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Abstract. An alternative method for the production of ceramic wicks for a capillary pumped loop (CPL) is presented.
The freeze casting method is considered to provide a desired distribution of the size porous along the wick structure in
order to maximize the capillary pressure required for CPL systems. The characterization of the structure is also
presented, including porosity, critical diameter, capillary pressure and permeability. Two different slurries were
prepared varying the water/solid ratio, wherein group A corresponds to 50 wt% alumina and 50 wt% water and group
B, 65 wt% alumina and 35 wt% water. For both, groups A and B, an average porosity of about 57.1 and 64.7 %,
critical diameters of 10.91 and 21.81 pm, a permeability of 5.45 x 10*® and 1.95 x 10® m2 and capillary pumping
pressure of 26.4 and 13.2 kPa were found, respectively. The measured characteristics meet the reference
characteristics found in technical literature as well in successfully tested evaporators.
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1. INTRODUCTION

The continuous development of electronic technologies brings with a crucial problem relate to thermal management
of this components. In general, heat pipes have been used as heat transfer devices, but a serious constraint on
conventional heat pipes is the reduction of transport capabilities when the condenser section is located very far or even
below the evaporator section, especially in case of ground application. Therefore, it is logical to develop heat transfer
devices capable of operating effectively at any orientation in a gravitational field over long distances. Capillary pumped
loops (CPL) and loop heat pipes (LHP) are promise devices to solve such problems. A CPL is a reliable and versatile
two phase heat transfer systems for applications requiring large heat loads over long distances (see Faghri, 1995). As
shown in Figure 1, it operates in the following way: the heat applied onto the evaporator causes the evaporation of a
selected working fluid (ammonia, acetone, water etc), so that the vapor flows to the condenser section through the vapor
transport lines. At this point heat is removed and the vapor is condensed back to the liquid phase. Here, in order to
eliminate any remaining vapor bubbles, the condenser section is designed to further reduce the temperature of the liquid
below the saturation temperature. Finally, the liquid flows back to the evaporator by capillary action to complete the
loop. A reservoir is used for startups and to stabilize the system, controlling the operating temperature. The wick
structure is located in the evaporator section.

The CPL makes use of capillary forces provided by porous wick materials, to pump the working fluid through the
system. However, also the wick structures are responsible for the pressure drop along the capillary evaporator. The
small the pore sizes the higher the capillary pumping pressure but also the higher the fluid pressure drop through the
evaporator.

Most CPLs use polyethylene or metallic porous wicks in the evaporator (Chen and Lin, 2001; Reimbrecht et al.,
1999). Only few CPLs use ceramic porous wick. First works have been developed considering mulita and alumina as
raw material (Berti et al., 2011; Reimbrecht et al., 2001).

The main objective of this work is to show a new fabrication method of ceramic wicks evaporator, with the required
properties, as pore sizes, porosity and permeability. The proposed method is the freeze casting.
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According to Lu, Qu, Zhou (1998) and Sofie, Dogan (2001) apud S. Deville (Deville, 2008), freeze casting has
been first developed as a near net shape forming technique, yielding dense ceramics parts with fine replicate of the mold
details. Any ice crystal being converted into porosity later in the process, introducing large size defects largely
unwelcome in ceramic applications, a great deal of efforts has been put in controlling or avoiding the formation of ice
crystals. Only later on, it was realized that the formation and growth of ice crystals could be a substantial benefit if
properly controlled, yielding porous ceramics with a very specific porosity (Deschamps, 2016; Zhang et al., 2010).

HEAT
I i I P Condenser

Evapofator
(Capillary pump)

Figure 1. Schematic view of a CPL

2. EXPERIMENTAL PROCEDURE

The freeze casting method gives, for a fixed composition, different pore sizes that are controlled by the freezing rate.
During the freezing process, the particles are expelled from the moving solidification front, and pile up between the
vehicle crystals until the process completed. Subsequently, sublimation of the vehicle is done to eliminate the drying
stresses, avoiding shrinkage, cracks and warping of the green parts that generally existing in the normal drying. Finally,
the porous materials with a lamellar or/and columnar continuous microstructure are obtained by sintering (Wegst et al.,
2010; Zhang et al., 2010). A schematic overview of the process, using the water phase diagram, is illustrated in Figure
2.
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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).

The critical point in the CPL operation is the maximum capillary force that must overcome all the pressure drops
experienced by the fluid, as seen on Eq. (1). The condition under the CPL operates is that the total system pressure drop
does not exceed the maximum capillary pumping pressure that the porous wick can provide. Due to the vapor
penetration through the porous wick, the operating temperature of the system has a sudden increase when the capillary
limit is exceeded. Thus, the capillary pumping system operation requires that the sum of the pressure drops in the
components and in the transport lines must be smaller than the maximum capillary pressure head developed by the
wick, i.e.,

Ap > Ap +Ap,+Ap,+Ap, Q)

cap, max —
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where, Apcapmax i the maximum capillary pressure due to capillary force, Ap, is the pressure drop due to vapor
flowing through the vapor line, Ap, is the pressure drop due the liquid flowing through the evaporator section, Ap; is
the pressure drop due to liquid flowing through liquid line and Ap, is the pressure drop through the condenser head line.

The maximum capillary pressure, seen in Eqg. (1), can be determined according to Young-Laplace equation, Eq. (2),
where o is the working fluid superficial tension, 8 is the water contact angle and dess is the critical effective diameter of
the porous element.

_4-c-cosb

ApCth, max dEff (2)

In that way, the graduate porous sizes formed with the freeze casting method is exactly what the evaporator needs to
provide a capillary pumping effect. For a typical fluid, Eq. (2) gives the maximum capillary pumping pressure related to
the smaller pore sizes of the wick structure. In this work, the raw material used in the ceramic wick manufacturing is
Alumina (Al>O3) powder Almatis CT3000 LS SG. According to the raw material supplier, the information about
particle size and surface area are shown in Tab. 1.

Table 1. Powder information according to the raw material supplier.

Property Typical
Specific surface area (BET) 7.80 m3/g
Particle size/ D50 0.5 um
Particle size/ D90 2 um

Two different slurries were prepared changing the water/solid ratio: (i) samples A with 50 wt.% alumina and 50
wt.% water and (ii) samples B with 65 wt.% alumina and 35 wt.% water. The principal characteristics obtained were the
porosity, capillary pressure, critical diameter and permeability.

The porosity was measured by weighting a set of samples with and without water intrusion and measuring the
alumina powder density by picnometry (Multipichometer QuantaChrome and Marte AL500C weighting scale)
(Deschamps et al., 2015) and making use of Eq. (3),
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where m is the dry weight sample, m,, is the weight of the water impregnated sample, p, is the measured density of
alumina (3.85 g/cm?3) and p,, is the water density (1,00 g/cmd).

The samples porous sizes and the capillary pressure is obtained through a capillary extrusion (Berti, 2008). The
apparatus consists in two chambers divided by the ceramic wick sample that one wishes to characterize. In the chamber
below there is nitrogen, whose pressure can be regulated by means of a needle valve. The gas pressure is measured by a
pressure transductor (Omega PX309-030A5V). In the chamber above the porous element, there is a controlled amount
of water. The upper chamber is transparent, so that it is possible to see when the nitrogen’s pressure is high enough to
push bubbles through the wick. The upper chamber is open, so that the pressure above the water column is always the
atmospheric. The experiment begins opening the nitrogen needle valve gradually, in the lower chamber, and in this way
increasing gradually the pressure below. The experiment ceased when bubbles start coming from the porous element to
the upper chamber.

The capillary pressure and critical diameter are calculated considering Eq. (4) for the pressure drop due the porous
size (AP,,,) and replacing with the Young-Laplace equation, to yield Eg. (5) and Eq. (6), respectively,

APy, - AP, = 0 4
4-0-cosb
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where d, is the critical pore diameter, o is water surface tension (0.07197 N/m), 6 is the water contact angle (here
considered 0°), p is the water density (997 kg/m?), g is the gravitational acceleration (9.81 m/s?) and p, is the gas
pressure.

The permeability was determinate experimentally, using a similar apparatus as described for the capillary pressure.
However, for the permeability one chamber is pressurized using water and the other side is now on atmosphere
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pressure, and then the water mass flow rate is measured with a scale and a stopwatch. The pressure drop is also
measured using this experiment.

Once the dimensions of the wick structure and the fluid properties of the system are kwon, and also the pressure
drop (from permeability experiment) it is now possible to calculate de permeability from Darcy law, Eq. (7),

My Q Ly
- Cow 7
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where Apy,, is the pressure drop, y; is the water viscosity (8.9 10+ Pa.s), Q is the volumetric flow rate, L,, is the sample
length, K is the sample permeability, A4,, is the sample upper and bottom area and p; is the water density (997 kg/ms).

3. RESULTS AND DISCUSSION

For a better understanding of the structure that freeze casting method provides, the microstructure of the sintered
body were observed using a scanning electron microscopy (SEM, HITACHI TM3030). Figure 3a shows a macro-
morphology of sintered porous Al,Os; ceramic prepared from a suspension with 65 %wt. solid loading. No visible
defects such as cracks or distortions were observed. Figures 3b and 3c present cross-sectional SEM micrographs of the
sample, showing aligned straight pore features in a long-range order.
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Figure 3. Macro and micro-morphologies of the porous Al,O3 ceramic prepared from 65 %wt. solid loading.
(a) optical image; (b) SEM transverse cross-section; (¢) SEM tangential cross-section.

Usually, the porous structure is a replica of original solvent structure. In this case, water was used as solvent, so that
the porous ceramic exhibits lamellar porous structure due to the anisotropic interface kinetics of ice (Deville et al.,
2007).

The microstructure can be modified by varying the concentration of the starting slurry. The final porosity of the
material is directly related to the volume of water in the suspension. As can be seen in Tab. 2, samples A with 50 %wt..
and samples B with 65 %wt. solid loading, the porosity increased with decreasing the solid loading.

Table 2. Porosity.

Sample Average porosity (%vol.)
A 57.07
B 54.69

The corresponding capillary pressure for each group is presented Tab. 3 together with the calculated critical pore
diameter.

It is important to remember that the freeze-casting method has, as its main characteristic, the variation of pore size,
where in the lower region (where heat is quickly removed) there are the smallest pore diameters. Those smallest
diameters correspond to the mean critical diameter presented in Tab. 3.

Table 3. Capillary pressure and critical diameter.
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Sample Average capillary pressure (kPa) Average critical diameter (um)
A 26.38£0.41 10.91
B 13.19 £ 0.70 21.81

Table 4 show the permeability results for each group sample, predicted by Darcy law, Eq. (7).

Table 4. Permeability.

Sample Permeability (m?)
A 5.45x 1013
B 1.95x 10"

The found results are consistent, matching with other results found in the 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).

4. CONCLUSION

The wick structure obtained from the freeze casting method is able to meet the required characteristics of capillary
evaporators, such as critical diameter and capillary pumping pressure, as it has been successfully tested in the lab. It is
expected that new wick structures will operate satisfactorily when implemented in any evaporator of CPL, LHP or
others two-phase heat transfer devices. In any case, the results are still preliminary. Further works are planned in order
to get better results, better understanding and effective control of two-phase capillary pumping devices.
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