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Use of a Two-Dimensional 
Simulation Model in the Thermal 
Analysis of a Multi-Board 
Electronic Module 
A study is reported of heat transfer and airflow in an electronic module consisting 
of an array of narrowly spaced vertical circuit boards with highly-protruding com
ponents contained in a naturally vented chassis. A two-dimensional simulation model 
is developed that accounts for heat transfer by conduction, convection, and radiation, 
and sensitivity studies are performed. Experiments are conducted using a specially 
constructed test module. Comparsions with the experiments reveal the need to cal
ibrate the model by selecting an effective component height that represents the drag 
properties of the actual three-dimensional component geometry. The need to account 
in the model for heat losses in the depth direction is also discussed. The importance 
of accurate thermophysical properties and of multi-dimensional radiation is shown. 
Good agreement with measured velocities and local board temperatures is obtained 
over a wide range of power levels, and it is concluded that the calibrated model is 
capable of representing the thermal behavior of the present module. 

1 Introduction 
The trend toward denser packaging and higher heat dissi

pation has resulted in renewed attention to the analysis of the 
thermal performance of electronic equipment. Natural con
vection cooling of arrays of printed circuit boards continues 
to be the thermal management technique of choice for many 
electronic applications. While a model of the combined con
duction, natural convection, and radiation heat transfer in a 
sealed electronic chassis was reported in a previous study (Smith 
et al., 1991), this paper is concerned with the modeling of an 
open cabinet containing an array of vertically oriented printed 
circuit boards (PCBs) on which discrete heat generating com
ponents are mounted. In this configuration, flow is induced 
into the channels between the PCBs by the so-called "chimney'' 
effect. 

There have been numerous studies on electronic cooling by 
natural convection between vertical circuit cards, and a recent 
review is available (Peterson and Ortega, 1990). A combined 
numerical and experimental investigation was reported by Aung 
et al. (1972) who developed a design methodology for esti
mating card temperatures and choosing the optimum card 
spacing. The effects of real components protruding from the 
PCB, staggered cards, and baffles were also discussed. Birn-
breier (1981) carried out experimental work using fully assem
bled PCBs, which were mounted in modules. It was found that 
a model based on a smooth channel with uniform wall heat 
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flux cannot be used to calculate PCB temperatures and that 
radiation heat transfer strongly reduces the maximum tem
perature of the PCBs at the highest level. Coyne (1984) later 
presented a simplified analysis of the radiative and conductive 
heat transfer between PCBs and reported good agreement with 
the experimental data of Birnbreier (1981). In a series of stud
ies, Ortega and Moffat (1985, 1986) and Moffat and Ortega 
(1986) investigated in detail the convective mechanisms in a 
vertical channel with an array of protruding, heat generating 
elements at discrete sites on one wall. They proposed a new 
thermal design method that takes into account the effects of 
the discretized heat dissipation and hydrodynamic drag by the 
elements. However, the drag properties must be obtained from 
a measurement of the pressure drop at a known (forced) flow. 

An important limiting case of the configuration considered 
here is a vertical channel formed by smooth parallel plates. A 
fairly complete tabulation of the many studies performed on 
this simplified geometry can be found in Peterson and Ortega 
(1990). Bar-Cohen (1985) demonstrated how analytical, 
smooth-plate relations can be used in the development of initial 
designs to estimate maximum component temperatures. How
ever, the procedure becomes increasingly inaccurate as the ratio 
of the component height to the channel width increases and 
the flow "arteries" formed by the spaces between components 
grow in importance. Again, it was noted that for high ratios, 
it is necessary to quantify the flow-resistance characteristics 
of the PCB surface. Another approach is exemplified by the 
recent work of Hawkins and Nelson (1992), who numerically 
solved the fully elliptic flow and energy equations to account 
for inlet and exit effects in short channels and the possible 
occurrence of flow recirculation, and included radiation heat 
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transfer in their analysis. The calculations revealed that the 
fully-developed-flow assumption and the neglect of either the 
buoyancy or the radiant effects cannot be justified in electronic 
cooling analyses. The study was limited to a single smooth 
channel with a uniform heat flux on one wall and an insulated 
opposite wall. 

While analytical methods are available for the initial thermal 
design of naturally cooled PCB modules, the greater flexibility 
and potential for more detailed information on local heat trans
fer paths and temperatures offered by numerical simulation 
models make them useful,in more advanced design stages. 
Nonetheless, no model has been identified that solves the cou
pled flow and energy equations (as in Smith et al., 1991; Hawk
ins and Nelson, 1992) and can deal with realistic electronic 
assemblies having a three-dimensional arrangement of discrete 
components on multiple PCBs. In fact, the fine grid required 
in such cases would exceed the capabilities of even modern 
computer workstations. Therefore, the present study was un
dertaken to explore the utility of a two-dimensional simulation 
model. Experimental data from a representative, though sim
ple, multi-board module with discrete heat generating com
ponents are used to establish the feasibility and steps necessary 
to represent accurately the actual three-dimensional flow and 
heat transfer in a two-dimensional model. Attention is focused 
on a relatively high component height to channel width ratio 
of 0.61. The study also addresses other modeling issues that 
are equally important in future three-dimensional models, such 
as the effects of variable air properties, the choice of effective 
thermal conductivities for certain heterogeneous materials, and 
the need to account for multi-dimensional radiation. The latter 
item is of particular interest, as most previous studies (Peterson 
and Ortega, 1990) either neglect radiation or use a much more 
simple one-dimensional model. 

2 Model 

2.1 System. The two-dimensional system selected for 
analysis is shown in Fig. 1, where the various design parameters 
are defined in Table 1. Subscripts of i and j on several of the 
parameters refer to the x- and j>-directions, respectively, and 
are used to infer that these quantities do not need to be uniform 
for the entire module. The module consists of eight printed 
circuit boards (PCBs) on each of which are mounted eight heat 
generating components in the vertical direction. There are uni
form separations between the PCBs and the components. All 
components have the same size, thermophysical properties, 
and heat generation rates. The PCBs are conductively isolated 
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Fig. 1 Schematic of the two-dimensional system used in the numerical 
model 

from the module walls and each other. The left and right sides 
of the module are constructed of impermeable plates. 

The ambient air is at a temperature Ta and atmospheric 
pressure. The air flow through the module is assumed to be 
laminar and steady, and gravitational acceleration acts parallel 
to the ^-direction. Air properties are temperature dependent 
and are taken from the values cited in Incropera and DeWitt 
(1990). Temperature independent properties are assumed for 
all solid materials. For the purpose of evaluating the radiative 
heat transfer, the air is transparent with a refractive index of 
unity, and all solid surfaces are diffuse, gray, and opaque. 

The overall heat transfer coefficient between the walls and 
the external surroundings is assumed to be constant and uni
form. The external surroundings are large and at a temperature 
Te. Radiant exchange takes place between internal surfaces of 
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heat transfer per unit depth, 
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radiant flux, W/m2 

spacing, m 
thickness, m 
temperature, °C 
velocity, m/s 
overall heat transfer coeffi
cient, W/m2-K 
velocity, m/s 
mean normal velocity, m/s 
mean outlet velocity, m/s 
coordinate, m 
coordinate, m 
volumetric thermal expan
sion coefficient, K^1 
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K = absorption coefficient, m_1 

ix = dynamic viscosity, kg/s-m 
P = density, kg/m3, and reflec

tance 
4> = polar angle, deg 
co = solid angle, sr 

Subscripts 
a = ambient 
b = blackbody 
c = component 
e = surroundings 

ex = exit 
fb = front/back 
in = inlet 
p = printed circuit board 
5 = surface 
w = chassis wall 
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Table 1 Notation for Fig. 1 and parameters for base case 

hc 

g 

Si 

Separation distance and component length 
7-odd: 1 to 17 (separation distance) 
./-even: 2 to 16 (component length) 
Physical height of component 
Height of component in model 
Board recess from bottom of enclosure 
Board recess from top of enclosure 
Gravitational acceleration 
Thermal conductivity of printed circuit board 
x-direction 
j'-direction 
Thermal conductivity of component 
Thermal conductivity of chassis walls 
Heat generation rate 
Printed circuit board spacing 
/ = 0 
/ = 1 to 8 
Thickness of printed circuit board 
Thickness of enclosure wall 
Temperature of inlet air 
Temperature of surroundings 
Overall heat transfer coefficients 
Emittance of components 
Emittance of printed circuit board 
Emittance of interior chassis wall 

19.87 mm 
9.40 mm 
3.89 mm 
1.40 mm 
6.35 mm 
6.35 mm 

9.81 m/s2 

10.38 W/m-K 
10.38 W/m-K 
86.52 W/m-K 

173.03 W/m-K 
9.92 X105 W/m3 

6.35 mm 
6.35 mm 
2.21 mm 
1.21 mm 

24 °C 
24 °C 

10.25 W / m 2 - K 
0.8 
0.8 

0.25 

the module and the external surroundings through the openings 
at the top and bottom and is evaluated using Te. 

2.2 Governing Equations. In the same manner as in Smith 
et al. (1991), a single solution domain procedure is employed, 
in which one set of conservation equations is solved over the 
two-dimensional region shown in Fig. 1, and the thermo-
physical properties depend on the material present at a par
ticular location. The conservation equations can be written as 

Continuity: 
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where the pressure P is defined as the pressure defect relative 
to the ambient pressure. In solid materials, the viscosity is set 
to a very large value in order to force the velocities to vanish. 
This procedure for handling conjugate heat transfer problems 
is discussed in more detail in Patankar (1980). The fourth and 
fifth term on the right-hand side of Eq. (4) are the volumetric 
heat generation rate of the components and the front/back 
heat loss rate, respectively. The third term on the right-hand 
side of Eq. (4) is the divergence of the radiative heat flux. 
Because the air is assumed to be radiatively transparent and 
the solid materials to be opaque, the radiative flux is nonzero 
only at air/solid interfaces. 

The boundary conditions for the flow are given by a specified 
pressure defect at the inlet and exit, that is 

1 
Pin = • pv Pex = Q (5) 

inlet pressure defect is caused by the acceleration of the air 
from rest to the inlet plane. In addition, the normal velocity 
gradients at the inlet and exit are equal to zero. The thermal 
boundary conditions are given by a uniform specified inlet 
temperature and a vanishing normal temperature gradient at 
the exit. At the solid walls of the module, the heat loss is given 
as the product of the overall heat transfer coefficient, U, and 
the local temperature difference between the wall and the sur
roundings. 

2.3 Radiation Fluxes. Sanchez and Smith (1992) devel
oped the discrete-ordinates method for surfaces separated be
tween transparent media. The basic equations used in the 
method are described in this section with the solution procedure 
discussed in Section 2.4. 

The two-dimensional radiative transport equation for the 
intensity for an absorbing and emitting medium within the 
solution domain is 

, 9 / dI r r 

dx dy 
(6) 

where v is the mean normal velocity at the inlet. The negative 

where / = I(x, y\ f, ?/), f and -q are direction cosines, K is the 
absorption coefficient of the medium, and //, is the blackbody 
intensity. Opaque and transparent media are presented by large 
and zero values of the absorption coefficient, respectively. For 
a large value of the absorption coefficient, the intensity equals 
the blackbody intensity, and for an absorption coefficient of 
zero, the intensity remains unchanged. At an opaque surface, 
the intensity leaving is composed of the emitted intensity and 
the reflected irradiation and is written as 

i(xs,ys; f, v) = tJb(Xa,ya) 

+ — I r(xs,ys-A',rj')co&4>'dw' (7) 

where subscript "s" denotes a surface, e is the surface emit
tance, and ps is the surface reflectance ( = l - e s ) . The prime 
denotes an incoming quantity, <j> is the polar angle between 
the surface normal and the intensity, and u is the solid angle. 
The integration in Eq. (10) is performed over the hemisphere 
above the surface. 

The net radiant energy leaving an opaque surface is 

QAXS, ys) = \ I(xs, ys\ f, v) cos cj> du 

I'{xs, ys; f', V ) cos $'du>' (8) 1 
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Fig. 2 Schematic of the test board showing resistor and thermocouple 
locations 

which represents the difference between the leaving and arriv
ing radiant energy. 

2.4 Numerical Solution Procedures. The finite volume 
method of Patankar (1980) is used to solve the conservation 
equations. The combined advective and diffusive fluxes are 
discretized using the power-law scheme and the pressure/ve
locity coupling is affected through the SIMPLER algorithm. 
The harmonic mean formulation adopted for the interface 
diffusion coefficients between two control volumes yields phys
ically realistic results for abrupt changes in these coefficients 
(viscosity, thermal conductivity) without requiring an exces
sively fine grid in the neighborhood of the air/solid interfaces. 
Special procedures are required to incorporate the surface ra
diative heat fluxes into the method (Beckermann and Smith, 
1993). The calculation of the radiative heat fluxes is based on 
the discrete-ordinates method specially developed for appli
cation to radiant exchange between surfaces separated by a 
transparent medium (Sanchez and Smith, 1992). The method 
allows a surface to view all other surfaces in a hemisphere over 
the surface. An opaque component is simply defined as a region 
with a high absorption coefficient. The method has the same 
grid as that used for the flow and heat transfer solver. Con
vergence of the numerical solution was checked by performing 
overall mass and energy balances. 

The numerical code was validated through extensive com
parisons with results for limiting cases available in the literature 
(Beckermann and Smith, 1991). Good agreement was obtained 
for pure natural convection and combined natural convection 
and radiation in a square cavity and in a single vertical channel. 
At the same time, these tests helped to establish the grid density 
necessary to obtain accurate solutions for the conditions of 
the present study. For the base case (discussed later), a grid 
of 134 x 94 control volumes in the x- and j-directions was 
utilized, with 14 control volumes staggered across each of the 
spaces between the PCBs. Other details can be found in Beck
ermann and Smith (1992). The calculations were performed 
on an Apollo DN10000 workstation and typically required 
approximately one hour of CPU time. 

3 Experiments 
Experiments were performed using a test setup as shown in 

Fig. 1 (Thornton, 1987). The eight PCBs consist of ten layer 
polymide with two, 2.8 mil (2 oz.) copper planes. The PCBs 
are 0.127 m (5 in.) wide in the direction normal to the x-y 
plane. As shown in Fig. 2, each PCB is loaded with forty, one 
watt carbon resistors in eight columns of five resistors. All 
dimensions can be found in Table 1. The assembly is enclosed 
with 1.524 mm (0.153 in.) thick aluminum sides. The rear cover 
is attached directly to the boards simulating a rear interconnect 
board, while the front cover is spaced 6.35 mm (0.25 in.) away 
from the boards. 

Figure 2 shows the thermocouple locations for the test board. 
Each PCB has nine evenly spaced thermocouples in the vertical 
direction and five across the board. The thermocouples are 30 
gauge copper-constantan wire with welded beads that are at
tached with Armstrong's A2. The load resistors are powered 
with a DC power supply and the current is measured using 
DC shunt resistors. All temperature and power measurements 
are recorded with a Fluke 2240 data logger. The thermocouples 
were calibrated with an accuracy of ±1.5 K. The mean air 
velocity through the module was measured by scanning the 
exit plane with a Thermal Systems Incorporated Model 1650 
anemometer. Ambient conditions were monitored throughout 
the tests. Before the measurements were undertaken, the setup 
was allowed to reach a steady state for several hours. 

4 Numerical Results 
This section presents representative model results and ex

amines their sensitivity to changes in several input parameters, 
such as the various thermophysical properties. In addition, the 
importance of radiation is clarified. The sensitivity studies are 
useful when the model results are compared to the experimental 
findings in Section 5. 

4.1 Base Case. The attributes of the base case are listed 
in Table 1. The front/back heat loss rate is set to zero, the air 
properties are fully temperature dependent, and all heat trans
fer modes are included. Noteworthy is the assigned height of 
a component of hc = 1.397 mm, whereas the physical height 
is 3.886 mm. This reduced height arises from the necessity to 
average the component (that is, resistor) height over the depth 
of the PCB in the two-dimensional model (compare Figs. 1 
and 2), and results in realistic board temperature levels. A 
detailed discussion of the component height selection is pro
vided in Section 5. 

Streamlines and isotherms computed for the base case are 
displayed in Fig. 3. The streamlines (Fig. 3(a)) in the left-most 
space are nearly vertical indicating no recirculations. In the 
other spaces, the streamlines are more concentrated in the flow 
passages between a component and a PCB. A more detailed 
examination of the computed velocities (not shown here) 
showed a weak recirculation above each component in Fig. 1. 
The isotherms (Fig. 3(b)) show an increasing overall temper
ature in the vertical direction. As expected, the highest tem
peratures are found near the top center of the system, where 
the temperature is nearly uniform. Near the bottom at a given 
vertical location, the air temperatures lag the PCB and com
ponent temperatures, and the air flowing in the spaces has an 
approximately parabolic temperature profile. The center four 
PCBs have nearly identical temperatures. Large temperature 
gradients in the horizontal direction are observed in the air 
spaces adjacent to the chassis walls. 

Table 2 gives an average outlet velocity and board temper
ature rise of 0.119 m/s and 63.83 K, respectively, for the base 
case. These results are used below as a basis for comparison 
with the sensitivity studies. The average outlet velocity is ob
tained by simple integration of the vertical velocities at the exit 
of the module. On the other hand, the average board tem-
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Table 2 Sensitivity findings 
Case 

# Description 
Vo 

m/s K 

Fig. 3 Streamlines and isotherms for base case, (a) Streamlines (min: 
- 8.128 kg/m-s; max: 0.0 kg/m-s; 28 equal increments), (b) Isotherms 
(min: 297.0 K; max: 398.4 K; increments: 7 K). 

perature rise is defined as the arithmetic mean of the temper
atures of the eight PCBs at the locations of the nine vertically 
spaced thermocouples on each board (see Fig. 2). The term 
"rise" implies that the temperatures are relative to (above) the 
ambient air temperature, Ta. 

4.2 Variable Versus Fixed Air Properties. The effect of 
neglecting the temperature dependency of the air properties is 
demonstrated by Case 2 in Table 2. In Case 2 the thermo-
physical properties of air are evaluated at a temperature of 
330.0 K, which approximately corresponds to the mean tem
perature of the air in the module for the base case. In com
parison to the base case (Case 1), only a slight decrease is 
observed for the mean outlet velocity. However, the average 
board temperature rise decreases by 12.7 percent (or 8.3 K). 
In view of the latter finding, temperature dependent air prop
erties must be accounted for. In fact, other choices of the 
temperature for evaluation of the air properties (such as the 
"film" or inlet temperatures) will not produce significantly 
better agreement with Case 1. 

4.3 Effect of Thermal Conductivities. Since the PCBs 
and the components (resistors) are inhomogeneous and consist 
of multiple materials, their effective thermal conductivities 
must be estimated. This section examines the sensitivity of the 
overall model results to changes in these parameters. 

The effect of changing the thermal conductivity of the PCBs 
is illustrated by Cases 3 and 4 in Table 2, where the PCB 
thermal conductivity listed in Table 1 is altered by multipli
cative factors of 10 and 0.1, respectively. For the higher PCB 
thermal conductivity (Case 3), the mean outlet velocity in
creases by 5.9 percent, while the average board temperature 
rise increases by 11 percent (or 7.2 K). For the lower PCB 
thermal conductivity (Case 4), the mean outlet velocity de
creases by 2.5 percent, while the average board temperature 
rise decreases by 8.1 percent (or 5.3 K). Hence, as the thermal 
conductivity of the PCBs increases, more heat is conducted 
away from the heat generating components to the PCBs, which 
become hotter. This causes an increase in the heat transfer to 
the air, thereby increasing the air velocity due to enhanced 
buoyancy. Cases 3 and 4 strongly suggest that reasonably ac-

1 
2 
3 
4 
5 
6 

Base case 
Constant air properties 
PCB thermal conductivity x 10 
PCB thermal conductivity x 0.1 
Component thermal conductivity x 0.1 
Absence of radiation 

0.119 
0.120 
0.126 
0.116 
0.119 
0.123 

65.2 
56.9 
72.4 
59.9 
64.9 
69.6 

Without radiation: Case 6 

With radiation: Case 1 (base case) 

100 150 
y, mm 

Fig. 4 Local board temperatures of PCB4 illustrating effect of radiation 

curate estimates of the PCB thermal conductivities should be 
made. 

Results for Case 5 in Table 2 show the effect of lowering 
the component thermal conductivity by a factor of 10 from 
that given in Table 1. Overall, there is a negligibly small dif
ference between the results for this case and those for the base 
case. Even the component temperatures (not cited here) de
crease, on the average, by only 0.4 percent. Hence, only a 
rough estimate of the component thermal conductivity is re
quired in the model. 

4.4 Effect of Radiation. Significant differences between 
the results of the base case (Case 1) with radiation and those 
of Case 6 without radiation are found in Table 2. The results 
for Case 6 can also be interpreted as illustrating the effects of 
the emittance, where, for no radiation, the emittance is zero 
for all surfaces. The average outlet velocity and board tem
perature rise are 3.4 and 6.7 (or 4.4 K) percent higher, re
spectively, without radiation than with radiation. These find
ings indicate that it is important to account for radiation in 
the heat transfer analysis. 

Further evidence of the effect of radiation is shown in Fig. 
4, where the local board temperatures at the locations of the 
nine vertically spaced thermocouples on PCB 4 are plotted for 
Cases 1 and 6. Near the bottom of the PCB, the temperatures 
from both cases are similar due to the small rise of the board 
temperatures adjacent to the inlet above the temperature of 
the surroundings, Te. However, at the top of the PCB there 
are large radiation losses to the surroundings, causing the board 
temperatures for Case 1 to reach a maximum and then decrease. 
On the other hand, for Case 6 the board temperatures near 
the top are more than 10 K higher and do not decrease. In 
fact, a decrease of the PCB temperatures towards the exit is 
not possible when radiation is neglected. Furthermore, this 
decrease could not be predicted with a much more simple one-
dimensional radiation model that accounts for radiation in the 
horizontal direction (i.e., between the PCBs) only. 

5 Comparisons With Experiments 
In comparing the experimental results to the predictions of 

the two-dimensional model, two issues need to be addressed: 
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Table 3 Comparison of measured and predicted average board 
temperature rises and measured outlet velocities for different 
power levels (hc = 1.473 mm, q/b = 0). 

Case 

7 
8 
9 
10 

<7 
105 

W/m3 

9.383 
5.117 
2.560 
0.854 

Experiment 
ATb 

K 

67.2 
43.8 
27.4 
13.1 

Simulation 
AT6 

K 

67.0 
42.6 
26.6 
13.0 

(i) the discrete nature of the components over the depth of 
each PCB at a given vertical location (see Fig. 2) and (ii) the 
heat losses from the front and back walls of the module. These 
items are discussed separately in the following two subsections. 

5.1 Selection of Component Height. From Fig. 2, it can 
be seen that for each of the eight resistor columns a significant 
portion of a PCB in the depth direction is not covered by a 
component. To account for this, it would seem necessary to 
reduce the component height in the two-dimensional model. 
A preliminary simulation using the actual height of the com
ponent (hc = 3.886 mm) yielded an average board temperature 
rise that was more than twice as large as the measured one 
(Beckermann and Smith, 1991), mainly because the predicted 
air flow was too restricted (recall that the board spacing is only 
6.35 mm, see Table 1). Several techniques for selecting a more 
realistic component height for use in the two-dimensional model 
were examined (Beckermann and Smith, 1991). Referring to 
Fig. 2, the component height averaged over the depth of the 
PCB at the vertical location of a resistor column is equal to 
hc = 5(3.886)2/127.0mm = 0.594 mm. The use of this simple 
geometry-based average gave an average board temperature 
rise that was about 13 percent too low compared to the ex
perimental value. Although it appears to be possible to select 
an effective component height that gives an average board 
temperature rise accurate to within several degrees, such agree
ment may not be acceptable when using a numerical simulation 
in more advanced design stages. On the other hand, the de
velopment of a general component height selection technique 
for an arbitrary three-dimensional placement of various com
ponents on a PCB is outside the scope of the present study. 
Therefore, for the purpose of the following comparisons, a 
calibration procedure was devised, based on a single experi
ment and the component height as the adjustable parameter. 

Comparisons were carried out for four experiments with 
different power levels. These experiments are denoted as Cases 
7 to 10, and Table 3 lists their respective volumetric heat gen
eration rates (for a component height of hc = 1.473 mm). All 
other conditions are identical to the base case as specified in 
Table 1. The front and back walls were covered with thick 
insulating material in order to eliminate heat losses from these 
surfaces (qji = 0). 

The effective component height was selected using Case 7 
with the highest power level. The selection process consisted 
of matching the average board temperature rise from the sim
ulation with the experimental value. Through a trial and error 
process, a component height of hc = 1.473 mm (0.058 in.) 
was found to give a good match between the measured and 
predicted average board temperature rises (see Table 3, Case 
7). 

With the component height for the model selected through 
the matching of a single average temperature, Fig. 5 shows a 
comparison of measured and predicted local board tempera
tures for Case 7 for PCBs 1, 4, and 6. Overall, the model does 
predict the temperature distributions in (i) the .y-direction in
cluding the decrease of the temperatures near the top of the 
PCBs due to radiation losses (see Section 4.4) and (ii) the x-
direction, where PCBs 4 and 6 have higher temperatures than 
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Data Model Case* 

0 50 100 150 200 250 

y, mm 

Fig. 5 Comparison of measured and predicted local board tempera
tures for Case 7 

PCB 1 due to heat losses from the side walls. Near the inlet, 
the model results are higher than the experimental data with 
the maximum difference being about 8 K for PCB 4. There is 
good agreement over the center portion of the PCBs. Near the 
outlet, the model results are slightly higher than the data with 
a maximum difference of 0.5 K for PCBs 1 and 6. The relatively 
large differences near the inlet are probably due to uncertainties 
in the modeling of the inlet conditions. The differences could 
be caused by temperature variations over the depth of the PCB 
in the experiments (although they were found to be relatively 
small at mid-height, see Fig. 2), uncertainties in the temperature 
of the surroundings, an inaccurate knowledge of some of the 
thermophysical properties of the various solid materials (in 
particular the PCBs), and the overall heat transfer coefficients 
at the vertical side walls of the module (which can be expected 
to vary with height). 

The model was then executed, with the component height 
unchanged from the previously selected value, for the other 
three power levels (Cases 8,9, and 10). Table 3 shows that the 
predicted average board temperature rise is in excellent agree
ment with the measured value for all power levels. This in
dicates that for a given geometry, the effective component 
height for the model needs to be selected only once and is valid 
over a wide range of power levels and, hence, air flow rates. 
Similar findings were made by Ortega and Moffat (1985, 1986) 
and Moffat and Ortega (1986) who proposed in their analysis 
to obtain the drag properties from forced flow measurements 
at known flow rates. A comparison of measured and predicted 
local board temperatures for Cases 7 to 10 is presented in Fig. 
6. The agreement for all power levels is similar as observed 
for Fig. 5. 

5.2 Depth Heat Loss Rate. In order to investigate the 
effects of heat losses from losses from the front and back walls 
of an electronic module and their representation in the present 
two-dimensional model, additional experiments at various 
power levels were conducted with the insulation at the front 
and back walls removed. The measured average board tem
perature rises are shown in Table 4(a). With the insulation 
removed (Cases 11 to 14), the average board temperature rises 
are between 6 to 14 percent lower than the ones with insulation 
(see Table 3, Cases 7 to 10). This represents a significant de
crease and makes the inclusion of front and back heat losses 
in the model desirable. 

In the model, the front and back heat losses are represented 
as a uniform heat loss rate over the entire two-dimensional 
domain, q^ (see Eq. (4)). In order to determine numerically 
this heat loss rate, the model was executed for each case in 
Table 4 by varying the value of q^ until the predicted average 
board temperature rise agreed with the experimental value. 
The previously determined component height of hc = 1.473 
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Fig. 6 Comparison of measured and predicted temperatures of PCB4 
for different power levels 

mm was used in the simulations. The resulting heat losses are 
given in Table 4 as heat loss rates per unit depth of the module. 
For the highest power level (Case 14), the depth heat loss rate 
constitutes about 8 percent of the total power input to the 
module. As expected, the heat loss rate decreases with de
creasing power level and, hence, module wall temperatures. 
Also shown in Table 4(a) are the measured and predicted mean 
outlet velocities. Although not matched, they agree well for 
all power levels. 

Considerable variability exists in the numerically determined 
heat loss rates for experiments with nearly identical conditions 
conducted at different times, which is illustrated in Table 4(b). 
Although the average board temperature rises show a range 
of less than 1.6 K for the highest power level (Case 14), the 
front and back heat loss rates vary by about 15 percent from 
the mean of the three tests. Obviously, experimental uncer
tainties could be responsible for this variation. 

The heat loss from the front and back walls is estimated 
from the following equation 

qfb=U(Ab + Af)(Tw-Ta) (9) 
where U is the overall heat transfer coefficient for the walls, 
Ab and Af are the back and front wall areas, and Tw is the 
average temperature of the front and back walls. The value 
for U is taken to be the same as for the side walls (see Table 
1) and Af = Ab = 2.077 x 1(T2 m2 (32.193 in.2). From an 
examination of the predicted side wall temperatures, the av
erage front/back temperature rise, (Tw - Ta), for Case 14 (high
est power level) was estimated to be approximately 20 K. This 
yields a heat loss of q(b = 8.5 W, which can be converted to 
a heat loss rate per unit depth of the module of 67 W/m 
(Beckermann and Smith, 1992). This value agrees well with 
the heat loss rate found in Table 4 for Case 14, which indicates 
that the use of the simulation model for determining the heat 
loss rates gives reasonable results. It also shows that the es
timation of the front and back heat losses by Eq. (9) could 
provide valuable input for the present model and that it is 
possible to account for depth heat losses in a two-dimensional 
model. 

Case 

11 
12 
13 
14 

Case 

13 
13.1 
13.2 

14 
14.1 
1.42 

Table 4 Predicted front and back heat loss rates 
(a) Effect of different power levels 

Q 
105 W/m3 

0.854 
2.563 
5.121 
9.406 

Q 
105 W/m3 

5.121 
5.127 
5.112 

9.406 
9.404 
9.383 

AT,,, K 
(matched) 

Exp Sim 

11.3 11.26 
25.2 25.23 
41.3 41.34 
63.5 63.51 

Exp 

3.56 
7.11 

10.16 
11.68 

(ft) Variability 

K 

296.9 
296.9 
296.3 

297.4 
295.8 
295.7 

ATb, 
Exp 

41.3 
40.3 
40.4 

63.5 
62.4 
61.9 

cm/s 
Sim 

3.28 
6.30 
8.84 

11.42 

K 
Sim 

41.34 
40.26 
40.41 

63.51 
62.41 
61.86 

Q/b 
W/m 

18 
18 
18 
60 

Qfb 
W/m 

18 
36 
32 

60 
72 
80 

inaccurate predictions of the temperature levels, but also to 
qualitatively different trends in the temperature distribution. 

The model is compared to experiments conducted using a 
specially instrumented test setup consisting of eight vertically 
oriented PCBs, each of which is loaded with forty resistors, 
contained in an aluminum chassis that is open at the top and 
bottom. It is found that the model should be calibrated by 
selecting an effective component height that gives an accurate 
two-dimensional representation of the drag properties of the 
actual three-dimensional component/channel geometry. This 
was accomplished by matching of the measured and predicted 
average board temperature rise in a single experiment. The 
calibrated model gave good agreement with measured air ve
locities and local board temperatures over a wide range of 
power levels. Heat losses in the depth direction can be accu
rately represented in the two-dimensional model by using es
timates of their magnitude. 

It is concluded that the two-dimensional model allows for 
a prediction of the thermal behavior of complex electronic 
modules with some experimental calibration. This calibration 
is particularly needed for the present case where discrete com
ponents extend over a significant portion of the space between 
the PCBs. Experimental determination of the drag properties 
can be expected to become less important for a decreasing 
component height to channel width ratio (Bar-Cohen, 1985). 
Nevertheless, the present two-dimensional model offers in
formation on the precise temperature profiles in the module, 
which can generally not be obtained from empirical or ana
lytical thermal design methods. Considering the relatively fine 
numerical grid that is necessary to represent the geometry of 
a typical module, fully three-dimensional simulations are pres
ently outside the capabilities of even modern computer work
stations, despite the fact that 3-D flow and heat transfer (with 
simplified radiation) codes are commercially available. None
theless, the present study represents a first step in this direction 
and clarifies a number of issues that are equally important in 
more advanced models. 

6 Conclusions 
A two-dimensional model has been developed of the flow 

and heat transfer in a multi-board electronic module. The 
model includes all heat transfer modes of conduction, con
vection and radiation, and accounts for discrete heat generating 
components. Numerical studies reveal the importance of uti
lizing fully temperature dependent air properties and good 
estimates of the thermal conductivities of the various solid 
materials, in particular the PCBs. In addition, it is shown that 
the neglect of multi-dimensional radiation leads not only to 
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