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Abstract. Ceramic capillary evaporators have been proposed as an alternative to integrate two-phase passive thermal
control systems. In the present work, the freeze casting method is considered for porous structures manufacturing and
subsequent integration in a capillary pumped loop (CPL). Different sets of alumina samples were manufactured and
characterized to obtain porosity, capillary pressure, critical diameter and permeability. Deionized water was used as
the working fluid for the CPL thermal performance experiment.  Throughout sample characterization the following
results were found: porosity from 69 to 84 %, permeability from 1x10 -12 to 6 x10-12 m², critical diameter from 11 to 40
µm and capillary pumping pressure from 7 to 26 kPa. The thermal performance of three samples was evaluated on a
CPL,  which  was  able  to  operate  stably  with  application  of  powers  in  the  evaporator  up  to  44  W  (7  W/cm²),
corresponding  to  a  total  thermal  resistance  of  about  3  K/W  (16  cm²·K/W).  Although  further  investigations  are
necessary,  the freeze  casting method proved to be successful  and valid for the manufacture of  ceramic  capillary
evaporators.
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1. INTRODUCTION 

The thermal control of electronic equipment has been widely studied to ensure their operation and performance.
Passive  two-phase  devices  such  as  heat  pipes,  capillary  pumped  loops  (CPL)  and  loop  heat  pipes  (LHP)  have
successfully  been  used  as  a  cooling system for  electronic  equipment,  especially  in  microgravity  environments.  In
general, the performance of the cooling system is controlled mainly by the capillary structure’s features. In this work,
the use of a CPL was considered to evaluate the performance of the proposed porous structure. It should be noted such
porous structure could also be adapted to integrate other two-phase cooling systems.

The CPL consists of a capillary evaporator, a condenser, a reservoir, a liquid line and a vapor line, as shown in Fig.
1.  The CPL cooling device operation is  based on the evaporation of a working fluid (water, ammonia, acetone, etc.)
from a heat source, which is supplied to the evaporator (for example from an electrical equipment) and the vapor flows
to a condenser through the line, and then, heat is removed from the condenser and the fluid returns to the liquid state.
Finally, the liquid flows to the evaporator by capillary action to complete the loop. The reservoir is used to stabilize the
system, controlling the operating temperature.

 In general, a large number of material types have been considered for manufacturing the capillary structure, among
which are  highlighted nickel  and stainless  steel  (Reimbrecht  et  al.,  2003),  cooper  (Maydanik,  2005),  polyethylene
(Camargo, 2004; Cerza et al., 2001)  and ceramic material based on alumina (Baumgratz et al., 2017; Berti et al., 2011;
Camargo, 2004; Deschamps et al., 2015; Santos et al., 2012). 
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Figure 1. Capillary pumped loop representation. 

In recent years, some alternatives have been proposed to replace conventional capillary evaporators. Maydanik et
al. (2014) report that with a biporous capillary structure makes it possible to increase the thickness of the evaporating
layer and to reduce the pressure losses. As a result a considerable decrease in the evaporator thermal resistance can be
achieved. Semenic and Catton (2009) show the better performance of biporous wicks compared to monoporous wicks.
Guo et al. (2020a) report that in a biporous wick the small pores can provide large capillary pressure, while the large
pores  reduce  flow  resistance,  therefore,  from  the  perspective  of  flow,  two  different  sizes  pores  can  solve  the
contradiction of capillary force and flow resistance.

Recently, Guo et al. (2020b) manufactured a LHP with a superhydrophilic porous wick, which was made by copper
powder sintering and surface modification through hydrogen peroxide (H2O2) oxidation. The heat transfer performance
was significantly enhanced in comparison with a conventional porous wick. The authors highlight three aspects:  large
capillary force,   multi-scale structures in the nanometer to millimeter range, and more nucleation sites and a large
surface area for phase change heat transfer.

Putra et al. (2014) proposed the use of biomaterial as a wick. They tested four types of corals and compared with
some cooper sintered power wicks in a LHP device. The results showed that the thermal resistance was reduced by
approximately  56  %  with  the  use  of  the  biomaterial  tabulate  wick  instead  of  sintered  copper  power  wick.  In  a
subsequent search, Putra and Septiadi (2017) integrated a coral biomaterial (tabulate) wick in a heat pipe. The results
showed better  performance when compared to a sintered copper powder wick heat  pipe.  Recently,  Solomon et  al.
(2020) assessed a natural bio-carbon based wick structure on the performance of a compact LHP. The carbon material
for the wick structure was prepared by carbonizing the Karuvelam wood. The results presented similar performances
compared  with conventional  wicked  compact  LHPs, but  with the advantages  such as  lightweight,  high capillarity,
availability, and environmentally safe nature.

Another  alternative was proposed by Kumar and Arakeri  (2020):  a porous media consisting of closely packed
capillaries. Capillary tubes are kept in contact allowing a bulk meniscus to occur between the external surfaces. The
internal volume of each capillary tube operates as a fluid reservoir, which feeds the bulk meniscus. The technology was
not implemented in thermal control systems and further studies are needed to prove the applicability of the proposed
system.

Hu et al. (2020) adopted a 3D printing technology to design and manufacture the capillary wicks of LHPs using 316
stainless steel powder. The authors claim that through this technique it was possible to control the structural parameters
so  that  the  optimum  wick  with  high  porosity,  suitable  pore  radius,  high  permeability  and  low  effective  thermal
conductivity could be realized. However, the manufacturing process appears to be expensive and time-consuming.

Initial studies presented by Baumgratz et al.  (2017) suggest that the freeze casting method can provide ceramic
structures with suitable features for use in capillary evaporators. 

The freeze casting process involves the controlled freezing of a liquid with suspended ceramic particles (i.e.: a
ceramic slurry), in such a manner as to form vertically ordered ice crystal lamellae. As the freezing front advances the
suspended ceramic particles are trapped outside the newly-formed ice crystals. The frozen structure is then lyophilized,
sublimating  the  ice  lamellae  and  creating  a  vertically  ordered  porous  structure,  which  -  once  properly  sintered  -
constitutes the ceramic capillary evaporator. A schematic overview of the process is illustrated in Fig. 2. This work aims
at  showing  the  technical  feasibility  of  using  freeze  casting  for  the  production  of  ceramic  structures  capable  of
integrating heat transfer systems consisting of capillary evaporators.
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Liquid line

Vapor line
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Figure 2. Phase diagram illustrating the phase changes of the liquid vehicle (water here) during the freeze-casting
process (Wegst et al., 2010). 

2. METHODOLOGY

2.1 Manufacturing and characterization of samples

In order to prepare the samples ceramic slurries were prepared by gradually combining distilled water,  alumina
powder and dispersant in a magnetic stirrer. Then, this mixture was inserted into an ultrasonic probe (Sonics VC750) at
amplitude of 30% for 2 min, in order to promote the total deaggregation of the powder particles. The casings were
prepared with different mass fraction proportions of alumina (wt%), as shown in Tab. 1.

For the manufacture of the samples through freeze-casting method, the mixture of ceramics and water was poured in
a polyester mold (polyethylene terephthalate -PET) and attached to a cold finger, which promotes sample freezing, as
depicted in Fig. 3. In the cold finger, one end of the copper rod is inserted in liquid nitrogen, while the base of the
aforementioned PET mold is attached to the other. This setup freezes the slurry starting from the bottom towards the top
of the mold, and that  causes the ice crystals to form oriented in the freezing direction. The samples manufactured
through the process were designed for a final size of about 30 mm in diameter and variable height between 15 and 22
mm.

Figure 3. A schematic of freeze casting method (Touri et al., 2013). 

After completely frozen, samples were placed in a freezer with a temperature about 193 K during 12 hours and then
freeze  dried  for  48  hours.  After  lyophilization,  the  samples  were  sintered.  Sintering  was  performed  in  a  high
temperature oven (EDG1800-S 10P). Heating rate and sintering times were varied as shown in Tab. 1.
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Table 1. Sintering conditions.

Groups
Heating rate

[°C/min]
Sintering time

 [h]
A (50 wt%) 10 4
B (50 wt%) 10 8
C (50 wt%) 5 4
D (60 wt%) 10 4
E (65 wt%) 10 4

Sintered  ceramic  samples  were  characterized  taking  into  account  the porosity  (ε),  critical  diameter  (dc)  and
permeability (K), as proposed in the following:

ε=
V p

V t
(1)

ε=(mi−msρ h2o )(mi−msρ h2o
+
ms

ρal 2o3)
−1

(2)

dc=
4σ cosθ
Δ Pcap

(3)

K=
μ V̇ L
Δ P A

(4)

In Eq. (1), Vt is the total sample volume, Vp is the total pore volume. The porosity (ε) was estimated from Eq. (2),
where mi is the mass of the sample immersed in water, ms is the mass of the dry sample, ρh2o is the density of water and
ρal2o3 is the density of alumina.

The critical diameter (dc) was estimated from Eq. (3), where σ is the surface tension of water, θ the contact angle of
water with solid and dPcap the capillary pressure, which is the difference between the gauge pressure applied on the gas
line and the pressure of the water column above the sample. In this paper the contact angle was considered equal to 0°.

Equation (4) represents the permeability from the Darcy's law, where  µ is the fluid viscosity,  V̇  the volumetric
flow, L the thickness of the sample, ΔP the pressure drop measured along the sample, and A the cross-sectional area of
the sample.

2.2 Thermal performance

A CPL setup available at LabCET was used to assess thermal performances of selected samples from measurements
of power inputs and operating temperatures, using deionized water as working fluid.

The experimental apparatus include thermocouples (Omega) T-type and a computer connected to a data acquisition
system (Agilent  34970A)  for  temperature  reading.  The  thermocouples  were  fixed  along  the  capillary  evaporator,
condenser, reservoir and the liquid and vapor lines, as shown in Fig. 1. A power source (Agilent N6700B) and electric
heaters were used to supply heat loads on the upper surface of the evaporator and also in the reservoir. The condenser
was cooled by water  using a cryostat bath (Microquímica MQBMP-01) as heat sink. The power input was applied at
steps from 5 to 44 watts.

The total thermal resistance, R (K/W), is estimated using the equation

R=
T evap−T cool

Q
(5)

where  Q (W)  is the thermal load,  Tevap (°C) is the  outer surface temperature  on the evaporator, and  Tcool (°C)  is the
temperature of the cooling water measured at the condenser inlet 

The heat flux applied (W/cm²) on the evaporator surface is
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Q ''= Q
Aheat

(6)

where Aheat is the heated area. So, it is obtained the thermal resistance (cm²·K/W) that takes into account the heated area,

R ''=
T evap−T cool

Q ''
(7)

The expanded measurement uncertainties were estimated with 95 % confidence interval following recommendations
from the Guide to the Expression of Uncertainty in Measurement  (ABNT and INMETRO, 2003). The power input
uncertainty remained below 0.6 W, while the temperature uncertainty remained below 0.7 °C.

3. RESULTS AND DISCUSSION

3.1 Ceramic characterization 

Table 2  shows results concerning sample characterization, which are consistent with results in current technical
literature (Berti, 2008; Berti et al., 2008; Choi et al., 2014; Deschamps et al., 2015; Semenic and Catton, 2009; Xu et al.,
2013).

Table 2. Characterization results.

Sample groups ε [%] K [10-12m²] dc [µm] ΔPcap [kPa]
A (50 wt%) 83.7 5.5 ± 1.2 16,4 16.9 ± 2.5
B (50 wt%) 74.3 4.1 ± 1.2 39.7 7.4 ± 2.5
C (50 wt%) 68.9 1.1 ± 1.2 35.6 8.3 ± 2.5
D (60 wt%) 78.5 5.7 ± 1.2 13.7 21.8 ± 2.5
E (65 wt%) 77.0 3.9 ± 1.2 10.9 26.4 ± 2.5

Figure 4 shows the microstructure of a sintered porous Al2O3 ceramic prepared from a suspension with 65 %wt.
solid loading from scanning electron microscopy (SEM, Hitachi TM3030). As expected, the porous structure is similar
to the solvent structure (water  in this case),  presenting a lamellar porous structure due to the anisotropic interface
kinetics of ice (Deville et al., 2007).

(a) 100x (b) 200x (c) 500x

(d) 1000x (e) 2000x (f) 5000x

Figure 4. SEM transverse cross-section: micro-morphologies of the porous ceramic.
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3.2 CPL performance

In this work three samples from group A were selected and assembled in the CPL setup for thermal performance
analysis. Figure 5 shows the behavior of the system as the thermal load was increased. The heat sink temperature was
set at 15 °C and the room temperature was measured around 23 °C. Despite the evaporator surface temperature reaching
inadequate values for some applications, the CPL behaved satisfactorily, remaining stable at thermal load levels from 5
to 35 W. It should be noted there were no observed temperature peaks that usually occur at startup, which are related to
the boiling process in the evaporator and displacement of liquid from the vapor channels to the condenser.

Figure 5. Temperatures of the CPL for heat loads increasing.

As mentioned before, the thermal performance of the system was assessed by the total thermal resistance. Thermal
performance tests were carried out with three samples from group A, as shown in Fig. 6. It is observed the same order
of magnitude for each thermal load. In addition, there is a trend for thermal resistance decrease to a minimum level of
around 3 K /W (16 cm²·K/W) as the applied thermal load increases. It should be noted that the uncertainties associated
with the applied power remained below 0.6 W, and in order to avoid graphic pollution, the error bars of the X-axis were
omitted from Fig. 6a.
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Figure 6. (a) Total thermal resistance vs. total applied power and (b) total thermal resistance per square centimeter vs.
heat flux
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Some works related to thermal analysis of CPLs were used in an expanded comparison with the present work,  as
shown in Figs. 7 and 8. The working pairs (capillary structure/working fluid) used in each research were: Odagiri et al.
(2020) - stainless steel/acetone; Santos et al. (2012) - ceramic/water; Joung et al. (2010) - stainless steel/water; Lin and
Lin  (2009) - high density polyethylene/HCFC 141b; Tsujimori et al. t(2008) - teflon/HFC134a;  Camargo  (2004) -
ceramic/water.

Figure 7 presents a comparison of thermal resistances as a function of applied powers. In this case, the results are
not very attractive. However, when the heated area is taken into account, a significant improvement can be appreciated,
as shown in Fig. 8. On the other hand, by limiting the comparison with the same working pairs  of the present work
(ceramic/water), it is evident that the new capillary evaporator has superior performance. 

Figure 7. Comparison with the technical literature: thermal resistance vs. applied power.
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Figure 8. Comparison with the technical literature: thermal resistance per square centimeter vs. heat flux.

The  results  presented  here  are  still  preliminary.  Further  investigations  are  necessary,  such  as  manufacturing
parameters of the capillary structure, characterization procedures, working fluid inventory and other working fluids.

4.  CONCLUSIONS

This work proposes a new method of manufacturing capillary evaporators. Alumina structures were manufacturing
from the freeze casting method, characterized and integrated in a CPL to demonstrate the thermal performance obtained
from this technology.

From the  characterization  procedures,  the  results  were  consistent  with  the current  technical  literature,  proving
suitable to be integrated in two-phase thermal control systems such as CPLs.
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In thermal performance tests, CPL was able to operate stably with powers up to 44 W (7 W/cm²), corresponding to a
total thermal resistance of about 3 K/W (16 cm²·K/W), showing promise when compared with similar thermal control
systems.

Although further investigations are necessary, the freeze casting method proved to be successful and valid for the
manufacture of ceramic capillary evaporators.
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