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CONSIDERATIONS ON THE IMPORTANCE OF PROPER HEAT
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Abstract. This paper illustrates, based on a practical example of a hybrid circuit, the
influence of proper heat transfer coefficient modelling in air cooled electronic systems
on the accuracy of thermal simulations. This circuit contains a transistor heat source
and a set of temperature sensors. The measurements of their temperature responses are
taken in natural convection and forced air cooling conditions. The experimental data
provide the information necessary to estimate the local heat transfer coefficient values
in heat source and temperature sensor locations. Moreover, the experiments rendered
possible the fitting of parameters of an empirical heat transfer coefficient model for
different surface temperature rise values and cooling air velocities, and hence allowed
significant improvement of thermal simulation accuracy.
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1. INTRODUCTION

Temperature is the most important factor influencing the operation of all electronic
systems and, at the same time, it is the principal cause of their failures [1]. Thus, thermal
analyses have become an indispensable stage of electronic system design. Unfortunately,
usually in simulations it is assumed that thermal model parameter values are temperature
independent. However, in most real cases this assumption may not be true since, as shown
in [2], the heat transfer coefficient values depend strongly on surface temperature rise and
cooling air velocity. Obviously, there exist thermal models, mostly empirical, which allow
taking into account such dependencies, however typically for flat plates these relations
were derived assuming the uniformity of surface temperature or heat flux [3]-[5]. Thus,
considering that in electronic circuits heat sources usually occupy a small part of their
surface, large temperature gradients occur and consequently local heat transfer coefficient
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values differ considerably in various locations rendering those standard relations useless
in practice [6]-[7].

This problem is illustrated in this paper based on the example of a real hybrid circuit
containing a transistor heat source and several thermistor temperature sensors. During the
experiments, the heat source and sensor temperature values were measured both in natural
and forced convection cooling conditions with variable air velocity. Local heat transfer
coefficient values were estimated owing to the efficient coupling of the forward thermal
solver with different inverse algorithms implementing chosen methods described in [8]-
[10] and a simple algorithm proposed by the authors. Moreover, the experiments rendered
possible the fitting of empirical model parameters. The fitting was carried out employing
various swarm intelligence algorithms [11]-[13].

The following section of this paper will introduce in detail the investigated test hybrid
circuit and provide the results of its temperature measurements. Then, the estimation
results of local heat transfer coefficient values are presented and discussed. Finally, these
values are fitted to an empirical model allowing the computation of local heat transfer
coefficient at a chosen location for any surface temperature rise and cooling air velocity.

2. EXPERIMENTAL RESULTS
2.1. Hybrid circuit description

The investigations presented in this paper concern a test hybrid circuit, whose layout
is presented in Fig. 1, containing a Bipolar Junction Transistor (BJT) and five platinum
thermistors with a positive thermal coefficient (PT1-5). All these components can be used
as temperature sensors and the BJT can serve at the same time as a heat source. The PCB
is manufactured in the insulated metal substrate technology and is made of a 1 mm-thick
aluminum alloy. The board is a long but narrow rectangle with the devices located in the
middle of its width so that the heat diffusion along the substrate gradually becomes quasi
one-dimensional. Each time the distances between individual sensors are doubled.

Initially all devices were calibrated using a cold plate. The BJT was calibrated for the
emitter current values, which were used later on for heating, i.e. the currents ranging from
250 mA to 1000 mA with the step of 250 mA, and the thermistor current value was equal
to 750 pA. As expected, the measured device temperature characteristics were linear. The
BJT base-emitter voltage sensitivity decreased with the emitter current from -1.86 mV/K
at 250 mA to -1.51 mV/K at 1000 mA and the thermistor sensitivity was 96 pV/K.
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Fig. 1 Layout of the hybrid circuit (dimensions in millimeters).
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2.2. Temperature measurement results

The experiments consisted in the measurements of transistor heat source and sensor
dynamic thermal responses for various levels of dissipated power with natural convection
cooling and with forced convection cooling in the wind tunnel at different air velocities.
The transistor temperature values were recorded with the transient thermal tester T3Ster
manufactured by Mentor Graphics and the thermistor temperature values were registered
with a custom measurement board designed by the authors.

The dependence of BJT and sensor steady state temperature rise values on dissipated
power in natural convection cooling conditions for the four values of emitter current used
during the calibration is plotted in Fig. 2. As can be seen, this dependence is not perfectly
linear and for the power dissipation of 7 W the temperature rise values of all thermistors
are at least 20% lower than the ones, which would be obtained by projecting the values
measured for the lowest power dissipation. This clearly indicates the existence of a non-
linearity related to the change of the heat transfer coefficient value. This effect apparently
is not so strong for the BJT, however as demonstrated in [14] it results from the increase
of the package thermal resistance what counterbalances the change of cooling conditions.

The transistor and sensor steady state temperature rise values obtained at the heating
current of 1000 mA for different air velocities are shown in Fig. 3. The wind direction,
indicated in Fig. 1 by the arrow, was chosen expressly in order to avoid the sensor heating
by the air passing over the board. Looking at the figure it could be concluded that owing
to the forced air movement the temperature rise values are noticeably reduced, but for the
higher air velocities this decrease is less important. Moreover, the transistor temperature
rise was reduced by one fourth, whereas for the sensor locations this reduction is more
significant and it amounts from nearly 50% for the sensor closest the source to 80% for
the furthest one. The results obtained for the other heating current values are very similar,
except for the fact that the temperature rise values are correspondingly lower.

Finally, the recorded device dynamic thermal responses are presented in Fig. 4. For
the sake of picture clarity, the results are shown only for the heat source and two selected
sensors located 10 mm and 40 mm away from the BJT. As can be seen, there is a visible
delay of a few seconds in the thermal response at the sensor locations due to the diffusion
of generated heat through the board. Moreover, the change of cooling conditions affects
the heating curves only after approximately 10 s.

3. HEAT TRANSFER COEFFICIENT MODELLING
3.1. Estimation of local heat transfer coefficient values

For the purposes of the local heat transfer coefficient estimation, a three-dimensional
thermal model of the circuit was created. Taking into account that the only nonlinearity
is related to temperature dependent boundary conditions, the temperature solutions were
obtained with the analytical Green’s function solver because of short computation time.
This forward solver was coupled with different inverse estimation algorithms. The current
local heat transfer coefficient values were updated in each iteration step based on the
comparison between measured and simulated data. The procedure was stopped when the
difference was smaller than the assumed simulation accuracy.



522 M. JANICKI, A. SAMSON, T. RASZKOWSKI, T. TORZEWICZ, A. NAPIERALSKI

| XBJT ®PT1 XPT2 mPT3 +PT4 APTS |

120
110 o
100
%
80
70
60 £
50
40
30
20
10

0 =
0.0 05 1.0 15 2.0 25 3.0 35 4.0 45 50 55 6.0 65 7.0

Power [W]

i e d

Temperature rise [K]

Fig. 2 Device steady state temperature rise for different
dissipated power values with natural convection cooling.
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Fig. 3 Device steady state temperature rise for different air velocities
at the 2000 mA emitter current with forced convection cooling.
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Fig. 4 Measured heating curves of selected
devices for different air velocities.
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The effectiveness of tested inverse estimation algorithms was assessed using as the
performance indicators the number of iteration steps and the simulation time required
to attain the desired accuracy. These algorithms included the false position, the Newton-
Raphson, the secant and the bisection methods. However, the best results were obtained
employing a simple numerical algorithm proposed by the authors. This algorithm has the
shortest computation time, mainly because of the smallest number of algebraic operations
required and partly owing to the efficient storage of previously computed heat transfer
coefficient values. Obviously, these results cannot be generalized directly since each time
the computation time depends on the initial heat transfer coefficient value h, or the step
size of the coefficient value update Ahy. For more detailed description of the algorithm
tests, please refer to [15].

The main idea of the proposed algorithm consists in the iterative improvement of the
heat transfer coefficient estimates h. When the difference between the measured value and
the estimated one is positive, the temperature is underestimated and the coefficient value
has to be decreased, and when the difference is negative, this value is increased. If the
difference changes its sign, the step size Ah is reduced and the search becomes more
accurate. It is also worth mentioning that in each iteration step the current heat transfer
coefficient values and their corresponding temperature values in the transistor and sensor
locations are stored, what allows significant reduction of the computation time.

The total value of the heat transfer coefficient is supposed to model both radiation and
convection cooling mechanisms occurring at outer structure surfaces and its value could
be split into two components, as shown in Eq. 1, which can be estimated independently.
The first of them encompasses the phenomena which are dependent on the surface and the
surrounding ambient temperature values, i.e. mainly radiation and natural convection, and
the other one reflects the effects related to the cooling air velocity with forced convection.

h=h,.+he @)

Therefore, originally the first component h,. was estimated assuming that its initial
value equalled 5 W/(m°K), what corresponds approximately to the theoretical value for
the pure radiation cooling at room temperature. The initial step size for the update of the
heat transfer coefficient value Ah was 1 W/(m?K) and the desired temperature simulation
accuracy (stopping criterion) was set to 0.05 K. The estimation results obtained using the
algorithm proposed by the authors for the four BJT heating current values are shown with
different markers in Fig. 5. As can be seen, the estimated dependence of the local heat
transfer coefficient value on circuit surface temperature rise is not a linear function and
the heat transfer coefficient ranges from 9.7 W/(m?K) 12 K over the ambient temperature
to 15.4 W/(m?K) when the temperature rise amounts to 91 K.

Next, the second component of the heat coefficient value, due to the forced movement
of the cooling air, was estimated. First, the total values of the coefficient were determined,
similarly as in the case of the radiation and the natural convection component, and then
the previously stored coefficient values dependent only on the surface temperature were
subtracted from the total values. The estimation results obtained for the heat source are
plotted in Fig. 7 again with different markers corresponding to the respective BJT heating
currents. As can be seen, between the air velocities of 1 m/s and 3 m/s the values of this
component are at least doubled. The results obtained for sensor locations are very similar.
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Fig. 5 Estimated dependence of the radiation and natural
convection component on the surface temperature rise.
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Fig. 6 Estimated dependence of the forced
convection component on the air velocity.

3.2. Determination of model parameter values

Once the values of the heat transfer coefficient were estimated, it was possible to fit
these values to a simple parametric model allowing the computation of local heat transfer
coefficient values for given temperature rise and air velocity values. The first component
hne, related to the surface temperature rise AT, can be modeled by the relation presented
in Eg. 2. When a surface is at ambient temperature, the constant ‘a’ reflects the radiation
cooling. The theoretical value of the exponent ‘c’ for a surface of uniform temperature
and with pure natural convection cooling is 0.25 [4]-[5], but in reality it is much higher
because it depends also on the radiation and surface temperature gradients.
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hye =a+b-ATC )

The heat transfer coefficient component related to the forced convection cooling could
be modeled by a power function of the air velocity v shown in Eq. 3. The theoretical value
of the exponent ‘e’ is in the range of 2/3 + 3/4 [4]-[5].

hfc =d-v° (3)

In order to estimate the unknown model parameters contained in Eq. 2-3, a modified
version of the bee colony optimization algorithm, described in [15], was used. The results
of the fitting obtained in the case of the natural and forced convection cooling are plotted
in Figs. 7-8 respectively. The thick black line in these figures represents the results of the
global fitting carried out for all measurement data available. The final expression for the
total value of heat transfer coefficient is expressed by the following formula:

h=4.83+1.85-AT%3% 186708 (4)

The fitted dependence of the first heat transfer coefficient component h,. shows a very
good agreement with the measurements. The value of model parameter ‘a’ is close to the
theoretical one and the value of the exponent ‘c’, as expected, is relatively high due to the
small size of the heat source occupying only slightly more than 1% of the circuit surface
area. On the other hand, the value of the exponent ‘v’ in the forced convection component
h¢ is just slightly higher than the one reported in literature. The global fit results in Fig. 8
seem not to be accurate, but the black line represents, as already mentioned, the results
produced for the entire measurement data set. More accurate results can be obtained when
the fitting is performed individually for the particular temperature sensor locations. Then,
the heat transfer coefficient values predicted for the transistor location are much higher
due to its elevated temperature.
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Fig. 7 Fitting results of the heat transfer coefficient component
modeling the radiation and natural convection cooling.
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Fig. 8 Fitting results of the heat transfer coefficient
component modeling the forced convection cooling.

The final parametric model for the heat transfer coefficient value, expressed by Eg. 4,
was implemented in the forward thermal solver. The simulations were repeated using the
variable coefficient values and the constant ones equal to the lowest and the highest value
used in the preceding simulation with the variable temperature and air velocity dependent
value. The results of these simulation are compared in Fig. 9 with the measurement. The
assumption of a low heat transfer coefficient value leads to the important overestimation
of the heat source temperature (dotted line), by almost 30%. On the other hand, the high
value of the coefficient assures the accurate result in the thermal steady state (solid line),
but in the region when the heat diffuses through the board, between 1 s and a few minutes,
the simulation errors exceed 10 K.
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Fig. 9 Comparison of measured and simulated transistor heating curves.
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Fig. 10 Comparison of temperature profiles along the cross-section
of the circuit board in different cooling conditions.

Finally, it was instructive to compare the temperature profiles across the circuit board
obtained in the case of the natural and forced convection cooling. These results, presented
in Fig. 10, represent the temperature rise relative to the heat source temperature. As can
be seen with the forced convection cooling the temperature profile is much steeper and
consequently the differences in the heat transfer coefficient values are more important, but
the thermal influence coefficients between the heat source and sensor locations decrease
reducing the so-called ‘cooling circle. Similar conclusions were drawn also in [16].

4. CONCLUSIONS

This paper discussed the problem of proper modelling of the heat transfer coefficient
value in electronic circuits. Currently, it is a common practice that for thermal simulations
the same coefficient value, usually around 10 W/(m?K) for natural convection, is assumed
for the entire surface of an electronic circuit. However, as it was demonstrated here based
on a practical example, the use of constant coefficient values might lead to significant
simulation errors, both in transient and thermal steady states. This is caused mainly by the
fact that the heat transfer coefficient values can vary across the surface of a circuit even
by an order of magnitude.

The simple parametric model proposed by the authors allowed the computation of the
local heat transfer coefficient values in function of surface temperature rise and cooling
air velocity. This model, fitted to experimental data, can be used for the iterative updates
of the local heat transfer coefficient values during thermal simulations. When included
into standard FEM thermal analysis tools or lumped thermal models, such as the ones
described in [17]-[18], it could improve significantly the thermal simulation accuracy.
Additionally, it was shown that the parameter values in the proposed model differ
substantially from the standard heat transfer textbook formulas, which are derived mostly
for cases when surface temperature or heat flux is uniform.
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