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Traditional low-temperature and high-temperature heat pipes dominate existing thermal
control systems, but a significant gap persists in addressing thermal rejection efficiency within
the intermediate-temperature range. Ceramics, with their exceptional chemical and thermal
stability, offer compatibility with a broad range of working fluids, making them uniquely suited
to bridge this gap. This work presents a novel experimental study of additively manufactured
(AM) ceramic heat pipes. Grooved alumina envelopes were fabricated and tested with ethanol
and Dowtherm A. Mass rate-of-rise experiments were conducted to quantify the effects of silicate
glaze coatings on permeability and effective pore radius. Atmospheric heat pipe testing exhibited
stable isothermal behavior under a heat flux of up to 5.65 W across the adiabatic section. These
findings establish a foundation for leveraging AM ceramic technologies to enhance spacecraft
thermal management.
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T K = permeability (m?)
d g = gravity (m/s?)
g h = rise height (m)
) Hf; = heat of vaporization (kJ/mol)
i Le = evaporator length (m)
z leg = effective heat pipe length (m)
g l; = total heat pipe length (m)
5 QO» = boiling limit (W)
& Q. = capillary limit (W)
Qo . .
3 reg = effective pore radius (m)
3§ T = heat pipe inner radius (m)
2 r, = nucleation radius (m)
B Is = vapor core cross-sectional radius (m)
K .
ke t = time (8)
fi’ Ty = vapor saturation temperature (K)
X¢ = wick thickness (m)
Xw = wick width (m)
W = Lambert W function
€ = porosity
n = surface tension (kg/m-s)
e = density (kg/m?)
o) = dynamic viscosity (N/m)
0 = orientation angle of capillary
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II. Introduction

Long-duration crewed spaceflight to Mars, a central objective of NASA’s Artemis program, presents significant
engineering challenges, particularly in developing efficient propulsion and thermal management systems. Nuclear
Electric Propulsion (NEP) has emerged as a promising solution, providing high specific impulse for interplanetary transit
while generating sufficient energy to power propulsion systems, scientific instruments, and life support [[1H3]. These
systems typically operate at high exit temperatures, ranging from 525°C to 1525°C [4], necessitating robust thermal
management solutions. Current designs employ a pumped fluid loop with eutectic liquids, such as sodium-potassium
(NaK), to transfer heat to heat pipes, which then reject waste heat through large radiators [S]]. Heat pipes can be broadly
classified based on operating temperature as low (-70-270°C), intermediate (300-600°C), or high (> 600°C)[6, [7]. The
high exit temperatures of NEP reactors preclude the use of most low-temperature working fluids, making intermediate-
temperature heat pipes a critical area of development. Intermediate-temperature designs can interface with NaK loops
while efficiently rejecting waste heat, addressing a significant gap in current thermal management systems.

Halide-based working fluids have been explored for this temperature range, with some systems operating reliably
for years [[8H10]. Despite their promise, these fluids are limited by low terrestrial heat rejection capabilities and their
reactive nature, which restricts compatibility to specific materials. Examples of halide-based working fluids include
aluminum bromide (AlBr3), aluminum chloride (AICl3), antimony tribromide (SbBr3), iron chloride (FeClsz), and
Dowtherm A (a mixture of diphenyl oxide (C;2HoO) and biphenyl (Cj2Hjp)). Recent advancements have shown
good material compatibility between these fluids and aluminum nitride (AIN) ceramics, offering new opportunities for
improved performance in this critical temperature range [[L1].

Ceramics are uniquely suited for these applications due to their high resistance to reactive chemicals, such as
mineral acids and strong bases [12]], and their exceptional heat tolerance [[13]. Historically, conventionally manufactured
ceramics have been used in high-temperature heat exchanger and heat pipe designs to increase conversion efficiency
[14}[15]. The advent of ceramic additive manufacturing (AM) has enabled more complex designs with intricate internal
structures and tailored thermal properties [[16]. Sixel et al. demonstrated the potential of AM ceramic systems for heat
rejection by fabricating alumina heat exchangers[17, 18] and subsequently investigated the production of a constant
conductance heat pipe via the testing of a sintered heat pipe evaporator([19} 20]. However, the fabrication of heat pipes
entirely from ceramics using purely AM techniques remains underexplored. Recent work by Agrawal et al. has advanced
this field by producing oscillating heat pipes via robocasting, further demonstrating the potential of AM ceramics for
thermal management systems [21]].

The recent advancements in AM have not only expanded the design possibilities for heat pipes but also necessitated
precise characterization of their fluid transport properties to ensure optimal performance. A key method for such
characterization is rate-of-rise testing, which provides critical insights into parameters like permeability (K) and effective
pore radius (ref), wherein a section of the heat pipe wick or grooves are submerged in a working fluid of interest.
Commonly, a rising fluid front is captured optically and the rise rate against gravity used to determine K and reg [22} 23]].
This can be calculated as:

dh 1 K (20cos8
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Where the rate-of-rise is a function of the rise height (h), permeability (K), porosity (¢), surface tension (1), dynamic
viscosity (o), the angle between the gravity vector and the capillary structure (0), the effective pore radius (ref), working
fluid density (p), and gravity (g). Prior work by Sixel et al. examined the fluid transport properties of alumina heat pipes
with sintered wicks using this method [[17, [18].

An alternate approach involves measuring the mass rate-of-rise, where the mass change over time (m-t) is recorded
using a balance as the heat pipe or wick section is inserted into the working fluid of interest [24-26]]. The corresponding
rate of mass change is fitted with a Lambert W function:
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where A and B are functions of €, X;, Xy, I, and K which are the wick porosity, thickness, width, effective pore
radius, and permeability, respectively and o, 11, and p are the dynamic viscosity, surface tension, and density of the
working fluid, g is gravity and C accounts for the secondary wicking effects of the meniscus at the interface of the
groove corners. This method offers several practical advantages over traditional optical measurements. Most notably, it
does not require a clear line of sight to the entire wick structure, enabling the testing of fully enclosed heat pipe sections.
Furthermore, it eliminates the need for post-processing optical data to differentiate between the working fluid front and
the wick material, which is a particularly challenging task when using transparent fluids such as water or ethanol.

The experimental values derived from mass rate-of-rise testing provide critical inputs for estimating performance
limits of the heat pipe. Work by Nemec et al. describes a one-dimensional model to calculate the capillary, boiling,
viscous, sonic, and entrainment limits [27]. Among the most critical, the capillary limit (Qc), dominates the ceramic
heat pipe performance from startup to the middle of its operating temperature range, expressed as:

p1oHyg KAW( 2 pigh
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The capillary limit is a function of the working fluid liquid density and viscosity, heat of vaporization (H ), surface
tension of the liquid working fluid, permeability, wick area (Ay), effective (I.g) and total (1;) heat pipe length, effective
pore radius, gravity, and the angle at which the heat pipe is oriented. At the highest temperatures, the boiling limit
typically dominates, with the boiling limit (Qy) expressed as:
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The boiling limit is a function of the evaporator length (l.), radii of the vapor core (ry), inner heat pipe (rj), and
of nucleation (r,), and finally the vapor saturation temperature (T,). Both limits require accurate measurements of
permeability and effective pore radius, which are obtained from the experimental data. These inputs allow for a detailed
assessment of the heat pipe’s performance across its operating range.

This work leverages AM ceramics to develop constant conductance heat pipes for use in intermediate-temperature
systems, targeting 225-325°C. While AIN ceramic has been identified as an ideal candidate for the envelope material due
to its excellent mechanical and thermal properties [11]], alumina is utilized in this study as a stand-in ceramic material to
determine the optimal groove geometry. This is largely due to the comparative ease of printing and thermally processing
of alumina, and its mechanical similarity to AIN. To evaluate the performance of ceramic heat pipes, mass rate-of-rise
testing is employed to characterize critical fluid transport properties such as permeability and effective pore radius. The
derived permeability and pore radius values are then integrated into heat pipe models to project key operating limits,
such as capillary and boiling limits, which inform future heat pipe designs and optimization.

II1. Methodology

A. Additive manufacturing and material processing

Heat pipes were fabricated using an Admatec Adamaflex 130 digital light processing (DLP) 3D printer, which
allows for the production of high-resolution parts with a minimum feature size of 50 pm and layer heights ranging from
10 to 50 pm. Alumina was chosen as the material for this study due to its higher build rate (5 mm/hr compared to 2
mm/hr for AIN) and less restrictive thermal processing requirements. While alumina has a lower thermal conductivity
than AIN, it exhibits similar dimensional accuracy and wetting behavior, making it a suitable stand-in material for initial
prototyping. Furthermore, AIN is prone to hydrolysis in humid environments, whereas alumina is more stable under
atmospheric conditions, making it more appropriate for bench testing in this work.

Alumina parts were printed with a 30 pm layer height and exposure power of approximately 64 mJ/cm?, scaled
geometrically by a factor of 1.3 to accommodate for shrinkage during sintering. Heat pipes were printed horizontally,
with the width of the heat pipe along that of the print direction. This meant that the heat pipes required support for
printing but greatly reduced print time, approximately 3 hours for this print orientation compared to 17 hours for
printing in the direction of the heat pipe’s length. After printing, the heat pipes had support material removed and were
thoroughly cleaned to ensure fully cleared grooves. Parts were subsequently soaked in 40°C water for 24 hours to
facilitate removal of some of the water soluble resin and then dried for a minimum of 24 hours. Finally, the components
were thermally debound and sintered according to Admatec’s recommended debind and sintering protocols, a full
discussion of which is well described by Lam et al.[28]].
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B. Heat pipe design and glazing

In all tests, a 20-tooth groove design was used, with a wick thickness of approximately 0.8 mm as sintered, and
inner diameter of 7 mm, and overall length of 65 mm and a wick porosity of 51.1%. In order to facilitate printing in
the horizontal direction, internal rings were included to support the groove sections during the print. It is planned to
substitute the rings with a conformal printed screen, thus improving both permeability while acting as a support structure
during printing. Due to the complex nature of such a hybrid design, the groove-only structure was pursued here, as it
serves as a valuable reference point. The groove design utilized in these heat pipes is intended to be easily tailored and
adjustable, such that it can be altered to produce optimal thermal transfer for a specific working fluid, shown in Figure
[ Combined with the AM process, it is possible to rapidly prototype heat pipe designs tailored to specific working
fluids and heat flux. Proof-of-concept designs are manufactured such that they are compatible with conventional 3/8"
Swagelok fittings facilitating charging, degassing, and bench testing without dedicated fixtures for each heat pipe design.

Fig.1 Section view of the CAD model used to print heat pipes in this work.

In order to test both fluid transport performance and hermeticity of the designs, 65 mm-long sintered heat pipes
were glazed with a commercial silicate glaze (Sax True Flow Gloss Glaze). The samples were first coated in a polyvinyl
alcohol-water solution to promote adhesion of the liquid glaze, and dried. After this drying period, the glaze was
applied with a syringe to evenly coat the area of interest (either the exterior or interior of the heat pipe) and then dried
completely for 48 hours before firing to 1250°C (Cone 6) to vitrify the coating. A control unglazed sample was used to
ensure that the additional firing did not impact part geometry and ceramic grain size. After glazing, the coating was
characterized via scanning electron microscopy (Zeiss Ultra SEM) to confirm coating conformality. Hermeticity testing
was conducted with the heat pipes mounted in a Swagelok fitting and vacuum applied until near-zero pressure was
achieved. After a period of twenty-four hours, the glazed heat pipes were retested to ensure vacuum was maintained.

C. Rate-of-rise experimentation

Mass rate-of-rise testing employed the m-t method, in which the heat pipe is suspended on a linear stage above
Dowtherm A and gradually lowered until the heat pipe’s wick or grooves just make contact with the fluid meniscus. The
fluid is placed on a balance (Torbal Scales AGZN 220, linearity +/- 0.0002 g, repeatability +/- 0.0001 g), with the mass
logged every 0.25 seconds. Compensation for the mass of the meniscus in contact with the heat pipe was measured and
corrected before data processing. This data is then fit to using the nonlinear, least-squares Isgcurvefit fitting function in
Matlab to derive permeability and effective pore radius as outlined by Elkholy et al. [23] and in Equation 2] The
fitted coefficients in Equations [3]and [ are used to derive the permeability and effective pore radius with the known
working fluid and heat pipe properties.

D. Heat pipe test setup

An externally glazed alumina heat pipe was tested with ethanol as the working fluid under atmospheric conditions,
subjected to a constant heat flux of up to 5.65 W. Ethanol was selected for its widespread use in heat pipe testing
and excellent wetting of the alumina envelope material. The heat pipe was mounted to a Swagelok fitting and gate
valve, wherein the sample was filled with 375 L. of ethanol, evacuated of air, and mounted with the evaporator raised
approximately one degree above horizontal to prevent thermosiphon effects. A 16-gauge nichrome wire was wrapped
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around the evaporator and bonded to the envelope with boron nitride thermal paste (Slice Engineering) and subsequently
insulated with alumina wool. This wire was heated with a constant current power supply with the current ramped from 3
to 5 A for initial warm-up and maintained at 5 A and 1.13 V during testing. The condenser section was actively cooled
with a fitting brazed to a chilled water loop and insulated with conformal polydimethylsiloxane (Sylgard 184). The
fluid loop was maintained at a setpoint of 18 °C and the input and output temperature of the water measured for the
duration of the experiment. In order to determine isothermal operation, the adiabatic sections was fitted with three type
K thermocouples at 10 mm intervals from the condenser, and the heat rejection measured by the aforementioned chilled
fluid loop, shown in Figure@ Additionally, an infrared thermal camera (FLIR One) was used to monitor operation and
highlight temperature gradients along the heat pipe’s length.

i g

K -

Fig. 2 Schematic of the heat pipe thermal testing apparatus. A) Gate valve for filling. B) Pumped fluid loop on
heat pipe condenser. C) Heat pipe mounted in fittings. D) Thermocouples, spaced 10 mm from the condenser. E)
Nichrome heater.

IV. Results

A. Heat pipe manufacturing and glazing

All tested heat pipes exhibited slight warping along the print direction after sintering. However, this did not affect
the repeatability or reliability of the mass rate-of-rise testing, which was consistent across all printed samples. The parts
experienced a shrinkage of approximately 30%, consistent with expectations for alumina sintering using the selected
printing system, and this was accounted for by applying a scaling factor of 1.3 during the printing process.

Fig.3 A) As-printed heat pipes in the debinding furnace and B) A cut section of a sintered heat pipe illustrating
the groove profile C) SEM of the Sax glaze on an aluminum nitride sheet, illustrative of glaze conformality.
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Visual inspection and Scanning Electron Microscopy (SEM) analysis of the glaze confirmed that the coating was
highly conformal and largely defect-free, with no evidence of crazing, as shown in Figure[3] Additionally, no crystalline
structures were observed on the surface, indicating that the silicate glaze had fully encapsulated the underlying ceramic
in the sampled regions. Vacuum testing further validated the quality of the glazing process, with negligible pressure
drop observed over a 24-hour period. This confirmed the hermeticity of the glazed heat pipes, with any vacuum loss
attributed primarily to the seal quality of the Swagelok fittings rather than the heat pipe itself.

B. Rate-of-rise results

Figure []illustrates the steady state rise height with deionized water and a water soluble dye in partial heat pipe
sections. Tested only for illustrative purposes, these sections demonstrate visually the considerably secondary wicking
effects which are seen in the externally glazed samples but not present in the internally glazed samples. The internally
glazed sample was tested again in the horizontal position which confirmed that pores were not blocked in the region
between the support rings and the grooves.

Fig. 4 Steady-state wicking of water in alumina heat pipes, internally glazed (left) and unglazed (right).

Total wick uptake of Dowtherm A was between 0.04 and 0.06 g in all experiments, after correcting for the meniscus
mass. Figure[5]illustrates the mass rate-of-rise with Dowtherm A, comparing unglazed, externally glazed and internally
glazed samples. The resulting fitted parameters in Equation 2} and consequent permeability and effective pore radius are
presented in Table[T]

The sample rate of the balance introduced limitations in capturing data at the start of the experiment, where the fluid
rise rate is highest, leading to under-fitting in this initial phase. Modifications to the experimental setup are planned,
increasing sample rate by approximately 25 times the current rate. Notable in all mass rate-of-rise experiments was a
small, but distinct jump in mass approximately 3.25 seconds into the experimental run, compared to the steady rise
before and after, illustrated in Figure[5] This is likely attributed to the working fluid encountering the changes in the
internal heat pipe geometry, as the initial support ring is approximately 1 mm from the end of the heat pipe follow by a
second support ring 4 mm beyond that, and a corresponding increase in the wick depth.

Permeability varied significantly among the samples, with the unglazed sample exhibiting substantially higher
permeability compared to both the externally and internally glazed variants. This trend suggests that permeability is
greatest in samples with unglazed internal structures (i.e., as-sintered alumina). This observation may be attributed to
secondary effects, such as liquid absorption into the ceramic material, which is more pronounced in unglazed samples
with larger effective surface areas in contact with the working fluid. The effective pore radius was similar for the
unglazed and internally glazed samples, while the externally glazed sample consistently exhibited a larger value. The
cause of this discrepancy is not immediately evident and highlights the need for further investigation. Additional analysis,
including destructive testing of the internal pore structure, could provide valuable insights into these observations and
inform future design improvements.
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Fig. 5 Mass rate-of-rise results with Dowtherm A comparing three surface coatings (left) and highlighted region
of the first 5 seconds of mass uptake (right). A subtle shift in rate-of-rise occurs at approximately 3.25 s into
testing.

Table 1 Mass rate-of-rise fitting coefficients and derived permeability and effective pore radius for alumina

heat pipes with Dowtherm A.

Surface A (kg?/s) | B (kg/s) | C(kg/s’) | K@m?) | reg (m)

Unglazed 3.16E-08 | 5.35E-04 | 8.03E-06 10.1E-9 | 1.42E-03
External Glaze | 1.69E-08 | 3.89E-04 | -5.21E-06 | 7.39E-9 | 1.93E-03
Internal Glaze | 8.14E-08 | 1.46E-04 | 0.688E-06 | 2.77E-9 | 1.50E-03

C. Heat pipe testing results

The permeability and effective pore radius derived from the rate-of-rise tests were used to compute the expected
capillary and boiling limits, and thus set bounds for the maximum operating temperature in atmospheric thermal testing
of an ethanol heat pipe. Figure [f]illustrates that the capillary limit is dominant until approximately 137 °C at a power
of 13.4 W. Therefore, testing was conducted such that the maximum heat flux was fully within the bounds of these
calculated limits. Externally glazed heat pipe was selected, owing to the higher permeability compared to the internally
glazed sample. The unglazed sample was not considered due to its lack of hermeticity. Various charge loads were trialed
ranging from 250-1000 pL, and in testing a 375 L volume of ethanol performed consistently at heat fluxes up to 5.65
W. In testing, a notable failure occurred approximately 53 minutes into operation, 8 minutes after ramping to 5.65 W.
Temperature at the evaporator spiked sharply from the 68.12 +0.26 °C steady state temperature, rising to above 95 °C
before the experiment was shut down. During this time, the temperature gradient between the three thermocouples
jumped from an average of 0.1°C/mm to 0.6°C/mm and increasing at shutdown. Just before this jump, thermal imaging
agrees with the logged thermocouple data, with a minor temperature gradient across the entire adiabatic section, shown
in Figure[7] After shutdown, it was confirmed that the heat pipe maintained vacuum and was therefore unlikely to be a
root cause of the failure. It is believed that the length of steel fittings beyond the condenser section is a contributor
to this failure, as vapor may condense in the fittings and cannot transported via the wick back to the evaporator. A
modification to the mount has been designed to remedy this failure mode. Table [2|highlights the average operating

Table 2 Externally Glazed Heat Pipe Steady State Operating Temperatures

Power In | Condenser out 10 mm 20 mm 30 mm Evaporator | Thermal Gradient
(W) (°C) (°C) (°C) (°C) (°C) (°C/mm)
3.68 17.53 +0.86 26.55 £0.36 | 27.06 £0.33 | 28.17 £0.22 | 53.49 +0.22 0.08
5.65 18.32 +0.14 28.34 +£0.34 | 28.90 +£0.40 | 30.53 +£0.33 | 68.12 +0.26 0.11
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Fig. 6 Calculated capillary (Q.) and boiling (Q;) limits for the externally glazed alumina heat pipe using data
derived from mass rate-of-rise testing. The effective operating regime is highlighted in blue. The two tested
thermal conditions are indicated on the plot.

temperatures in the 3.68 and 5.65 W operating regimes, with the deviation for the duration of steady state operation.

V. Summary and conclusions

Grooved ceramic alumina heat pipes were fabricated using digital light processing (DLP) additive manufacturing,
thermally processed, and tested for their fluid transport and thermal performance. Silicate glaze coatings were applied to
evaluate their impact on permeability and fluid transport properties. Results showed that internal glaze coatings reduced
permeability compared to external coatings, likely due to surface modifications that hinder fluid absorption. Thermal
testing demonstrated stable operation of an externally glazed alumina heat pipe charged with 375 pL of ethanol under
heat fluxes up to 5.65 W. A minimal temperature gradient across the adiabatic section confirmed effective heat pipe
operation. Future efforts will focus on transitioning to high-conductivity ceramics, optimizing hybrid groove designs to
enhance fluid transport, and integrating these heat pipes into advanced thermal management systems. Testing with
a wider range of working fluids is planned, notably with halides which typically require careful pairing with metal
envelope materials. These developments position ceramic heat pipes as a transformative technology for spacecraft and
terrestrial applications, bridging the gap between low- and high-temperature regimes and unlocking new possibilities in
efficient thermal control.
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