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Abstract

Future packaging applications in aviation, aerospace and high performance consumer products industry
(e.g. telecommunications) demand very stringent specifications concerning miniaturization, component
density, power density and reliability. This has led to the development of modular multifunctional 3-D
electronic packages. The reported research work (funded by the European Commission) involves the
investigation of thermal solutions to a proposed 3D package design. As a first step preceding the
integration of mini heat pipes to the package, thermal characterization of a three layer 3D package
(aluminum substrate representative for AlSiC - Metal Matrix Composite) is done employing liquid
circulation cooling. In the second step, thermal response of a 1 mm single substrate layer integrated with
mini copper-water cylindrical heat pipes (OD: 3 mm) is investigated. The experimental results are
successfully compared with appropriate mathematical simulations. System simulation of the entire 3D
structure for liquid circulation as well as integrated heat pipes is done using Fluent/Icepack software. Safe
operation is possible up to 30W heating power input (10W per layer). While thermal diffusion through the
substrate is sufficient for heat transfer from chip to the substrate, mini heat pipes or liquid circulation
cooling are essential to cool the substrate itself. Interlayer thermal interactions also affect the response of
stacked 3D packages.

Key Words: 3D electronic package, thermal management, liquid circulation cooling, mini heat pipes.

1. INTRODUCTION

Modern day micro electronics cooling problems
can be divided primarily into three levels:

• First level cooling is concerned with the heat
dissipation from a chip to a directly connected
chip carrier. The carrier is either the chip package
in case of single chip packages or a module
substrate for multi-chip modules.

• Second level cooling involves the thermal
path from the chip carrier to a casing/cold plate.

• Third level cooling is the heat rejection from
the casing or a cold plate to the ambient.

Increased requirements and growth marked for
sophisticated electronic products has led to the
following packaging trends: (a) Miniaturization
(b) Higher component density (c) Higher power
density (d) Increasing reliability (e) Requirement
of interchangeability and possibility for reuse.

Looking towards the future demands, the 2D
packaging technology has evolved into the 3rd

dimension. 3D packaging has many advantages
i.e. modularity, better performance, higher
efficiency, increased speed, miniaturization and
more reliability. Due to the increasing power
density of the 3D packages, the thermal
management becomes very crucial. Existing 3D
products do not completely satisfy the
combination of all the expected requirements.

Consequently, to overcome these limitations,
research work (sponsored by the European
Commission) is underway and this paper presents
the partial results covering the area of thermal
management. The overall techno-scientific
objective is to develop a high dissipative stacked
3D module having the following characteristics:

• Total power dissipation of 30 W in 3 layers,
i.e. 10 W per layer

• Minimum possible volume and weight (a total
of three stacked substrate layers, each layer of
size 55mm x 55mm x 1mm and total package
height not exceeding 10.5 mm)

• Modularity / standardized interchangeability
• Adaptability for liquid cooling
• Increase in reliability.
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2. SETUPS AND PROCEDURE

A three layered stacked 3D structure is the
proposed design of the project. To simulate this
design experiments are performed with the
following two types of setups, viz.

• Single substrate layer setup (Fig. 1) and

• Multi-layer setup - complete stacked package
(Fig. 2)

The summary of experiments is as follows:

• Plate material: aluminum substrate plate(s).
• Outer dimensions: 65 mm  x  55 mm  x  1 mm

• Electrical power input (single layer): surface
mount ceramic heater 10 mm x 23 mm area.

• Electrical power input (multi layer): same
heater as above for top and bottom layers. For
middle layer, a hand made thin resistance
heater due to space constraints

• Coolant (single layer): water in two pipes
along two longitudinal edges of the plate
(flow rate of 0.25 l/min in each pipe)

• Coolant (multi layer): same as above except
that the middle layer has no coolant channels

• Temperature measurement: protected K type
thermocouple(s) OD = 0.5mm attached in the
center of substrate (reverse side of heater)

• Outer insulation: poly-carbonate box
• Top covering: transparent PE foil for

thermography and minimizing heat losses.

The basic structure of the single layer and multi-
layer experiment is similar. In the latter, the
middle layer is only a simple flat plate without
additional coolant channels along the edges as in
the case of top and bottom layers. Cooling of this
plate is due to good thermal contact between the
three plates being maintained by screw pressure
and thermal grease. Thus a simple symmetrical
structure is achieved. The exposed topside of the
plate(s) is painted with black pigment to improve
the surface emissivity. From the upper exposed
side of the setup, in perpendicular direction,
thermo-camera visualization is done. A data
logger records the temperature of centrally placed
thermocouple(s) as reference for camera
calibration. All heater(s) could be operated
separately. A cooling bath provides the
isothermal coolant. Time-temperature variation
from transient to steady state coupled with 2D
surface temperature fields are recorded.

Figure 1:  Details of the single-layer substrate

Figure 2: Cross sectional details and photograph of the multi-layer experiment
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3. EXPERIMENTAL RESULTS

3.1 SINGLE LAYER EXPERIMENT

The heating power was varied from 5W to 15 W.
The plate was cooled by isothermal water flow
(at temperature 20°C, 40°C and 60°C). The plate
temperature was continuously measured with the
centrally located thermocouple and infra-red
pictures were taken by the thermo-camera (with a
frequency of 0.1 Hz). Thus the transient phase
heating-up of the plate and the subsequent
achievement of a steady state could be observed.
Since the maximum layer temperature, Tmax, is of
particular interest, it is clearly seen from Fig. 3
that the maximum permissible temperature of
100 °C was never reached.

3.2 MULTI-LAYER EXPERIMENT

The multi-layer setup was aimed to investigate:
• Transient variation of respective layer Tmax

at  various heat powers / coolant temperatures.
• Evaluation of interlayer thermal influence.

To quantify the interlayer thermal interactions the
experiments were divided in 2 parts:
Part 1: start heating only top and bottom heaters
Part 2: after steady state is reached for Part 1,
start the middle heater also.

In part 1, the heating of top and bottom layers
resulted in an increase of the middle layer
temperature. This state was continued till a
steady state temperature of the top and bottom
layers was reached. After this, part 2 of the
experiment was commenced. Shortly after
starting the middle layer heater, all the layers
obtained their respective maximum temperatures
and a steady state was once again reached.
Simultaneously, the outer two layers warmed up
due to the influence of additional heat of the
middle layer. In all the trials, the layer Tmax

attained was lowest for the middle layer (Refer
Fig.8).

4. HEAT PIPE INTEGRATION: SETUP AND
RESULTS

The selection of a mini heat pipe to be used for
the integration was based primarily on the
geometric boundary conditions vis-a-vis the
availability of such mini heat pipes. A brief
survey revealed that the state of the art for
commercial cylindrical copper–water mini heat
pipes was limited to OD ≈ 3.0mm.

The experiment for single layer substrates
integrated with cylindrical copper-water mini
heat pipes is designed as shown in Fig. 5. The
structure of the heat pipe integrated substrate is
exactly like the previous structure for water
cooled tests. Instead of coolant water, two heat
pipes are mechanically integrated with thermal
grease inside drilled channels. A standard air
cooled aluminum finned heat sink is used for heat
rejection, air velocity being 3.0 m/s with
temperatures between 23°C and 25°C. The

Figure 4: Maximum plate temperature vs power
input for integrated heat pipe setup

Figure 3: Maximum plate temperature vs power
input for liquid cooling single layer set-up

Heat pipe temperature ≈ 30°C to 55°C
for power 5W to 25W

Figure 5: Heat pipe integration with substrate
and a typical thermograph
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remaining portion of the heat pipe is inserted into
this heat sink. All experiments were conducted in
horizontal position of the setup. The general
experimental procedure in this case is identical to
that of the single layer experiments as applied to
liquid circulation cooling. The obtained results
for layer Tmax are shown in Fig. 4, where the
improved cooling effect of the air cooled heat
pipe solution as against the water cooling
solution can be seen.

5. MATHEMATICAL SIMULATION

5.1 ONE DIMENSIONAL SIMULATION

One dimensional fin analogy is applied to the
single layer substrate by cutting it hypothetically
by a symmetric plane (Fig. 6). It is assumed that
the heater is a line source evenly distributed
along the entire layer length. The averaged
temperatures obtained from thermo-camera
images are used as temperature boundary
conditions (Tb: average temperature in the layer
center, TL: average temperature at the edge). The

calculated temperature distribution is compared
with measured and averaged data (L10, L11,
L12, L13 in Fig. 6). One dimensional fin analogy
may also be used for a comparative prediction of
heat transfer for different substrate materials. i.e.
pure aluminum, pure copper or a mini heat pipe
substrate plate (with assumed k = 1000 W/m⋅K).
The results clearly indicate that the advantage
achieved by virtue of heat transfer is not linearly
dependent on the thermal conductivity of the
substrate but tends to level off.

5.2 TWO DIMENSIONAL SIMULATION

The Fourier heat conduction equation is solved
by a finite difference scheme on a two
dimensional computational domain using
appropriate boundary conditions. Isotherms
generated with these data are compared with
experimental substrate thermo-camera pictures.
(Fig. 7). Also, experimental temperature profiles
across the substrate surface are used to further
validate the simulation.

Figure 6: Typical result for 1-D simulation (comparison with fin) for power =10W
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Figure 7: Two dimensional experimental isotherms and numerical validation
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5.3 THREE DIMENSIONAL SIMULATION

5.3.1 Multi-layered stacked 3D structure
cooled by liquid circulation

The 3D thermal model of the multi-layered
system cooled by a water circulation was
developed using the Icepack CFD software. The
top wall is submitted to a third kind boundary
condition, using a heat transfer coefficient of
6 W/m²K and  20 °C ambient temperature. The
side and bottom walls are assumed adiabatic. A
uniform heat flux is dissipated by the electrical
heaters. A temperature of 43 °C is fixed at the
boundary walls in contact with the heat sink. This
value was deduced from the experimental water
temperatures and the mass flow rate. All the
thermal contact resistances are neglected.

Fig. 8 shows the comparison between
experimental and predicted results for the
temperatures at the center of each layer. Two
heating configurations are considered:

• top and bottom heaters switched on,
dissipating 10 W each, and middle heater
switched off (configuration 1),

• all heaters switched on, dissipating 10 W each
(configuration 2).

A sensitivity analysis on various parameters was
carried out viz. thermal contact resistance value
at the plate junctions, aluminum and Armaflex
insulation thermal conductivity, boundary
temperatures and the heat transfer coefficient
between the top plate and the ambient. Another
important parameter is the heating surface area.
The results of this analysis have shown that the
discrepancies may be caused by this latter
parameter. Thus, a good agreement between
predicted and experimental data (temperature
difference lower than 2 K) was obtained for a
heating surface area slightly lower than the
ceramic heater area.

Fig. 9 shows the temperature field for a middle
cross-section of configuration 2. Only the area
where the heaters are located is represented in
this figure as the most important temperature
gradients exist there. A maximum temperature of
about 113 °C is reached at the heating wire of the
middle layer (Fig. 10). It can also be deduced that
even if Tmiddle is lower than Ttop, the top layer
warms up due to the heat dissipated by the
middle layer.

5.3.2 Single-layered stacked 3D structure
cooled by heat pipes

The 3D thermal model of the single-layered
system cooled by heat pipes was developed using
the Icepack CFD software. In this model, the
copper-water heat pipes are modeled as plain
rods. Their equivalent thermal conductivity is
deduced from a thermal model of the heat pipe
[3], using the geometrical data given in Table 1.
As the wick porosity is unknown, a mean value
of 50 % has been assumed. (usual porosity values
range from 40 to 60 % [4]). The resulting heat
pipe thermal conductivity varies from 12050
W/mK to 12480 W/mK (at a thermal resistance
of about 1K/W), depending on the operating
temperature. A third kind boundary condition is
considered at the condenser section, cooled by a
finned heat sink. A heat transfer coefficient of
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Figure 8:� Comparison between experimental
and predicted results (liquid cooling)

Figure 9: Temperature field the middle cross
section (configuration 2)
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Figure 10: Temperature distribution along the z
axis (configuration 2)
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33 W/m²K is deduced from Kay’s correlation [2].
The heating surface areas are assumed to be
identical as in the previous liquid cooling model.
The plate top wall is subjected to free convection
and radiation to the ambient at 24 °C. The
variation of heat transfer coefficient and thermal
conductivity of the aluminum plate with
temperature is considered in the model. All
thermal contact resistances are neglected. Fig. 11
shows the comparison between experimental and
predicted Tmax which is of the order of about
3.5K. Thus, a good agreement has been achieved.

Table 1: Geometrical data of the modeled HP

outer diameter 3 mm
wall thickness 0.4 mm
wick thickness 0.4 mm
wick porosity 50 %
overall length 140 mm

Model sensitivity analysis to the heat pipe
equivalent thermal conductivity k was also
carried out. The porosity was varied between
40% and 60 %, resulting in a variation of k
between 9000 W/mK and 17000 W/mK. The
results show that the maximum temperature is
not strongly influenced by this parameter.
However, for k-values well below 9000 W/mK,
extrapolation of the results indicates a significant
rise in the maximum temperature (Fig. 12).

6. CONCLUSIONS

At the commencement of the project it was
envisaged that mini heat pipes in the form of
integrated substrate plates may be required for
first level cooling. The present experimental
studies supported by mathematical calculations
have suggested that such a layered mini heat pipe
(plate) structure is not really required, the bare
aluminum (or MMC) substrate being itself
capable of meeting the present specifications.
Level two management can be achieved with
liquid circulation cooling or alternately with mini
cylindrical heat pipes protruding out of the

longitudinal edges of the substrate. All
experimental and simulated results agreed well
under the applied  boundary conditions.

For 15 W per layer (heat flux = 6.5 W/cm²) and
Tcoolant=60°C (worst case), layer Tmax ≈100°C. For
10W per layer applied to the substrate (project
specifications), following Tmax were obtained in
case of liquid cooling: coolant at 20 °C���&�
coolant at 40°C 70°C, coolant at 60°C 88 °C.

In the case of single substrate layer integrated
with two mini heat pipes as described earlier, the
maximum power transmitted for safe operation at
Tmax<100°C was around 22 W.

Interlayer interactions strongly affect the thermal
behavior of the 3D structure depending on the
geometry of thermal interconnections and
thermal bridges, if any.
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Figure 11:�Comparison between experimental and
predicted results (heat pipe cooling)
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Figure 12: Effect of the heat pipe equivalent
thermal conductivity on Tmax
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