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ABSTRACT

This paper presents the results of an experimental study of natural convec-
tive air cooling in one type of electronic equipments which contain several
printed circuit boards (PCB’s) set up vertically and parallel to one another
In an impervious casing. The behaviour of natural convective air cooling in
this kind of PCB’s array has been investigated with the aid of holographic
interferometry. The results show that the heat transfer in the PCB’s array
is greatly influenced by an unstable boundary layer and vortex flow near
the upper wall of the casing. This influence has, on the one hand, good
effects on the cooling of the PCB’s, and on the other hand, it brings about
unfavourable fluctuations of temperature or heat transfer coefficients on the
PCB’s. The empirical correlations deduced from the experiments are pre-
sented in the form of Nu=f(Ra) with Rayleigh-number ranging from 10? to
10° at Pr=0.73.

Introduction

As microelectronic chips continue to decrease in size and to increase in speed and
the scale of integrated circuit, the power density, i.e. heat flux of a chip has to be raised
to a higher and higher level. Consequently, cooling problems become more and more
important in the design of electronic equipments. Because most silicon chips are sensitive
to temperature, an adverse thermal environment can cause a malfunction or a fault in an
electronic component, which may lead to a system collapse. Since for about every 20°C
decrease in the chip temperature the failure rate is reduced by half, a good thermal design

is of great importance for electronic equipments.
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Natural convection is a cooling technique widely used in electromc equipments with
Jow and medium power density (102 ~ 10* W/m?). It has many advantages such as
inherent reliability, low noise and low cost (no fans and blowers are required) etc. Especially
in some adverse circumstances where casing must be closed for dust- and water-proof,
priority is often given to natural convection cooling scheme. On the other hand, however,
natural convection has lower ability of removal of heat than other cooling technique such as
forced convection. Therefore, in the thermal design of electronic equipments with natural
convection as the thermal control technique, it is necessary to investigate in detail the

processes of fluid flow and heat transfer in order to achieve the optimum cooling effect.

Although much work has been done on various natural convective air cooling at
chip level, module level, and PCB’s level of electronic equipments [1], few results are
available at the system level. In ref.[2,3] a correlation of natural convection heat transfer
between two parallel plates was presented and the influence of the plate spacing on heat
transfer was discussed. A empirical formula based on the experimental results for thermal
design of natural-air-cooled electronic equipment casings was recommended in ref.[4]. Some
factors that influence the natural convection heat transfer in electronic equipments, such
as PCB spacing, additional plates, the shape and size of the vents etc., were studied in
ref.[5,6,7]. Ref.[8.9] analysed the heat transfer in electronic equipments with the analytical
and numerical methods. Due to the limitation of experimental methods and the memory
capacity and the speed of computers, it is difficult now to obtain a complete knowledge of

the process and the physical mechanism of heat transfer in electronic equipments.

In this paper experimental results of natural convective air cooling in one type of
electronic equipments which contains a PCB’s array are presented. The natural convection
in such PCB’s array has been investigated with the holographic interferometry to obtain
detail information not only on the local heat transfer coefficient but also on the temperature

field in the natural convection flow.

Problem under Consideration

This work is concerned with obtaining detail information on natural convection and
heat transfer in a casing with a PCB’s array set up vertically and parallel to one another in
an impervious casing. The heat generated by the chips mounted on PCB’s is transfered to
the surrounding air by conduction, consequently, reaches the walls of the casing by natural
convection. In practice two kinds of structures for PCB’s array are widely used. The one
that PCB’s are nakedly set up in the casing, and the another that each PCB is set up
together with a magnetic and electrostatic shield against magnetic and electrostatic field in
the casing. Because of the use of metal for electrical conduction pathways, uniform heating
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accurately characterizes the boundary condition of a PCB densely populated with chips.
In this paper, uniform wall temperature (UWT) conditions will be adopted to simulate the
PCB’s. The investigation under the uniform wall heat flux (UHF') conditions is underway.

Experimental Apparatus

The experimental apparatus and supplementary instruments used in the experiments

are illustrated in Fig.1. .

cold plate

=
cold water /

RS UUUTR ~y N

: : \\ cold plate
Thermo-

Thermo-
stat 1 stat 2

Fig. 1 Schematic drawing of the experimental equipment

The casing simulating the electronic equipment casing was made of aluminium plates.
The top and bottom walls were cooled with cold water. The inner aluminium plates
simulating PCB’s were 10 mm thick and were heated by hot water through S-form slots
inside them. Two thermostates were used to heat the water through the inner plates.
The temperature of the walls, inner plates, entrances and exits of the thermostats were
measured with thermocouples. The spacings between inner plates were equal and could
be changed through the number of inner plates and the distance between the inner plates
and the top and bottom walls were also adjustable.

Measuring Technique

Temperature field was measured by means of holographic interferometry. The holo-
graphic interferometry, as a measuring technique, has many advantages such as high sensi-
tivity, good accuracy; it does not disturb the flow and temperature field and is an inertialess
method. In order to trace the unstable thermal boundary layer occurring in the casing, real
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tize holographic interferometry was used to visualize the temperature field. The principle
of the real time holographic interferometry was discussed in detail in ref. [10]. The optical
arrangement of the holographic interferometer is shown in Fig.2.
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Fig. 2 Optical arrangement of the holographic interferometer

A 5W-argon-ion-laser (Model 2020, A = 514.5nm) was used as the light source.
By using a beam splitter the light beam from the laser was divided into two parts, i.e.,
the object beam and the reference beam. Both beams were collimated and expanded
into parallel beams. The object beam of 150 mm in diameter passed through the test
section and interfered with the reference beam behind the test section on the holographic
photoplate. The first exposure was taken under the unheated condition. After processing
the photoplate (which is often called hologram) was replaced and illuminated by the same
reference beam and then the original object beam could be reconstructed. The optical
path length of the object beam passing through the heated test section changed with the
variation of the refractive index. The actual object beam interfered with the reconstructed
original object beam behind the hologram to make the temperature field visible.

The interference pattern recorded on the film contains information about the tem-
perature field in the test section. For example, the infinite interference fringes indicate
the distribution of the isotherms. According to the measured wall temperature and the
interference order, the temperature field can be calculated. In an ideal interferometer the
optical path length difference between two beams is not dependent on the focusing plane
used in making photos because the influence of the light refraction is neglected. But in
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non-ideal situations the focusing plane plays an important role in calculating the difference
of optical path length. For the problem considered in this paper the temperature gradient
was such great that the fringe density could be 9 lines/mm. Hence, the influence of the
refraction of light and the focuing plane must be taken into account. According to refs.
[11] and [12], if the focusing plane is placed in the test section L,/3 (L. is the length
of the test section) apart from the exit, the real difference of optical path length can be
calculated by the use of the equation of an ideal interferometry i.e.

L,
S-A= (Nneo —n)dz = L:(ne —n) . (1)
0
where S is the interference order, A the wave length of laser beam, L. the length of
test section and n the refractive index of air.

In this experiment the Interference order S was derived from the measured wall
temperature and the recurrence relation of the interference order, and then according to
the Gladstone-Dale equation the temperature field was determined from the refractive
index with the aid of the state equation of air. Based on the measured temperature field
the local heat transfer coefficients were calculated by the use of a polynomial representing
the temperature profile. The local Nusselt-number can be expressed as following:

Nu = — = ——F—<-— = f(Ra,r) )

where Nu is the local Nusselt-number, h the heat transfer coefficient, b the PCB’s
spacing, k the thermal conductivity, T, the temperature of inner plates, T}, the temperature
of the cold wall, Ra the channel Rayleigh-number and r the geometric parameter. The
channel Rayleigh-number is defined as:

_ 4
Ra = gﬂ(ﬁquw)b = Gry, * Prx Hip (3)

We used here the channel Rayleigh-number as a characteristic number because it
combines the normal Grashof-number, Prandtl-number and channel b/H, (H, is hight of
plate) ratio in one dimenssionless group and reduces the number of independent param-
eters. In addition, it can be also verified with the aid of the dimensional analysis that
the behaviour of heat transfer in PCB’s array without a casing can be described accu-
rately by using the relation between Nusselt-number and the channel Rayleigh-number,
i.e. Nu=f(Ra,Pr) instead of Nu=f(Gr,Pr,b/H,). The mean Nusselt-number on one PCB
is :



— 1 [HE
Ny= — N.d= (4)
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Results

1. Temperature field

Photos of the temperature field in the casing with a PCB’s array were taken by
means of the holographic interferometry. With an 150mm-in diameter interferometer the
temperature variation in the whole casing can be clearly seen. Fig.3 shows the temperature
fields in the 3-PCB’s, 4-PCB’s, 6-PCB’s and 8-PCB’s arrays respectively.
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Fig. 3-1 Hologramin a 3-PCB’s array Fig. 3-2 Hologramin a4-PCB’s array
Ra=1.32*10° b=42.5mm, Ra=4.24*10%, b=32.0mm
Tw=10°C , Tp=70°C . Tw=10°C , Tp=70°C

Fig. 3-3 Hologramin a 6-PCB'’s array Fig. 34 Hologramin a 8-PCB's array
Ra=6.48*10% b=20.0mm, Ra=4.04*102, b=10.0mm,
Tw=10°C , Tp=70°C . Tw=10°C , Tp=70°C .

Fig. 3 Interferograms in the casing with PCB’s arrays
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From Fig.3 it can be observed that the thermal boundary layer is presented on the
surfaces of inner plates because of the natural convection. When the PCB’s spacing is
relatively large (e.g. in Fig. 3-1, 3-2 and 3-3), individual thermal boundary layers are
in evidence along each surface. In the lower half part of PCB’s channels, the thermal
boundary layers develop from bottem to top and become thicker and thicker as espected.
However in the exit region of the channels, the development of the thermal boundary
layer is hindered by the vortex flow which is produced by the thermal instability in the
reverse temperature layer on the upper wall. The thickness of the thermal boundary
layer is reduced by cold air periodically falling down from upper wall and therefore the
thermal boundary layer in the channels has a bulging form. When the PCB’s spacing
is small enough (e.g. in Fig. 3-4) the developing boundary layers in the channels join
together behind a short developing region to form a developed region. On the one hand,
it is evident that heat transfer on each PCB is worse than one in the case of large PCB'’s
spacing; On the other hand, the power load on each PCB will be reduced because of
available more PCB’s at smaller PCB’s spacing in the casing. Therefore these effects must
be simultaneously considered by the designer of a cooling system of electronic equipments.

On the surface of the upper wall of the casing‘the thermal boundary layer has the
corrugated form as a consequence of the thermally unstable stratification of air in gravi-
tational field and the vortex flow. The temperature profile in the lower part of the plates
array is stable because the heated air is above the cooled one. Due to the chimney effect
of the channel a entrence region with great temperature variation is produced in this part.
Besides, it can also be seen that the thermal boundary layer on the plate surface toward
coming flow is much thinner than that on the plate surface back to coming flow.

The periodical change of the thermal unstable boundary layer on the top wall can
be recognized in Fig. 4. The cold air on the top wall rips off from the boundray layer
and falls down into the PCB’s channels, which forms the tongue-form interference pattern
in the holograms. The period, penetration and wavelength of this unsteady flow depend
on Rayleigh-number, spacings between PCB’s and distance between PCB’s and top wall.
For this example, the period was about 1.5 second and penetration was about 1/3 PCB'’s
height. From Fig.4 it can be seen that the thermal instability has a good effect on the
cooling of inner PCB’s because it drives the cold air to fall into PCB’s array, but it brings
about also the unfavourable fluctuations of heat transfer coefficients on the PCB. In the
case of UHF it means directly temperature fluctuations on the PCB’s.

The temperature and the heat transfer coeffiecient were calculated with the method
described in previous section. As an example, temperature profile and the local Nusselt-

number at the various points in the 4-PCB’s array is shown in Fig.5 and Fig.6 respectively.

Fig. 7 illustrates the local Nusselt-number on the top wall of the casing. The fluctu-
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Fig. 4-1 Hologramin a 3-PCB's array
Ra=1.55*10%, t=t,+ 0.0s,
Tw=10°C , Tp=80°C .

Fig. 4-2 Hologramin a 3-PCB's array
Ra=1.55*10%, t=t,+ 0.5s,
Tw=10°C , Tp=90°C .

Fig. 4-4 Hologramin a 3-PCB's array
Ra=1.55*10° t=t,+ 1.5s,
Tw=10°C , Tp=90°C .

Fig. 4-3 Hologramin a 3-PCB's array
Ra=1.55*10 %, t=t,+ 1.0s,
Tw=10°C , Tp=90°C .

Fig. 4 Unsteady boundray layer on the top wall
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Fig. 5 Temperature profile in a channel of a 4-PCB’s array

ations of heat transfer coefficients resulted from the thermal instability can be clearly seen.
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Fig. 7 Local Nu on the top wall of the casing

From Fig. 3-1 it can be observed that the waveform of the Nu-Y curve corresponds to the
corrugated form of the thermal boundary layer on the top wall of the casing. The wave
trough of the Nu-Y curve is in accordance with the wave trough of the thermal boundray
layer, where the air in the vortex flow leaves the top wall. The wave crest of the Nu-Y
curve is in accordance with the wave crest of the thermal boundray layer, where the air
in vortex flow goes to the top wall. The similar phenomena were also found in ref. [13]
where the phenomena of thermal instability produced by innen heat source in a hollow
casing were investigated in detail. The wavelength of the corrugated-form boundray layer
is dependent mainly on various geometric parameters. This relationship is demonstrated
in Fig. 8.

For the thermal design of electronic equipments the relation between total heat load
and temperature difference is more important. Determining the total heat load accord-
ing to the given temperature rise and/or finding the maximum temperature rise on the
basis of the given total heat load is one of fundamental tasks of thermal designers. From
the experimental results correlation between averaged Nusselt number on all PCB’s and
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where Nugyer is the averaged Nusselt-Number on each surface of each plate, and R,
the channel Rayleigh Number. The correlation is shown in Fig. 9.

2. Air dirculation in the casing

Air circulation is an important factor affecting the cooling of the PCB’s array in the
casing. As the air in the PCB’s array is warmed up by the dissipation heat of chips on the
PCB’s the warm air with lower density in the PCB’s array goes up driven by buoyance
force. Because of the existence of the top wall air flow has to take a turn to two side walls
of the casing. When the side walls of the casing are cold the air flow falls down in the two
side channels and goes again into the PCB’s array after a turn on the bottom wall. As
a whole, the overall natural convection flow can be divided into several circulation layers.
When the situation is symmetrical the natural convective air flow produced in the central
channel circulates in the most external layer and air stream from the channels next to the
central one flows around the interior layers in sequence. Fig. 10 is a schematic drawing
of this flow. This air circulation can be analysed with a simplified model which applies
an integral approximation to turn the complex problem into a simple equivalent network.
This network is shown in Fig.11.

In the network R;j, R;; and R; are flow resistances produced by wall friction and E;
are potentials produced by temperature difference between the PCB’s array and the cold
wall. The mean volocity in each channel plays here a role of current. When a temperature
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Fig. 10 Air circulation in the casing Fig. 11 Equivalent network of circulation

and a velocity profile are supposed the mean velocity can be found by using integral
method and solving a group of nonlinear equations. Although there are many results on
natural convection and heat transfer in PCB’s array without the casing, it can be seen
from Fig. 11 that the situations in PCB’s array with or without a casing are quite different
(When without a casing the knots N;; and Nj; are directly grounded). The mean velocxty
distributions in a 8-PCB’s array by two situations are shown in Fig. 12 and Fig. 13.
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Fig. 12 mean velocity without a casing Fig. 13 mean velocity with a casing

From Fig. 12 and Fig. 13 it can be seen that the mean velocity in a PCB’s array with
a casing can be only about 1/10 the one in a same PCB’s array but without a casing under
the same temperature difference. When without a casing, the air flow at the entrence of a
PCB’s channel has the same temperature and depends only on the geometric parameters
and temperature difference of this channel. Therefore the mean velocity is the same for
each channel. By contrast, the air flow at the entrence of a PCB’s channel with a casing
has different temperature and is under the influence of other channels. The air flow in
central channel has a longest path to circulate and therefore is smallest in quantity. Only
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if the casing provides the PCB’s array the sufficient down-flow channels the influence of
the casing can be omitted.

Conclusions

The holographic interferometry was used to investigate the flow and temperature
field in the PCB’s array with a casing and turned out to be a very good method to study
the phenomena of natural convection in electronic equipments. Experimental results reveal
that an unstable boundary layer is formed on the top wall of the casing because of the
thermally unstable stratification of air in gravitational field. The thermal instability has
good effect on the augmentation of heat transfer on the inner PCB’s and also brings about
the unfavourable influence of the fluctuations. Because of the existence of the casing the air
circulation is greatly reduced. Temperature distribution, mean velocity and Nu relations

are given. The empirical correlations are presented in the paper.
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Nomenclature

Syrhbol Quantity Dimension
a; coefficients =
b PCB’s spacing [m]
Cp specific heat capacity /(K - k)]
g gravitational acceleration [m/s?]

distance between PCB’s and the top wall [m]
h heat transfer coefficiet [W/K-m?]
H, height of PCB’s [m]
H height of casing [m]
k thermal conductivity [W/K-m]
L. width of casing in x-direction [m]
L. length of casing in z-direction [m]
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o

q heat flux (W/m?]

Tw casing wall temperature K]

T, PCB’s temperature K]

Too surrounding temperature K]

T mean velocity in PCB’s channels [m/s]

a thermal diffusivity [m?/s]
expansion coefficient [1/K]

v kinematic viscosity [m?/s]

X Y Cartesian coordinates [m]

Gr, = @;11‘52: Grashof number -]

Nu =12 Nusselt number : -]
Pr==% Prandtl number -]
Ra = és%;@i-g; channel Rayleigh number S
Ra, = 52%521 Rayleigh number -]
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