
Grog =5.669%1078 ¥ e
¢ L L YT} -T2
+Ep 1Ly (T, —T)

(27)
The total heat loss can be found by adding Eq. (26) to Eq. (27) as:
Qs = 2.84(T; —T,,)"> {z (b; + w7 +0.3908(b; +w;)"* (b,w, )0-75}
e
0.25
L +L
+1.11(T, -T,,)"% [Mj (LiLy, =X bw;)
Ll L2 e
+0.531(T, —T,.)"* (L L) " (L + L)) + ¢,y (28)

For the vertical PCB, there are two cases. One for the vertical PCB is oriented so as to make Ll

vertical, and the other L, is vertical. The first case is as follows:

Oloss =291 +22.9, + g3+ 2G5 + qp + G0 (29)
e

e e e

g1 = 0.531(w;t) "3 (w;, +1,)°2 AT 2, ¢, =1.426> 71, AT
g3 = 1.42]91_0.75WiATi1.25, gs = 1.11(witi)0.75 (Wi + ti)0.25 ATil.ZS
gy = 142(L Ly =S wb)L"P AT, g, =1.420) 7 L AT
For the case of vertical Iiz
deonv. = 2§ q + %cu + %% + §Q3 +dp +qp (30)
g = 142w AT, g, = 0.531(b;t) "8 (b, +1,)02 AT
g3 = 1.42wi0.75biATil.25, gy = l.ll(bl-tl-)o'75 (bi + ti)0.25 ATil'25
gy = 142(L Ly =S b;w)L P AT | gy, =1.42L, L5 AT

e
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OBJECTIVE FUNCTION AND CONSTRAINTS

We can modify the objective function and Constraints in order to be useable in the SUMT method of
the present work as follows:

mo ]
=@, )= f(x)+rX (31)
1- f(x) equivalent to for Egs. (28 through 30).
loss

2-The constraints must be in the form

C;(x)20 (32)
Therefore biL <b< biU is equivalent to two constraints as follows:

12219L :>lg—bi20 (33)

by —b=20 (34)

In other words, each double inequality constraint can be performed by two inequality constraints of the
form C i (x) = 0 .For example, if we let to optimize Eq. (28), the following form of the objective

function will be attained:
1

7= ¢(x’ r) =

(35)

+

loss

In the case of the optimum heat transfer coefficient h, the empirical relations are not need. In this case,
the heat transfer coefficient will be considered as a constraint, which have lower and upper limits

(hy <h<hy).

RESULTS AND DISCUSSION

The PCB contains a central processing unit CPU dissipating SW and 12 additional heat dissipating
devices, each dissipating 1.5W is considered as a specific example for this paper.

(A) Optimal Local heat Transfer Coefficient

Many cases of PCB thermal design, we need to make the convective heat transfer coefficient optimal
for a specified electronic component such as CPU in PC. However, the PCB will be used to optimize
convective heat transfer coefficient on each electronic component for the objective function. The
constraints for this case are:

8 < h; <20W /m.’C.0.76 < k, <13.6W /m.°C
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200 < L, < 500mm, 150 < L, < 400mm
b, w. .
<cx, <L -2 Yicey, <, -
22 2

20<b; <40mm, 60 < by;; <90mm, 60 < b3 < 90mm
4<t, <11lmm,20 < w; <40mm, 40 < w;; <70mm, 50 < wy3 < 70mm

IOSNxSIOO,IOSNy <100.T,,, <130°C.T, 2T...4 <t, <10mm

b. .
CX; 42 < L.CY, +% < Ly.b;(Ty; —T..) <56

T, =25"C,R; =2°CIW,R;, =3°CIW.m=02kg/s
L) =381mm, L; = 263mm,V =1m/sec,T,, =25°C,
Hum =03,R j,_,R;, =02°C/W k, =12W /m.” K
k, = 138W/m."K,8€ =0.9,&, =0.5

Fig. 2 shows the initial thermal layout. Fig. 3 shows the optimal thermal layout which is being drawn in

1:2 scale. The value of / is indicated on each electronic element. As might be expected from a physical
point of view, the first and last columns have a higher heat transfer than the others. This behavior is same
as of the forced convection because the flow field is different (impingement and parallel), and causes
additional cooling at the front and back, respectively. The values of optimal heat transfer coefficients for
components 9, 10, 4, and 2 are converged because they are exposed to the same flow field.

(B) Heat Loss Maximization
For the previous initial inputs and constraints of the optimum thermal layout is shown Fig. 4. Three

components per column per column represent a good design from the heat loss point of view. For a given
circuit board area, the thermal performance will be better if the larger dimension of the board is oriented
horizontally rather than vertically. The reason is that there is less”pre-heating” of the air in the horizontal
configuration. This can be useful technique to keep in mind, if the system has flexibility with regard to
board packaging. From the above results, the components or sub-assemblies with higher power dissipation
should be located near the top of the PCB. This will prevent the heated air from these components from
raising the ambient temperature of all the circuitry above it. This hot air would result in lower average
component temperatures and reliability.

From the previous discussion, we note that the optimal PCB board is vertical in the case of natural
convection. In some cases, we need the horizontal or horizontal upset-down orientation to the PCB
according to the space limitations. If we not need the global optimum, we will take the optimal results for
horizontal and upset down orientation only Fig. 5 shows the optimum thermal layout for horizontal upset-
down PCB orientation. Fig. 6 shows the optimum thermal layout for horizontal PCB orientation. From
Figs. (5) and (6), we will note the following points:

1- The electronic components of power greater than other components must lie near the edges of the
PCB for the case of horizontal orientation. This is due to the overcome the pre-heating from
neighboring.
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2- Any electronic component that lies near the center of PCB has larger area as compared with other
components. This can be taken when the power of this component is small for the horizontal PCB
orientation.

3- For the horizontal upset-down PCB orientation, the component of large power must lies near the
center. This is because that location gives less preheating to air. Also the thickness of each

component f; is larger than in other PCB orientations. This is because the larger value of f; will

enlarge the side area of the electronic component, which have the same heat transfer coefficient for
the vertical flat plate.

4 Thermal conductivity of PCB is a very efficient parameter that controlled to lower the peak
temperature in natural convection. Radiation may account as a significant fraction of the total heat
loss objective function for the electronic equipment cooling by natural convection.

5 Larger dimension of the PCB must oriented horizontally rather than vertically in free convection
for the optimum total heat loss. For the same previous objective function and case of convection,
the electronic components or sub-assemblies of larger power should located near the top of the
PCB. Also, in the case of the horizontal-Upset-down, the electronic components of larger power
must lie near the center of the PCB.

CONCLUDING REMARKS.

1- A new method for optimization of the PCB meshing which is applicable not only for the PCB, but to
other system meshing and can be improved to three-dimensional meshing was developed. This method is
based on the mathematical optimization (Complex Method). The dual complex method is a new technique
to control the PCB meshing and a good route to reach the optimum system mesh i.e. a unique system
mesh with minimal CPU time.

2-Larger dimension of the PCB must oriented horizontally rather than vertically in free convection for the
optimum total heat loss. For the same previous objective function and case of convection, the electronic
components or sub-assemblies of larger power should located near the top of the PCB. Also, in the case of
the horizontal-Upset-down, the electronic components of larger power must lie near the center of the PCB.

l | | | [ x| : w
- | E—— -t—Pcr | { | | |
l | | | | | | l L
l | | | || l
l | | | | | | |
. : .
(a)
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NOMENCLUTURE

A :Area,m 2

b :Electronic module length, m

CX,CY:Value  of  electronic
centers, m

f :Radiation shape factor
o° f

dix;0x ;

module

G :Hessian Matrix,

g: Acceleration of gravity, m/ s 2
g(x) :Derivative, g(x) = Vf(x)

h :Heat transfer coefficient, W | m2 2C

k p - Conduction for board,

W/im°C
L, :PCB length, m
L, :PCB width, m

coefficient

Greek
A :Lagrange Multiplier

AT : Temperature difference, ’ C

0 gap :Air gap thickness, t{im

& :Emissivity

D (x, r) :Unconstraint objective function

775

m :Number of constraints
Ny :Number of elements in Y direction

n :Number of design variables

hx

Nu  -Nusselt number, ?

Q : Generated Heat By the Component, W
q : Uniform single surface heat flux, W / I/l’l2

T :Temperature, °Cor K
t :Electronic module height, m

[,:PCB thickness, m

W :Electronic module width, m
X :Design variable in optimization scheme

X :X-direction, horizontal parallel to Ll
Y :Y-direction, horizontal parallel to L2

zZ: Objective function value



