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Abstract

In this work, capillary structures are manufactured by sintering of copper and zirconia powders using different sintering
parameters, in order to obtain porous samples with various hydrodynamic characteristics and surface properties. A specific
test bench is designed to reproduce a capillary evaporator of a LHP decoupled from the remaining of the loop and enables
the determination of the evaporator heat transfer coefficient and optimum heat flux at the occurrence of the operating
limit. The influence of the surface properties on the evaporator thermal behaviour is investigated by polishing the copper
wick surface in contact with the evaporator fins, or by coating the zirconia wick with a thin gold layer. It is shown that
polishing decreases the thermal performance when the size of the gap between the evaporator fins and the wick becomes
lower than the pore size. The coating enables to enhance the evaporator thermal performance, probably by a reduction of
the thermal contact resistance or by a favourable surface wettability effect, reducing the strong effect of the wick
topography on the optimum heat flux value. Finally, a data mining approach is proposed which highlights the
preponderant effect of the surface quality on the evaporator heat transfer coefficient.
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1 Introduction

The importance of thermal management increases in many industrial sectors, especially in the telecom and
computer industries (hardware), where the density of electronic components increases constantly.
Consequently, more performant cooling systems, usually based on liquid-vapour phase change phenomena,
must be developed to answer these issues. Some of these devices use heat pipe technologies to transfer the heat
from a very confined space to a location where space is available for the heat sink. Loop heat pipes (LHPs) are
among the most efficient systems. A LHP is a tightly-closed system filled with a two-phase fluid at saturation.
It is mainly composed by two transport lines, a condenser and a capillary evaporator.

The key component of the LHP is the capillary evaporator, whose role is to absorb the heat dissipated by
the electronic component and to enable the fluid circulation around the loop in a passive way. The evaporator
envelope, usually metallic, contains a reservoir of liquid, a porous wick, located close to the inner wall and a
series of small channels for the vapour evacuation. As explained by Ku [1] and Maydanik [2], the wick ensures
a double role of hydraulic and thermal barrier. The channels may be arranged in the wall or in the wick, with
a regular spacing, so that an alternation of contact and non-contact area is observed. When heat is supplied to
the evaporator, menisci are formed in the wick, saturated with liquid, generating the required capillary pumping
pressure.

The evaporator has to be designed so that heat is transferred from the heat source to the evaporating menisci
with the minimum thermal resistance, so that the evaporating surface area has a maximum value, and so that
the vapour can be easily removed from the evaporation zone. Hence, various designs have been proposed in
the literature [3]. Most numerical and experimental studies focusing on LHP evaporators aim at understanding
the physical mechanisms affecting their behaviour, as well as the effects of numerous parameters on the
evaporator thermal performance. The wick characteristics and especially the permeability and the pore radius
distribution plays an important role in the operation and the performance of the LHP (Yeh et al. [4]). In a
previous study, Giraudon et al. [5] presented an approach to design and manufacture specific capillary
structures for loop heat pipes. They highlighted the links between the manufacturing parameters and the wick
properties and the importance to control the whole process in order to fulfil the specifications. They also studied
the influence of the wick properties on the thermal behaviour of a LHP capillary evaporator and especially on
the maximum heat transfer coefficient between the evaporator wall and the working fluid and the maximum
heat flux that can be transferred before the occurrence of the wick dry-out [6]. They concluded that the capillary
limit and the boiling limit can both lead to the wick dry-out depending on the wick properties. However, no
direct trends could be found concerning the effect of the wick properties on the value of the heat transfer
coefficient between the evaporator wall and the working fluid.

The thermal performance of a LHP evaporator is indeed strongly affected by the morphology and
topography of the porous surface in contact with the evaporator. In terms of morphology, two major parameters
were studied in the literature: the type and location of the grooves collecting the vapour phase, which can be
engraved in the evaporator wall or in the porous wick itself, and the quality of the contact between the fins and
the flat surface. The type and location of the grooves is widely discussed in the literature, for instance by
Maydanik et al. [7] for complete LHPs or by Choi et al. [8] at the scale of an isolated evaporator. The latter
proposed to interpenetrate the wick with the evaporator wall in order to increase their contact surface area.
With the proposed design, they found a large enhancement of the evaporator thermal conductance and lower
operating temperatures.

The study of the effect of the quality of the contact between the fins and the flat surface is more recent and
is still the subject of strong scientific discussion. In classical numerical and theoretical studies, the best
configuration is assumed to be a perfect contact between the surfaces, so that the thermal contact resistance is
minimum. However, in more and more experimental studies, it is found that an imperfect contact, it means
when surfaces are not flat or when the surfaces are even not directly in contact can exhibit better thermal
performance that a more classical configuration. For instance, Khammar et al. [9] found that the presence of a
gap between the flat evaporator and the fins enables to increase the maximum heat load. They showed that 600
pm is the optimum gap enabling the vapour to leave the grooves without increasing the thermal resistance.
However, in their study, they did not link the transition gap to the pore radius. Schertzer et al. [10] studied the
influence of a gap between the finned evaporator and the porous wick on the heat and mass transfer. They
showed that increasing the gap size dgap up to 500 um had a positive influence on the heat transfer coefficient.
The presence of a gap changes the evaporation dynamics. Below 200 pm, a vapour pocket builds up beneath
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the porous medium before leaving the evaporator through the grooves. The maximum heat load that the
evaporator can evacuate does not exceed 100 kW/m? in this configuration. Above 200 pm, the vapour easily
leaves the region between the evaporator wall and the porous medium. Thus, the maximum heat load can reach
up to 220 kW/mz, In this study, the transition gap has the same size as the pore size. It could indicate that the
gap must always be larger than the pore size of the porous structure. A possible physical explanation of the
existence of a transition gap was proposed by Platel et al. [11]. At start-up, if the grooves are full of liquid, the
vapour formed under the fin is evacuated by the channel having the largest diameter, for which it is easier to
overcome the capillary pressure difference. If the pore diameter is larger than the gap, dry-out of the wick
occurs. Figus et al. [12] numerically studied the influence of a thin gap between the fin and the wick. Like the
previous authors, they showed that this gap can enable the vapour to leave more easily the grooves, reducing
significantly the evaporator temperature. More recently, Nishikawara and Nagano [9] developed a
mathematical model to investigate the heat transfer characteristics of a capillary evaporator with a micro-gap
between the case and the wick. The model was validated by comparison with experimental results obtained for
a polytetrafluoroethylene/ethanol loop heat pipe. Both approaches indicate the existence of an optimal gap
between 0 and 50 pm, for which the heat-transfer coefficient is maximum. The reason considered by authors
is the following: at high heat flux, the gap prevents a vapour pocket from forming in the wick, and at low heat
flux, the evaporation interface is larger.

If the fact that a gap can improve the LHP evaporator performance begins to be understood, further studies
are still required to fully understand the role of such a gap depending on the operating parameters. The
phenomena occurring at the microscale at the contact between the fins and the evaporators walls are indeed
often conjectural and specific experimental studies are required. Some authors are trying to visualize the liquid-
vapour interface directly in the LHP. For instance, Kumar et al. [13] and Odagiri et al. [14] performed recently
IR visualisation at the microscale and observed directly several behaviour of the evaporator, in terms of the
presence, or absence, of liquid bridges at the contact between the fins and the evaporator. They proposed
different heat transfer phenomena, occurring when the heat flux increases: evaporation of the menisci located
at the boundary line between the heating wall, the wick and the channel; nucleate boiling at the contact surface
between the wall and the wick and evaporation of the microlayers; evaporation at the menisci located inside
the wick. The heat transfer coefficient is the highest when a liquid bridge exists between the fins and the
evaporator and decreases when a vapour layer is formed at the interface, which can be in contradiction with
the role of a gap described by other authors.

As a conclusion, all these studies showed that the surface contact quality between the evaporator fins and
the porous structure has an influence on the heat transfer. It must exist a trade-off between the presence of a
gap, its size, and a globally good thermal contact between the fins and the evaporator. However, at the author’s
best knowledge, the effects of the porous surface properties at the vicinity of the evaporator fins, i.e. surface
guality, surface hardness, surface wettability or thermal conductivity, were not investigated yet. This surprising
lack of knowledge of the effect of the surface topology (in contrast with its morphology) prevents to optimize
the manufacturing technigques involving multilayer wicks. For instance, Choi et al. [15] developed
manufacturing techniques to increase the capillary pressure of wick without reducing its permeability, but no
information on the effect on the heat transfer coefficient is predictable yet.

In the present paper, an experimental study focusing on a flat disk-shaped LHP evaporator is proposed.
Various copper and zirconia porous structures have been manufactured by a sintering method and
characterized, and then tested in a specific test bench reproducing a LHP evaporator without the coupling with
the remaining part of the LHP. Two parameters are specifically studied: the topography of the porous surface
in contact with the evaporator fins and the addition of a very thin gold layer on the wick surface, modifying
the surface wettability, its hardness and the thermal conductivity of the porous structure at the contact with the
fins. The influence of the modification of the surface properties on the maximum heat load and on the heat
transfer coefficient is analysed.

In afirst section, the manufacturing and the characterisation procedures of the porous structures are detailed.
Then, the results of the thermal analysis are presented and analysed. Finally, an analysis using data mining is
proposed to go further in the comprehension of the thermal behaviour of a capillary evaporator.
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2 Manufacturing and characterisation of the porous samples

2.1 Manufacturing procedure

In the present study, porous structures were manufactured by sintering of copper and zirconia powders
using different sintering parameters, and characterised in terms of thickness, porosity, permeability and
effective pore radius. The manufacturing procedure is detailed in Giraudon et al. [5]. The powder is pressed in
a cylindrical matrix by two pistons leading to a 40 mm diameter flat disk. Then, the disk is sintered in a furnace.
Copper disks are sintered during 30 min at 900 °C and zirconia disks during 120 min at 1230 °C. In the present
study, twelve samples are considered. Ten samples made of copper are named Cu-x-y. X, ranging from 1 to 8,
is a number corresponding to a given set of manufacturing parameters [6]. y is a letter (a, b, or ¢) corresponding
to various samples made with the same set of manufacturing parameters. Two samples made of zirconia are
called Zi-1 and Zi-2. All samples were characterised in terms of diameter, mass, thickness, porosity, effective
pore radius and permeability following the procedures presented in Giraudon et al. [5]. Moreover, a
topographical characterisation was also performed on each sample by means of confocal microscopy.

2.2 Topographical characterisation

To characterise the surface topography, the wick surfaces were scanned on both faces with a confocal
microscope (Stil®, France). The profile (vertical axis z) measured along the diameter (horizontal axis X)
enables to estimate the roughness. The optical sensor has a vertical measuring range along the z axis of 350 pm
and accuracy lower than 1 um in the x and z directions. It appears that the manufacturing procedure leads to
different topographies on the two faces of each sample. One side is convex whereas the other side is concave.
The main reason explaining this difference is the slightly asymmetric shrinkage observed during sintering (due
to slight green density differences between top and bottom of the disks after pressing). Figure 1 presents an
example of topography analysis of a convex side (a-c) and a concave side (d-f). Tests with pressure paper
highlighted the effect of the surface geometry on the contact between the samples and the wall of the LHP
evaporator (pictures c and f). The flatness of each side was measured and corresponds to the maximum altitude
difference between the centre and the edge of the sample. It can be positive (convex side) or negative (concave
side).
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Figure 1 : Examples of topography analysis by confocal microscopy (profile (a, d) and complete surface (b, €)) and
with pressure paper (c, f) of the convex side of sample Cu-7-c (a, b, ¢) and the concave side of sample Cu-2-c (d, e, f)
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2.3 Description of the surface treatments

The topography of various samples was modified by surface treatments to investigate the influence of this
parameter on the evaporator thermal behaviour. For instance, the sample Cu-7-c was submitted to various
surface polishing procedures in order to modify its topography, and then characterized (surface topography,
thermal and hydrodynamic properties) after each of these preparation steps. Figure 2 (a) shows the profile of
each side obtained before the surface polishing. A large difference between the sides A and B is observed: they
have a similar roughness but the side A is convex whereas the side B is concave. Machining by means of a
turning machine enabled to obtain a flat sample but increased the roughness (Figure 2 b). Sanding with a 300
then 600 grit paper reduces the roughness but created a dome (Figure 2 c). Finally, polishing with a Lamplan
flat polisher (LAM PLAN M.M. 8400™) reduced the roughness and provided an excellent flatness but the top
and bottom surfaces were not parallel anymore (Figure 2 d). Surface treatments were also performed on other
samples in order to check the robustness of the results but they are not detailed here.
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Figure 2: Surface profiles along a diameter of sample Cu-7-c before and after various treatments

2.4 Deposition method of the gold coating on samples Zi-1 and Zi-2

In order to separate the effect of the surface topography and the one of the other surface properties
(wettability, hardness, and thermal conductivity), the two zirconia samples were coated with a thin gold layer.
The sample topography as well as the hydrodynamic characteristics remained unchanged before and after the
coating due to the low thickness of the gold layer (thinner than 0.1 um). The effect of the coating was studied
on the concave side of sample Zi-1 and on the convex side of sample Zi-2, since the influence of the coating
may depend on the sample topography. The gold layer was applied by sputtering. The sample was located
inside a metal coater. The pressure was decreased down to 4.102 mbar. Then, Argon was added. A strong
electric power was applied between a gold target (cathode) and the sample (anode). Under the effect of the
electric power, the Argon ions hit the gold target and eject gold atoms that are deposited in the whole chamber,
and in particular on the sample. For each coater, the thickness of the gold coating depends on the distance
between the target and the top layer, on the electrical current and on the coating time. The tests have been
conducted with a coater BAL-TEC SCD® and the following coating parameters: 60 mA during 200 s and at a
distance of 50 mm. It leads to a theoretical gold coating thickness of 75 nm.
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2.5 Hydrodynamic characterisation

The hydrodynamic characterization of each sample was performed following the procedure described in [5].
The porosity was determined by measuring the volume and the mass of each sample. The permeability and
effective pore radius were determined by means of a specific test bench developed by the authors. The
permeability is determined by measuring the relation between the liquid mass flux in the wick and the pressure
difference across the wick whereas the effective pore radius measurement relies on the maximum height of a
liquid column the wick can stand without depriming.

2.6  Thermal characterization

The test bench designed in order to characterise the thermal behaviour of the manufactured samples is the
same that the one presented in [6]. Its main characteristics and the experimental procedure are summarized in
the present section for the sake of clarity. The test bench aims at reproducing the configuration and the
operation of an evaporator in a flat LHP, by decoupling it from the transport lines and the condenser. It consists
of a double-wall glass enclosure secured at the base by a clamping ring (Figure 3). A grooved evaporator and
the porous wick are embedded into the cylindrical part of the base. An L-shaped tube (vapour tube) goes
through the base wall to enable the vapour to flow from the grooves to the enclosure containing the fluid at
liquid-vapour equilibrium.

The saturation temperature of the fluid is controlled by a cryogenic fluid flowing in the annular space of
the enclosure. The liquid level H; can be modified by opening the filling valve in order to adjust the hydrostatic
pressure APys applied on the wick. Two thermocouples, housed inside a stainless steel sealed shell to ensure
the sealing of the system, measure the saturation temperature: one in the liquid phase (T;) and the other in the
vapour phase (Ty). The saturation temperature is calculated as the average between the two values when the
absence of non-condensable gazes is confirmed (i.e. when the temperature difference between the two
thermocouples is lower than their uncertainty). In the present study, the saturation temperature is set to 50 °C
with water and 40 °C with pentane, and the level of liquid is kept constant and equal to 3.9 cm. Note that it
had been shown in [6] that this parameter affects only slightly the thermal behaviour of the samples as the
hydrostatic pressure difference induced by the level of liquid is small compared to the capillary pressure that
the porous sample can provide.

- Sealed
enclosure Vapour
Evaporator
Porous Liquid | .
wick ] L Heating pad
Vapour 1 Heat flux
tube L sensor
— o ]
Pressure Base Coolant
inlet

sensor

Emptying
valve

[] H N [] [ ]
Qloss Ielec Uelec Te TI Tv

Figure 3 : Schematic of the experimental apparatus

The evaporator is made of a flat disk-shaped copper block, with a diameter of 40 mm and a thickness of 8
mm. Nine 2 mm wide and 1.5 mm deep grooves were engraved in the copper block. They are separated by 1.5
mm thick fins. The wick is located above the grooved copper block. A thermocouple having a diameter of 80
pm is located inside a 0.8 mm thin groove engraved in the bottom surface of the evaporator. A heat flux ranging
from 0 to 150 W (12 W/cm?) is supplied by a heating pad located between the evaporator wall and a heat flux
sensor. This sensor enables to measure the part of the heat flux lost through the back of the heat source. The
heat load effectively supplied to the evaporator is determined by subtracting the lost heat power Q,,s to the
fixed electric power:
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Qin = Ueiecletec — Quoss 1)
where Ueec is the voltage and leiec the current intensity of the heating element.
The heat transfer coefficient h. between the evaporator wall and the evaporating fluid is defined as follows:
_ Qin — Qin
Sw (Te - Tsat) SWATsh

where Te is the evaporator wall temperature, Tsx is the saturation temperature of the fluid and Sy is the cross-
sectional surface area of the wick, equal to 12.6 cm?2 with the present samples. The temperature difference
between the evaporator wall and the fluid at saturation is called the wall superheat ATsh.

he

)

The absolute uncertainties are of about 3 W on the heat fluxes, 5 % on the porous wick area and 1 K on the
wall superheat. The relative uncertainty associated to the heat transfer coefficient can reach 30 % at low heat
loads, due the small temperature difference between the evaporator wall and the vapour phase and due to the
small subcooling of the liquid, making difficult the estimation of the saturation temperature. At high heat loads,
it decreases down to 10 %.

During the tests, the heat load is increased step by step, a steady state being reached before applying the
next step. The test is stopped when the evaporator temperature reaches 120 °C in order to protect the test bench
materials against overheating. Figure 4 shows an example of thermal behaviour exhibited by a manufactured
sample, in which the heat transfer coefficient h. and the superheat AT, between the evaporator wall and the
vapour phase are plotted as a function of the heat load. At low heat loads, the heat transfer coefficient remains
constant up to a value called Qo from which it drastically decreases, leading to a large increase of the
evaporator temperature Te. The heat transfer coefficient recorded at Qo is called the optimum heat transfer
coefficient he,op: and the temperature difference is called the maximum superheat ATshmax. When the heat load
is greater than Qopt, Small bubbles can sometimes be observed at the top surface of the porous structure. Clearly,
an operating limit is reached at Qop, leading to a degradation of the heat transfer.
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Figure 4: Example of variation of the heat transfer coefficient (a) and of the evaporator superheat (b) as a function of
the heat load

Various phenomena can lead to the dry-out of the evaporator and to the sudden drop of the heat transfer.
The occurrence of the capillary limit and the boiling limit was discussed in [6]. The capillary limit is reached
when the pressure drops through the wick AP\, and the vapour tube AP.: overcome the sum of the maximum
capillary pressure and the hydrostatic pressure APys of the liquid column of height H; above the wick surface.
The theoretical capillary limit Qv IS determined by equalising the pressure drops and the capillary force
added to the hydrostatic pressure, leading to:

APcap,max + APy = APleopt,th + APvtlQopt,th (3)
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The evaluation of the various pressure drop and the knowledge of the wick properties enable an estimations
of the capillary limit by means of the method presented in [6].

The boiling limit, reached when the superheat between the evaporator wall and the saturation temperature
of the fluid inside the porous sample is high enough so that nucleation can start, is here calculated using Chi’s
equation [16]:

20Tgq (1 1
ATsh,max =T, —Tsqr = pv—hlv a - E (4)

This equation depends on the nucleation radius r, which must be known. Griffith and Wallis [17] carried
out many nucleation experiments with water. They reported nucleation radius varying between 2.5 pm and 25
pm. However, Chi [16] explained that in absence of NCGs, in conventional heat pipes, the nucleation radius
could be smaller and reach 0.25 um. The determination of the boiling limit requires the knowledge of r, and
rp, Which are very difficult to measure accurately. In the present study, r, is considered to be equal to rpg, ,
determined by the dedicated test bench. The value of r, was estimated in [6] by comparing the experimental
working limit to the theoretical capillary limit. When the theoretical capillary limit was far from being reached,
it was assumed that the boiling limit was reached and the corresponding nucleation radius was calculated. By
this way, rn, was estimated to be equal to 0.7 um for pentane. As a consequence, the boiling limit presented in
the present paper is only a rough estimation based on this assumption.

3 Results and discussions

In this section, the thermal behaviour of the various samples are discussed and the effect of the porous
surface properties on the heat transfer coefficient are analysed by two different ways. In a first part, a
parametric analysis is performed by comparing the thermal behaviours of samples having similar
characteristics but different surface properties, because of either a surface treatment or a surface coating. In a
second part, the experimental database is extended and a datamining analyses is proposed in order to
hierarchize globally the various parameters affecting the heat transfer coefficient.

3.1 Parametric analysis of various effects of the porous surface properties on heat transfer
3.1.1 Topographic and hydrodynamic characterization of the samples

In order to study the surface properties on the thermal behaviour of a LHP evaporator, the various samples
were submitted to the surface treatment described in section 2.3. This treatment can also affect the
hydrodynamic characteristics of the samples and Table 1 summarizes the properties of the various samples
before and after the surface treatments. Some data are missing because of the breakage of some samples before
their complete characterization could be performed. The link between the set of manufacturing parameters and
the porosity, permeability, effective pore radius and thickness was already presented in [5] and is not discussed
in the present paper. However, it can be seen that the surface treatment can affect these parameters, except the
porosity :

- In a logical way, the thickness decreases after each polishing. After the last one, for example, the
sample Cu-7-c is 35 % thinner than the original sample.

- The permeability of the samples can be affected by the surface treatment if some superficial pores are
clogged during the process. It can be avoided during the sanding and the machining but the polishing
with the Lamplan mahcine seems to always lead to an obstruction of the external face of the wick by
the wasted copper powder. The very small effective pore radius of the polished samples compared to
other samples tends to support this conclusion. The polished samples were immersed in an acidic
solution in order to dissolve the grains that may obstruct the smallest pores. However, this chemical
treatment had not a significant influence on the permeability. Thus, the polishing by the Lamplan
machine was considered as non-consistent for the improvement of the evaporator performance sample,
and was not taken into account in the following study.

- Except for the polished samples, the effective pore radius is almost not affected by the surface
treatment which tends to show that even if some material of the porous structure is removed during
the process, no deformation of the superficial pores occurs.
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As a conclusion, the surface treatments enabled to change drastically the surface properties in terms of
roughness and flatness without drastically modifying the permeability and effective pore radius of the samples.
It thus enables a direct comparison of the thermal behaviour of the samples before and after each surface
treatment.

Table 1: Summary of the sample properties before and after the surface treatments

. Surface Side flatness Roughness
[ -14
Material Sample & [%] treatment K [0 me] | rper [um] ey [mm] type Flatness [um] [um]
Cu-1-b 39.3 WT 11.6 11.3 32 Convex 100 15
Cu-2-b 26.7 WT 2.57 23 2.95 Convex 250 30
Convex 300 15
WT 137 115 2.8
Cu-2-c 271 Concave -200 15
S300 1.82 18.5 2.7 Concave -50 5
Concave -200 10
Cu-3-a 40.6 WT 10.1 18.2 5.2
Convex 300 10
WT 0.6 5 4.7 Convex 160 10
Cu-4-a 22.6
P 0.12 5 4.45 Flat 50 5
Concave -60 5
WT 10.5 10.2 2
Convex 270 5
Cu-5-a 37
S300 0.26 5 19 Flat 0 10
Copper
A 3.25 30.7 19 Flat 0 10
Cu-6-c 28.6 WT 0.52 9.2 21 - - 10
Cu-7-b 37 WT 18.8 52.1 5.6 - -
Convex 350 5
WT 16.9 115 6
Concave -150 5
Flat 0 40
195 115 5.8
Cu-7-c 418 M Flat 0 30
18 115 4.45 Convex 60 20
S600 26.8 115 4.2 Convex 320 15
P 0.43 7.1 4 Flat 0 5
Concave -80 5
Cu-8-a 224 WT 0.56 11.3 5.45
Convex 200 5
3 Zi-1 337 Coated 1.33 18.4 5.6 Concave
Zircone -
zi-2 30 Coated 0.57 6.6 55 Convex

WT: Without surface treatment; S300/S600: Sanded with a grain density of 300/600 gr/cm?
P: Polished with the Lamplan polisher; M: Machined with the turning machine; A: Immersed in an acidic solution

3.1.2 Effect of the pressure on heat transfer

The evaporator and the heating pad are pressed against each other with a spring in order to reduce as much
as possible the thermal contact resistance between these two components and thus, to reduce the heat losses
by the back face of the heating pad. As the flatness of the samples are affected by the surface treatment, the
pressure repartition between the evaporator and the wick can also be affected. To check if this parameter has
an effect on the heat transfer, the influence of the pressure applied by the spring is investigated on the Cu-sin-
4-a sample operating with pentane. Figure 5 shows the evolutions of the heat transfer coefficient and the wall
superheat with the heat flux at pressures of around 5 kPa and around 30 kPa. The variation of the applied
pressure does not significantly change neither the optimum heat flux nor the heat transfer coefficient. In the
following, the pressure is set to about 30 kPa in order to reduce the thermal resistance between the heating pad
and the evaporator and thus, reduce the heat losses by the back face of the heating pad. The variation of thermal
behaviour between the various samples are thus only due to the topographic properties of the sample surface,
and not to the potential variation of pressure between two samples.
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Figure 5: Influence of the pressure applied on the back face of the evaporator
(Cu-sin-4-a sample, pentane, Tsa = 40 °C)

3.1.3 Effect of the wick surface topography on the evaporator thermal behaviour

The effect of the hydrodynamic characteristics of the samples on their thermal behaviour was already
presented and discussed in [6] and it appeared that a sample with a low permeability will reach the capillary
limit first whereas samples with a high porosity reach the boiling limit first. Consequently, knowing the
permeability, the thickness and the effective pore radius, enables the estimation of the operating limits. Pentane
and water were compared and it appeared that the heat transfer coefficient is significantly higher with pentane
than with water, probably because of the higher wettability of pentane, allowing the fluid to wet more easily
the wick in contact with the evaporator wall.

However, no direct link could be drawn between the hydrodynamic parameters and the heat transfer
coefficient between the evaporator wall and the working fluid. It was supposed that the observed variations of
he could be due to surface effects.

To check this hypothesis, the thermal behaviour of the evaporator in which sample Cu-7-c is integrated is
investigated in the present study before and after the various surface treatments. Pentane is used as the working
fluid as it exhibits better thermal performance than water. Figure 6 shows the evolutions of the heat transfer
coefficient as a function of the heat load after each surface treatment of the sample. The experimental heat
transfer coefficient, superheat and optimum heat flux are drastically affected by a variation of the surface
guality, meaning that this parameter has a significant influence on the evaporator thermal behaviour.

Table 2 summarizes the geometrical and hydrodynamic characteristics as well as the experimental optimum
heat flux and the theoretical one corresponding to the capillary limit, the experimental maximum superheat
and the one corresponding to the boiling limit, and the optimum heat transfer coefficient of sample Cu-7-c,
after the various surface treatments. It can be observed that the flattest surfaces (machined sample and sample
sanded with 300 grains/cm?) have the lowest heat transfer coefficient and optimum heat load whereas the
concave side of the sample without treatment has the best performance. The samples with a domed surface
(convex side of the sample without treatment and sample sanded with 600 grains/cm?) have intermediate
performance. The hydrodynamic characteristics after each treatment remaining identical, they cannot cause
the observed variations.

Except for the concave side of the sample without surface treatment, which may have reached the capillary
limit, the boiling limit probably limits the operation of the polished sample. Indeed, the theoretical capillary
limit varies from 102 W for this sample side to 229 W for the sample sanded with 600 grains/cm2. These values
are much higher than the experimental data: Qoptexp iS lower than 80 W, except for the concave side without
surface treatment for which it is of 100 W. On the contrary, whatever the surface treatment, the theoretical
superheat to initiate boiling is of 9.8 K in these conditions, while ATshmaxexp @lMost reaches or exceeds this
value in each test. It means that the boiling limit was more likely reached.
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Table 2: Characteristics and thermal performance of sample Cu-7-c after each surface treatment

Surface Slde ew K rp,eff ROUghneSS Qopt,exp Qopt,th ATsh,max,exp ATsh,max,th he,opt
14 2 2.
No convex 5 60 9.0 5310
6.0 169 |11.5 102 9.8
No concave 5 100 12.6 6280
Machined | convex 40 40 12.6 2510
i 55 195 |[11.5 128 9.8
Machined |concave 40 50 20.2 2020
Sanded
convex | 4.2 18 11.5 20 40 | 153 9.6 9.8 3320
(300 g/cm?)
Sanded
convex | 4.0 26.8 | 115 15 80 | 229 16.7 9.8 3810
(600 g/cm?)
Polished with| v ox | 39 | 043 | 71 5 50 | - 16.8 - 2370
Lamplan

The three observed levels of thermal performance mentioned previously can be explained by the
modification of the contact between the porous wick and the evaporator wall. If the sample is not flat, a gap is
created between these two components. Figure 7 shows the three main configurations that can be encountered:
a flat porous wick (a), a convex surface, creating a small gap (b), and a concave surface creating a large gap

(©).

Ogap = O pm Ogap < dy Agap > dy
Porous wick Porous wick Porous wick
Evaporator Evaporator Evaporator
a) Flat surface b) Convex surface ¢) Concave surface

Figure 7: Schematic of the contact configurations between the wick and the evaporator wall
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The gap size determine the boiling dynamics and the fluid flow between the porous wick and the evaporator
wall. At low heat loads, a liquid phase may exist between the porous wick and the evaporator fin. Moreover,
the meniscus may be located between the fin and the porous wick as shown in Figure 8 (a), as proposed by
Demidov and Yatsenko [18]. When the heat load increases, a vapour bubble can be located between the fin
and the porous wick (Figure 8b). If the pore diameter dp, is larger than the gap thickness dgap, the vapour will
be evacuated by the wick instead of the gap. Indeed, the meniscus remains at the location having the smallest
pore diameter since the pressure difference is more difficult to overcome. This phenomenon leads to a partial
dry out of the wick and to a large increase of the thermal resistance. Thus, heopx decreases, increasing the
evaporator temperature, and if the heat load is increased, Qopt is reached. This is even worse if the porous wick
is flat and if there is no gap. At the contrary, if d, is smaller than dgap, the vapour is evacuated to the vapour
grooves and the device operates correctly.

dP

pomm gy i ETETIETE PR TO I :
L | E :
5 dgap i i
: \ ! i !
i Evaporator fin : Vapour : Evaporator fin :
! i i i
(BRSO | [ |
a) Low heat load b) High heat load

Figure 8: Schematic of the boiling dynamics at the vicinity of an evaporator fin

As a conclusion, the presence of a gap between the fins and the porous wick, when larger than the pore
diameter, increases both the optimum heat flux and the heat transfer coefficient. That was also demonstrated
by Platel et al. [11] about the start up, but it can be extended to moderate and high heat loads. The influence
of the roughness of the surface seems deemed by the influence of the flatness and no conclusions can be drawn
for this parameter.

3.1.4 Effect of the surface coating on the evaporator thermal behaviour

In order to study the effect of the wettability and hardness of the surface on heat transfer, the influence of
a thin gold layer added by coating on the two zirconia porous samples performed. A thin layer of gold was
deposited on the concave side of sample Zi-1 and on the convex side of sample Zi-2, in contact with the
evaporator fins. The samples were tested before and after the coating with water as the working fluid.

Figure 9(a) shows the evolution of the heat transfer coefficient of the concave side of sample Zi-1 as a
function of the heat load, before and after the coating. The difference between the two curves is not significant
compared to the uncertainties. It means that the gold coating has no influence on the evaporator temperature.
However, the optimum heat load reaches 130 W with the coating whereas it reaches only 80 W without it.
Thus, the coating has a positive influence on Qqp: despite the poor contact between the concave wick surface
and the wall, only at the edge of the copper block. This tendency is not fully understood at yet; it may be caused
by several physical phenomena. First, due to the high thermal conductivity of gold (315 W/(m-K)) and to its
low hardness, the layer of gold could act as an interstitial material, enabling to reduce the thermal contact
resistance between the evaporator wall and the zirconia wick. For the same evaporator temperature, the
temperature at the surface of the wick would be lower, and the occurrence of the nucleation would be delayed.
Another possible explanation is linked to a wettability effect. If the contact angle gold/water would be smaller
than the zirconia/water one, the onset of nucleate boiling would also be delayed due to the higher superheat
required to activate the nucleation sites. These effects, or a combination of them, could explain why the gold
coating provides a higher optimum heat load without increasing the heat transfer coefficient.

Figure 9(b) shows the thermal behaviour of the convex side of sample Zi-2 before and after the coating.
The heat transfer coefficient is higher with coating as well as the optimum heat load (120 W compared to 110
W before coating). The maximum superheats are similar (68.9 K and 69.6 K after and before coating,
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respectively). In this case, since a larger part of the wick surface is in contact with the evaporator, the significant
decrease of the thermal contact resistance between the wall and the wick favourably affects the evaporator heat
transfer coefficient, much more than the optimum heat flux value. It is interesting to observe that for a zirconia
wick, the coating reduces the strong effect of the surface topography on the optimum heat flux value.
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Figure 9: Comparison of the heat transfer coefficients before and after the coating

3.2 Datamining analysis with the complete database

The parametric study based on the comparison of samples having similar properties but with different
surface properties shows that various phenomena can affect the heat transfer and that there is a strong coupling
between them. In order to have a global comparison of the influence of the whole investigated parameters -
surface topography, wettability, permeability, effective pore radius, thickness, and fluid properties - on the
evaporator heat transfer coefficient at the optimum heat flux, a data mining method applied to the results
obtained with the whole set of manufactured samples is proposed in the present section. The data used for the
data mining are summarized in appendix. Since a great number of tests results are available, the statistical
analysis may help to differentiate the influent parameters from the non-influent ones.

3.2.1 Description of the methodology

The selected method (called SPRINT) is a decision-tree-based classification. The classification starts by
the building of a table containing several tests (lines) and for each test, several parameters (columns) as well
as the test results. The test results are assigned to a given level (high, medium and low) depending on
thresholds. The algorithm starts with the whole data set. The data set is partitioned according to a splitting
criterion into subsets. The procedure is repeated recursively for each subset until each subset contains only
members belonging to the same level or is sufficiently small. Shafer et al. [19] present in more details this
scalable parallel classifier for data mining.

Fifty-three tests were performed with the porous samples, 29 and 24 with pentane and water, respectively,
39 and 14 on samples without and with surface treatment, respectively. The tests are classified depending on
the optimum heat transfer coefficient heqp, and on the chosen thresholds: 3000 W/(m?2-K) and 5000 W/(m2-K).
If he,opt Varies from 0 to 3000 W/(m?-K), the performance is considered as LOW, if it varies from 3000 to 5000
WI/(mz2-K), it is considered as MEDIUM and if it is higher than 5000 W/(m2-K), it is considered as HIGH.
Then, the software is run. Firstly, it finds the most discriminating parameter and creates two branches in which
the tests are classified according to the three levels. The branch which includes the tests leading to the major
part of low heat transfer coefficients is not studied. The other branch, with the tests leading to the major part
of high heop, is further investigated. The software finds another parameter that discriminates the remaining
tests. Two more branches are built. At the end, the software is not able to find a discrimination of parameter
anymore.
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3.2.2 Results and analysis with the whole tests

The results of the data mining analysis with the whole test is presented on Figure 10. The first branch shows
that the fluid is the most discriminating parameter. Indeed, all the tests leading to a high he o Value are obtained
with pentane whereas twenty-three tests among the thirty-four leading to a low hep are obtained with water.
The second most discriminating parameter is the surface treatment: a surface treatment induces a low he,gp in
almost each case whereas it remains often at a high value without surface treatment. This result confirm the
preponderant effect of the presence of a gap between the porous wick and the evaporator wall, which was
suppressed with the applied surface polishing. Finally, the effective pore radius is the third discriminating
parameter: an effective pore radius lower than around 15 pm leads to a higher heat transfer coefficient. The
other parameters (porosity, permeability, thickness, but also roughness and level of flatness) are thus found to
be less influent than the three other parameters, which is surprising as we could expect that there may exist an
optimum in terms of flatness or roughness that leads to the highest heat transfer coefficient.

53 tests
HIGH 8
MEDIUM 11
LOW 34
Water Fluid Pentane
\4 v
24 tests 29 tests
HIGH 0 HIGH 8
MEDIUM 1 MEDIUM 10
LOW 23 LOW 11
Without Surface treatment With
v v
15 tests 14 tests
HIGH 7 HIGH 1
MEDIUM 6 MEDIUM 4
LOW 2 LOW 9
<15pum Mo eff > 15 um
Y \4
13 tests 2 tests
HIGH I HIGH 0
MEDIUM 6 MEDIUM 0
LOW 0 LOW 2

Figure 10: Decision tree for the heat transfer coefficient using the whole tests

3.2.3 Partial analysis of the tests conducted with water

The previous decision tree does not consider the tests obtained with water, since they were excluded at the
first step. In order to also investigate these tests, the software is run without the tests obtained with pentane.
Moreover, the thresholds are decreased from 3000 W/(m?-K) and 5000 W/(m?-K) to 1600 W/(m?-K) and 1800
W/(m?-K). The results obtained in these conditions are presented in Figure 11 and are surprisingly different
than the results obtained with the pentane. A low permeability seems to induce a high heop. Indeed, a low
permeability, hence a low porosity may increase the effective thermal conductivity of the porous medium.
Then, the flatness of the samples is the most discriminating parameter. However, it is not easy to analyse
because the major part of the tests leading to poor performance is obtained with the flat samples (5 tests among
8), but the major part of the tests leading to the best performance is also obtained with these samples (3 tests
among 5). The same problem is observed with the thickness. This is the limit of this type of data analysis.
Indeed, if no parameter is significantly discriminating, the results are not exploitable.
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MEDIUM 8
LOW 8
<0.6 104 m? K > 0.6 1014 m2
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HIGH 3 HIGH 5
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Flatness
|
Convex Flat Concave
4 tests 10 tests 7 tests
HIGH 1 HIGH 3 HIGH 1
MEDIUM 1 MEDIUM 2 MEDIUM 5
LOW 2 LOW 5 LOW 1
<2.9mm Ew >2.9mm
! J
2 tests 8 tests
HIGH 1 HIGH 2
MEDIUM 1 MEDIUM 1
LOW 0 LOW 5

Figure 11: Decision tree for the heat transfer coefficient using the tests with water

As a conclusion, these decision trees must be seen as a tool enabling to hierarchize the importance of the
various parameters affecting the heat transfer. Even if the limited number of test can affect the robustness of
the method, it is interesting to note that the conclusions are drastically different between pentane and water.
With the pentane, the heat transfer seems to be strongly affected by the surface treatment whereas with water,
other phenomena, maybe linked to the hydrodynamic behaviour of the fluid, seems to have a stronger impact.
This conclusion highlights the need to multiply the number of experimental study, with various fluids, various
materials and various types and sizes of the fins in order to understand all the couplings between the different
phenomena and to be able to develop predictive models of heat transfer at the surface of a porous medium in
contact with an evaporator wall.
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4 Conclusions

The present experimental study is intended to better understand the thermal behaviour of a capillary flat
disk-shaped evaporator dedicated to a LHP. A test bench is designed in order to measure the evaporator heat
transfer coefficient and maximum heat flux corresponding to the occurrence of an operating limit. The
influence of the properties of the cylindrical wick surface in contact with the evaporator fins on the thermal
behaviour was investigated by several mechanical surface treatments on a porous copper sample and by coating
two porous zirconia samples with a 75 um thick gold layer, without changing the surface topography.

The manufacturing process used in this work led to samples with a convex and a concave side. It was shown
that the concave surface in contact with the evaporator wall, creating a gap larger than the pore diameter,
enables the vapour to flow along the grooves instead of penetrating the wick. A surface treatment must be
avoided: it seems to drastically decrease the heat transfer coefficient as well as the optimum heat flux because
of the reduction of the gap size. The gold coating has a positive influence on the optimum heat load of a
zirconia sample with a concave surface, enabling to decrease the thermal contact resistance between the
evaporator wall and the wick since gold has a higher thermal conductivity than zirconia and a lower hardness.
In addition, the gold coating could favourably modify the wettability of the wick, delaying the occurrence of
boiling. This effect was much less pronounced with a convex surface, for which the decrease of the thermal
contact resistance induces a significant enhancement of the evaporator heat transfer coefficient. Furthermore,
for a zirconia wick, the coating reduces the strong effect of the surface topography on the optimum heat flux.
A data mining analysis based on a decision tree, performed on fifty-three tests, confirmed the preponderant
influence of the surface quality on the heat transfer coefficient.

However, if the importance of the flatness of the surface is highlighted by the present study, the diversity
of the tested configurations also highlight the importance of the other parameters (roughness, effective pore
radius, permeability, wettability, fluid properties, ...) on the influence of the flatness itself. Very different
phenomena seems to control the heat transfer depending on the experimental conditions and no general
conclusion can be drawn as long as all these phenomena are not properly identified and their effect quantified.
More experimental studies are thus required in order to diversify the test conditions. The present study also
highlights the importance of performing parametric studies by modifying only one parameter after each other
and to perform a complete thermal and hydrodynamic characterisation for each samples. Because of the
numerous parameters that can be involved when manufacturing or processing a porous wick, and the numerous
parameters than can be chosen to integrate the wick in a real LHP, one can expect a long way before being
able to develop a complete predictive tool enabling to determine the performance of a LHP evaporator directly
from the manufacturing parameters of the porous wick.
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Appendix: Test parameters used for the data mining analysis

s e K I p.eff ew Surface Flatness Flatness | Roughness ) N e.opt
ample 0 14 Fluid 5
[%] [107* ] [um] [mm] treatment type [pm] [um] [KW/(mK)]
Cu-1-b 39.3 11.6 11.3 3.2 WT Convex 100 15 Water 1.17
Cu-2-b 26.7 2.57 23 2.95 WT Convex 250 30 Water 1.30
Cu-2-c 27.1 1.37 11.5 2.8 WT Convex 300 15 Water 1.83
Cu-2-c 27.1 1.37 11.5 2.8 WT Convex 300 15 Water 1.68
Cu-2-c 27.1 1.37 115 2.8 WT Convex 300 15 Pentane 3.20
Cu-2-c 27.1 1.37 115 2.8 WT Concave -200 15 Pentane 3.08
Cu-2-c 27.1 1.37 115 2.8 WT Concave -200 15 Pentane 3.75
Cu-2-c 27.1 1.82 18.5 2.7 S300 Concave -50 5 Pentane 3.45
Cu-2-c 27.1 1.82 18.5 2.7 S300 Concave -50 5 Pentane 2.42
Cu-3-a 40.6 10.1 18.2 5.2 WT - - 10 Water 1.85
Cu-3-a 40.6 10.1 18.2 5.2 WT - - 10 Water 1.70
Cu-3-a 40.6 10.1 18.2 5.2 WT - - 10 Water 1.70
Cu-3-a 40.6 10.1 18.2 5.2 WT - - 10 Water 1.62
Cu-3-a 40.6 10.1 18.2 5.2 WT - - 10 Water 1.85
Cu-3-a 40.6 10.1 18.2 5.2 WT - - 10 Water 2.28
Cu-3-a 40.6 10.1 18.2 5.2 WT - - 10 Water 1.26
Cu-3-a 40.6 10.1 18.2 5.2 WT Concave -200 10 Pentane 1.92
Cu-3-a 40.6 10.1 18.2 5.2 WT Convex 300 10 Pentane 2.06
Cu-4-a 22.6 0.6 5 4.7 WT Convex 160 10 Water 1.06
Cu-4-a 22.6 0.6 5 4.7 WT Convex 160 10 Water 2.40
Cu-4-a 22.6 0.6 5 4.7 WT Convex 160 10 Water 1.52
Cu-4-a 22.6 0.6 5 4.7 WT Convex 160 10 Pentane 5.40
Cu-4-a 22.6 0.6 5 4.7 WT Convex 160 10 Pentane 5.20
Cu-4-a 22.6 0.12 5 4.45 P Flat 50 5 Pentane 1.42
Cu-4-a 22.6 0.12 5 4.45 P Flat 50 5 Pentane 3.01
Cu-5-a 37 10.5 10.2 2 WT Concave -60 5 Water 1.58
Cu-5-a 37 10.5 10.2 2 WT Concave -60 5 Water 1.61
Cu-5-a 37 10.5 10.2 2 WT Concave -60 5 Water 1.70
Cu-5-a 37 10.5 10.2 2 WT Concave -60 5 Pentane 5.25
Cu-5-a 37 10.5 10.2 2 WT Convex 270 5 Pentane 5.03
Cu-5-a 37 10.5 10.2 2 WT Convex 270 5 Pentane 5.03
Cu-5-a 37 10.5 10.2 2 WT Convex 270 5 Pentane 4.77
Cu-5-a 37 0.26 5 1.9 S300 Flat 0 10 Pentane 2.57
Cu-5-a 37 0.26 5 1.9 S300 Flat 0 10 Pentane 2.59
Cu-5-a 37 3.25 30.7 1.9 A Flat 0 10 Pentane 5.84
Cu-5-a 37 3.25 30.7 1.9 A Flat 0 10 Pentane 2.30
Cu-6-c 28.6 0.52 9.2 2.1 WT - 10 Water 1.95
Cu-7-b 37 18.8 52.1 5.6 WT - - Water 0.84
Cu-7-c 41.8 16.9 11.5 6 WT Convex 350 5 Water 1.26
Cu-7-c 41.8 16.9 11.5 6 WT Concave -150 5 Water 1.66
Cu-7-c 41.8 16.9 11.5 6 WT Concave -150 5 Water 1.77
Cu-7-c 41.8 16.9 115 6 WT Convex 350 5 Pentane 7.05
Cu-7-c 41.8 16.9 115 6 WT Concave -150 5 Pentane 6.28
Cu-7-c 41.8 19.5 11.5 5.8 M Flat 0 40 Pentane 2.51
Cu-7-c 41.8 19.5 11.5 5.8 M Flat 0 30 Pentane 2.02
Cu-7-c 41.8 18 11.5 4.45 M Convex 60 20 Pentane 3.32
Cu-7-c 41.8 26.8 115 4.2 S600 Convex 320 15 Pentane 3.81
Cu-7-c 41.8 0.43 7.1 4 P Flat 0 5 Pentane 2.37
Cu-7-c 41.8 0.43 7.1 4 P Flat 0 5 Pentane 1.86
Cu-8-a 22.4 0.56 11.3 5.45 WT Convex 200 5 Pentane 4.38
Cu-8-a 22.4 0.56 11.3 5.45 WT Concave -80 5 Pentane 3.75
Cu-8-a 22.4 0.56 11.3 5.45 WT Concave -80 5 Water 2.00
Cu-8-a 224 0.56 11.3 5.45 WT Convex 200 5 Water 3.00

WT: Without surface treatment; S300/S600: Sanded with a grain density of 300/600 gr/cm?
P: Polished with the Lamplan polisher; M: Machined with the turning machine; A: Immersed in an acidic solution
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Nomenclature

Subscripts
e evaporator
h heat transfer coefficient wW.m2K? off effective
H Height m elec electrical
| electrical current A exp experimental
K permeability m2 gap gap
P pressure Pa hs hydrostatic
Q heat flux w in input
r radius m | liquid
S cross-sectional area, or surface m? loss heat losses by the back face of the evaporator
T temperature K max maximum
U voltage \% NCG non-condensable gases
opt optimum
p pore
sat saturation
sh superheat
Greek Symbols th theoretical
A difference - Y vapour
) density kgm® vt ve}pour tube
w wick
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