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NOMENCLATURE
cp [J/kg.K]  Specific heat capacity
D [m] Diameter
D, [m] Hydraulic diameter
e [m] Thickness of the mini channel
g [m/s?] Gravity acceleration
G [W/K] Thermal conductance
k [W/mK]  Thermal conductivity
l [m] Channel width
m [kg/s] Mass flow rate
P [Pa] Pressure
Re [-] Reynolds number
t [s] Time
T [K] Temperature
u [m/s] Velocity
Special characters
p [kg/m’]  Density
u [Pas] Dynamic viscosity
& [ Singular pressure drops coefficient
Subscripts

c Channel
f Fluid (water)

t Tube
w  Wall
ABSTRACT

A heat exchanger dedicated to the cooling of a microproces-
sor has been designed and realized. This heat exchanger consists
of a bottom wall in contact with the processor and a cover that
has been dug to a depth of 200um on one side and 1 mm on the
other side. Thus, by turning the cover, the hydraulic diameter of
the channel can be changed. This heat exchanger has been exper-
imentally tested both from hydraulic and thermal performances
point of view. At the same time, 3D numerical simulations were
carried out using commercial software based on finite volume
method (StarCCM+) on a virtual model of the experimental pro-
totype. Comparisons between numerical and experimental re-
sults are in good agreement. In particular, the influence of the
distributor and the collector on the distribution of fluid flow and
heat fluxes is emphasized.
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INTRODUCTION

The evacuation of the heat generated within a microprocessor
is a crucial problem. It affects the user from various points of
view: limitation of performance and maximum temperature of
the environment in which it can be used, drastic reduction in re-
liability and lifetime, energy consumption of the chip. It is there-
fore necessary to develop efficient cooling solutions in order to
limit the temperature of a microprocessor even for high heat gen-
eration and to keep it near its optimum operating temperature.
Numerous works have been conducted to propose new tech-
niques to enhance heat transfer and improve existing ones [1].
For application in high dissipative electronics, air cooling ap-
pears to be increasingly inappropriate as the low conductivity of
the fluid in the gaseous state implies a low heat transfer coeffi-
cient. Thus, liquid or two-phase thermal management systems
must be developed.

Furthermore, in addition to the rapid increase in the power
density, electronic packages are more and more miniaturized,
implying to develop efficient cooling systems with micro chan-
nels [2]. Yang et al. [3] have proposed a general optimization
process for the thermo-hydraulic performances of mini-channel
heat sinks. They reported empirical correlations extracted from
literature and gave some recommendations about their use for
practical design. Although many works have already been
carried out, thermo-hydraulic behavior and performances of
such miniature heat sinks are still to be explored [4; 5].

In this context, a heat exchanger prototype was designed and
realized. The aim of this paper is to determine the ability of this
liquid heat exchanger to cool a microprocessor. For that pur-
pose, specific experiments and numerical simulations have been
performed. The results obtained both experimentally and numer-
ically with this low hydraulic diameter heat exchanger are pre-
sented and compared in the next sections.



EXPERIMENTAL SETUP
Heat exchanger

The exchanger consists of two parts, the sole and the cover,
made of copper and aluminum, respectively. Two grooves are
machined in the sole and communicate with the inlet and out-
let pipes (see fig. 1). An O-ring is placed at the periphery for
sealing.

Figure 1. Photograph of the bottom wall of the heat exchanger,
made of copper. The two grooves constitute the manifolds.

Figure 2. Photographs of the heat exchanger after assembly: -
left : top view (dug cover) - right : side view

The cover is a simple parallelepiped plate which has been dug
to a depth of 200 um on one face and 1 mm on the other face.
Thus, by turning the cover, the hydraulic diameter of the channel
can be changed. The channel obtained for the circulation of the
fluid after assembly is thus rectangular in cross-section of 50 mm
in width, 38 mm in length (distance between the distributor and
the collector) and is 200 um or 1 mm in height (Fig. 2).

In order to be able to determine the thermal performance in-
dependently of the thermal contact resistance between the ex-
changer and the microprocessor, three thermocouples are in-
serted into the sole at a distance of 1 mm from the surface in
contact with the fluid. The thermocouples are K-type, sheathed
in stainless steel, 0.5 mm in diameter. The holes in the sole were
made by electroerosion; they have a diameter of 0.6 mm and

a length of 33 mm. Two other thermocouples, identical to the
previous ones, are placed in inlet and outlet pipes of the heat ex-
changer in order to measure the inlet and outlet temperatures of
the fluid. Accuracy on temperature measurements is estimated to
be 0.1°C (after calibration). A differential pressure sensor is po-
sitioned between the inlet and outlet pipes of the heat exchanger
(the connections of the pressure sensor to the loop are located
25 cm upstream and downstream of the inlet and outlet pipes of
the heat exchanger, see fig. 4) and allows measuring the pressure
loss with an accuracy of less than 10 Pa.

The heat exchanger thus built was tested experimentally by plac-
ing it on a microprocessor mock-up supplied by Intel company.
This mock-up is geometrically identical to a commercially avail-
able processor and generates similar and easily modulable ther-
mal sollicitations.

Test bench

The heat exchanger is connected to a hydraulic circuit (see
schema in fig. 3 and photos in fig. 4 and 5). A counter-current
tubular heat exchanger is used as cold source for the fluid loop.
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Figure 3. Sketch of the experimental apparatus.

The fluid then passes through a Coriolis flowmeter allowing
mass flow rate measurements in the range 0-3 g.s~! with an ac-
curacy of 0.01 g.s~!. A mechanical pump (gear pump) whose
rotational speed can be modulated is then used for discharging
the fluid into a precision valve. This latter allows modulate the
pressure drop in the circuit at the desired value in a simple man-
ner. The fluid then flows toward the inlet of the heat exchanger
prototype. A reservoir (open to the atmosphere) is connected to
the hydraulic circuit and serves as an expansion vessel. The sec-
ondary fluid in this heat exchanger is cold thermostated water.

NUMERICAL SIMULATION

Simultaneously, direct numerical simulations of these ex-
changers were carried out using commercial software Star-
CCM+.The virtual prototype was constructed using the CAD
modeling of the heat exchanger (bottom wall, top cover and
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Differential pressure sensor

heat exchanger

Figure 4. Top views of the experimental device: - left: the
whole hydraulic circuit - right: zoom on the prototype placed
the microprocessor mock-up and its connections to the loop.

Coriolis
flowmeter

Figure 5. Top views of the experimental device: - left: the
whole hydraulic circuit - right: zoom on the hydraulic cir-
cuit (Coriolis flowmeter, precision valve, gear pump, expansion
tank).

channel). The conjugate heat transfer problem was solved in
the transient regime, and heat conduction is considered in all
solid parts. Note that a perfect thermal contact between top and
bottom parts of the assembly was considered. For the channel,
as well as inlet and outlet manifolds, the incompressible lami-
nar and transient conjugate flow and heat transfer problems were
solved using the classical combination of continuity, momentum
and energy equations:
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The physical properties of the fluid were considered to vary with
the temperature (water using the models of IAPWS-IF97 (Inter-
national Association for the Properties of Water and Steam, In-
dustrial Formulation 1997) ) while the solid part properties are
supposed constant (copper for the base and aluminium for the
top cover). The numerical resolution used a segregated approach
with implicit second order temporal discretization and ad hoc
relaxations factors in order to obtain adequate convergence be-
havior. 1691272 and 1852205 meshes were used for the 1 mm
and the 200 um heat exchanger, respectively. For both cases, an
unstructured trimmer - octree mesh structure is used, save for the
channel where structured hexahedral anisotropic cells are used
with 16 up to 20 cells along the height of the channel. This mesh
is refined in the vicinity of all solid-fluid interface and near in-
let and outlet of the channel. Mesh convergence effects were
checked and no additional improvement is obtained with further
refinement.

Both mass flow rate and fluid temperature were imposed at the
inlet of the heat exchanger, while at the outlet the pressure is im-
posed to the atmospheric one. A uniform heat flux is imposed on
the bottom wall of the sole, on a area of 30 x 30 mm? as in the
experiments. The rest of the solid walls are considered adiabatic
(as experimental results show that thermal losses are negligible).

RESULTS
Hydraulic behavior

A first series of experimental tests and numerical sim-
ulations were carried out without powering the processor,
at a temperature of 20°C, in order to characterize the heat
exchanger from hydraulic point of view. The pressure losses
obtained as a function of the mass flow rate are reported in Fig.
6 for the two channel thicknesses considered (200 pm and 1 mm).

Globally, experiments and numerical simulations exhibit the
same trend. Nevertheless, significant discrepancies are found
between experimental and numerical results, especially for the
1 mm channel. These discrepancies can be explained by the fact
that the pressure losses in the numerical simulations are deter-
mined between the inlet and the outlet of the heat exchanger,
while in the experiments the tappings for the pressure measure-
ment are located at 25 cm upstream and 25 cm downstream of
the prototype. Thus, additional pressure losses are taken into ac-
count in the experiments (regular pressure drop in the inlet and
outlet tubes, as well as singular pressure drops in the connections
between the tubes of the loop and the heat exchanger). Further-
more, in the 1 mm channel heat exchanger, the flow distribution
appears less homogeneous than in the 200 um channel heat ex-
changer, as it can be seen in fig. 7 and fig. 8, respectively. For
the 1 mm channel heat exchanger, the flow distribution could be
homogenized by optimizing the distributor and collector headers
as suggested, for instance, by Saeed and Kim [6]. From these fig-
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Figure 6. Experimental and numerical pressure losses as a
function of the mass flow rate for the two channel thicknesses.

ures, it can be speculated that the main part of the pressure drop
in the 200 um channel heat exchanger is the regular pressure drop
in the channel itself, while in the 1 mm the main part of the pres-
sure drop corresponds to the pressure drop in the singularities
and in the manifolds.
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Figure 7. Calculated streamlines in the 1 mm channel heat ex-

changer in adiabatic configuration. The liquid temperature is
20°C.

To assess the respective contributions of the channel and the
singularities on the total pressure drop, an analytical estimation
can be done. Assuming a Poiseuille flow in the inlet and outlet
tubes, as well as in the channel, the pressure drop can be calcu-
lated as:
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Figure 8. Calculated streamlines in the 200 um channel heat
exchanger in adiabatic configuration. The liquid temperature is
20°C.
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The last term in equation 4 represents the pressure drop due
to all the singularities. The value of ¥ ;&; is adjusted to repro-
duce the experimental pressure drop of the 1 mm channel heat
exchanger:

YE&iwS ™)

The pressure losses in the 200 um channel heat exchanger
are 2 to 2.5 times higher than those measured with the 1 mm
channel heat exchanger, while the hydraulic diameter is 5 times
lower. This behavior can be explained by analyzing the part
of the regular pressure losses in comparison with the singular
pressure losses corresponding to the different changes in flow
direction and cross-sections. These relative contributions are
shown in fig. 10 and 11. For the 1 mm channel heat exchanger,
the pressure losses in the actual channel are negligible, less
than 2% of the total pressure losses. For the exchanger with the
200um channel, these pressure losses in the channel become
preponderant and represent 60 to 70% of the total pressure losses.

Thermal performance

In order to determine the heat performance of the two con-
figurations of the heat exchanger, specific tests were carried out.
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Figure 9. Variation of the pressure loss in the heat exchangers
as a function of the mass flow rate. The symbols are the results
obtained experimentally; The lines are the results given by Eq. 4
with Y, &; = 5.
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Figure 10. Comparison between regular and singular pressure
drops in the 200 wm channel heat exchanger. Ap;,;. represents
the pressure drop in the 25 cm upstream tube and the 25 cm
downstream tube.

The experimental protocol consists in imposing a water flow rate
by means of the gear pump and then supplying the microproces-
sor simulator with an electrical power such that the water tem-
perature difference between the inlet and the outlet is equal to
10£0.2°C. The inlet temperature of the water in the exchanger
is imposed at 23.5°C for all the tests carried out. The deviations
between the applied electric power and the heat flux received by
the water (quantified by multiplying the mass flow rate with the
enthalpy variation) vary between 0 and 7%, and are on average
4%.

The mean temperature < 7,, > of the bottom wall of the heat
exchanger is evaluated by performing a 2"¢ order polynomial re-
gression of the measured wall temperatures and then integrating
this regression between the inlet and the outlet of the channel (i.e.
between the outlet of the distributor and the inlet of the collector,
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Figure 11. Comparison between regular and singular pressure
drops in the 1 mm channel heat exchanger. Ap;,;. represents the
pressure drop in the 25 cm upstream tube and the 25 cm down-
stream tube.

on a distance of 38 mm). It should be noted that this calculation
represents only an estimation of the mean temperature because
it does not take into account the 2-D distribution of the surface
temperature (variation in the direction perpendicular to the main
axis of the flow). The average fluid temperature < Ty > is esti-
mated by performing an arithmetic mean between the inlet and
outlet water temperatures. Considering the operating conditions
described above, this average temperature of the water in the heat
exchanger is substantially constant for all the experiments and is
equal to 28.5°C. An “apparent” overall thermal conductance G
of the heat exchanger is then defined as:

_ mcp(T()ut*Ti )
<Ty>—<Tr>
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The variations of this apparent overall thermal conductance as
a function of the mass flow rate are shown in fig. 12 for the two
channel thickness values considered.

As it can be seen from this figure, the thermal conductance of
the 200 um channel heat exchanger is substantially higher than
that of the 1 mm channel heat exchanger: enhancement up to
70% is achieved for mass flow rate approximately equal to 3 g/s.
For such a mass flow rate, the overall thermal conductance of the
200 pm channel heat exchanger is almost 15 W /K. So, consid-
ering water as the working fluid, and a 10°C fluid temperature
difference between inlet and outlet, heat flux up to 125 W can
be removed from the microprocessor. In that case, the temper-
ature of the bottom wall of the heat exchanger would be only
about 8°C higher than the fluid mean temperature. It can thus be
concluded that such a heat sink can be efficiently integrated to
applications such as microprocessor thermal management.
Numerical simulations have been performed in the same condi-
tions than the experiments (i.e. inlet water temperature equal
to 23.5°C, applied heat flux adjusted to obtain a water tempera-
ture difference between inlet and outlet equal to 10°C). In order
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Figure 12. Variation of the apparent thermal conductance as a

function of the mass flow rate for the two channel thicknesses.

The same procedure is applied to calculate G (eq. 8) from the

experiments and the numerical simulations.

to be able to compare the experimental and numerical results,
virtual temperature sensor are placed at the same locations than
the experimental ones and data are extracted from the numeri-
cal temperature field. The same procedure than the one used in
the experiments is then applied to calculate the apparent overall
thermal conductance. The results obtained with this procedure
are reported on the same figure than the ones obtained from ex-
periments (fig. 12).
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Figure 13. Temperature field of the water at mid-height of the
200 um channel. The inlet temperature is 23.5°C, the mass flow
rate is 1.5 g/s and the heat flux is 62.7 W.

Adequacy between experimental and numerical results is ex-
cellent for the 200 um channel heat exchanger, while the numeri-
cal simulations slightly overestimate the overall thermal conduc-
tance in the case of the 1 mm channel heat exchanger. As men-
tioned in the hydraulic behavior section, the flow in the 1 mm
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Figure 14. Temperature field of the water at mid-height of the
1 mm channel. The inlet temperature is 23.5°C, the mass flow
rate is 1.5 g/s and the heat flux is 62.7 W.

channel is non-uniformly distributed. This maldistribution of the
flow implies that the temperature field of the fluid in the case of
the 1 mm channel is farther from a one-dimensional field than in
the case of the 200 um channel (see fig. 13 and fig. 14). Calcu-
lating the mean temperature of the fluid by integrating a second
order polynomial trend curve as described above is therefore less
precise in the case of the 1 mm channel than in the case of the
200 pm channel. In the case of the 1 mm channel heat exchanger,
the flow field is more sensitive to the deviation in the imposed in-
let conditions and geometry compared to the real ones. It is thus
not surprising to obtain a better match between numerical results
and experiments in the case of the best distributed flow.

CONCLUSION

An experimental setup and a numerical tool have been built
in order to analyse hydrothermal performances of heat sink with
low diameter channel. For the 1 mm channel heat exchanger, it
was found that the main contribution in the pressure drop is due
to the singularities and the tubes upstream and downstream of
the heat exchanger, and that the flow is badly distributed in the
channel. For the 200 pm channel, the main contribution in the
pressure drop is due to the pressure loss in the channel itself, and
the maldistribution is not significant. From heat transfer point of
view, the 200 um channel heat exchanger allows reaching ther-
mal conductance up to 15 W/K with a very low mass flow rate
of 3 g/s. This thermal performance demonstrates that such a lig-
uid cooling heat sink could be efficiently used for the thermal
management of electronic chip like microprocessor.
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