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ABSTRACT

An experimental investigation was conducted on the hydraulic characteristics of
annular type wick structures for heat pipes. An experimental facility that can measure
porosity, permeability and effective pore radius of the wick structures in a vacuum
condition is established. Nine different multi-layered (6 layers in total) composite screen
meshes are characterized. Based on the measurement results, a wick structure composed
of one layer of 100x100 mesh, three layers of 400x400 mesh, and two layers of 60x60
mesh is determined to have the highest permeability to effective pore radius ratio (K /7 s)
and was selected as a targeted sample. The wick-to-wall gap effect on the hydraulic
characteristics of annular type wick structure is also investigated by measuring the
permeability and effective pore radius of the sample wick structure with varying gap
widths. The result shows that the permeability increases as the gap increases from 0 mm
to 1.2 mm. After a peak at 1.2 mm, the permeability decreases as the gap increases and
converges to the value of the case measured without a wall structure. The effective pore
radius becomes smaller as the gap increases, making a peak at a gap size of 1.2 mm. This
result implies that there is an optimal point in gap size which is determined to be 1.2 mm
for the selected composite mesh structure. To describe and model the advantage of this
gap, the rising of a wetting liquid in the gap between a vertical solid plate and a mesh (with
a small angle between them) was experimentally measured and analyzed. An additional
experiment was performed to investigate the effect of curvature on the capillary rise using

tubes and meshes of varying radii. Resultantly, we confirmed that the linear combination



of the contact angles of the solid plate and mesh could be applied to calculate the rising
height from the Laplace—Young equation. Furthermore, the effect of curvature on the
rising height of the liquid was negligible. We observed that a gap distance of 1.27 mm
provided the largest permeability (K) over the effective pore radius (reff) value for a heat
pipe with ethanol, which in turn resulted in the highest capillary limitation. Finally, an
annular wick-type heat pipe is constructed and tested. The capillary limitation of the heat
pipe showed good agreement with the suggested correlation. Additional research on
measuring temperature distribution and visualizing the inside of the heat pipe is performed
to understand the heat pipe behavior. A fiber optic sensor was used to measure the
temperature distribution of the heat pipe during the transient and steady-state. Compared
to the previously used sensors, thermocouples, for example, the fiber optic sensor provides
more precise and detailed temperature data. A complete clear glass tube heat pipe was
constructed using a transparent glass heater, allowing a fully visualized heat pipe

experiment to observe the phenomena inside the heat pipe.
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NOMENCLATURE

€ Porosity

Teff Effective pore radius

K Permeability

m Mass

p Density

t Time

Q Heat pipe power

o Surface tension

g Free-fall acceleration

u Dynamic viscosity

A Cross-sectional area

H Height

a Angle (between two vertical plates)
X Horizontal distance

ax Gap distance at x position.

) Thickness

hyy Latent heat of the working fluid
Less Effective length of a heat pipe
W Watt

P Pressure
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RZ

Multiplying factor

Percentage of the response variable variation
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1. INTRODUCTION

A heat pipe is a passive heat transfer device having high thermal conductance and
takes advantage of the thermal conduction of the solid enclosure and phase change of the
interior working fluid (Peterson, 1994). The working fluid circulates passively inside the
heat pipe due to the pressure gradient caused by phase change. This circulating working
fluid intensively transfers heat from the evaporator region to the condenser region based
on the principle of convection and phase change. Since their inception by Gaugler
(Gaugler, 1944) and the independent invention by Grover (Grover et al., 1964), numerous
efforts have been made to apply heat pipes to various industries on account of their high
conductance and passive working characteristics. Initially, heat pipes were mostly applied
to the cooling of spacecraft (Shukla, 2015). With the recent rise of the electronics industry,
the application of small-sized heat pipes as cooling components in electronic devices
having high heat-emitting density has been intensively studied (Khrustalev & Faghri,
1994). Furthermore, in the nuclear industry, heat pipes were proposed as a passive cooling
system of nuclear power plants in a station black out (SBO) scenario due to beyond design-

basis accidents (BDBA) (Jeong et al., 2015; Mochizuki et al., 2014). Subsequently, several

* Reprinted with permission from “An experimental investigation on the characteristics of heat pipes with
annular type composite wick structure” by Joseph Seo, Daegeun Kim, Hansol Kim, and Yassin Hassan,
2022, Nuclear Engineering and Design, vol. 390, 111701, copyright 2022 by Elsevier B.V. All rights
reserved.

™ Reprinted with permission from “Design Optimization of Gap Distance for the Capillary Limitation of a
Heat Pipe with Annular-Type Wick Structure” by Joseph Seo, Daegeun Kim, Hansol Kim, and Yassin
Hassan, 2022, Physics of Fluids, vol. 34, 067116, copyright 2022 Author(s). Published under an exclusive
license by AIP Publishing.
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studies were conducted to utilize the heat transfer characteristics of heat pipes more
actively for power generation and storage systems rather than for cooling applications. For
example, a heat pipe system for increasing the efficiency of solar cells has been actively
discussed in the research of renewable energy (Mathioulakis & Belessiotis, 2002). In
addition, several studies are being conducted to apply liquid metal heat pipes as the
primary heat transfer system in micro nuclear reactor (Yan et al., 2020). The utilization of
heat pipes for micro reactors allows for a compact design with a high power density.
Moreover, the nature of heat pipes enables their application in reactors. Consequently,
researchers have proposed and studied heat pipes with varying working fluids and
operating temperatures. The Kilopower and SAIRS micro reactors use heat pipes with
sodium (Na) as the working fluid and their target operating temperature is 1050-1200 K
(El-Genk, 2004; Mohamed S. EI-Genk and Jean-Michel P.Tournier, 2004; Palac et al.,
2016). Heat pipes with sodium and potassium (Na/K) as their working fluid are used for
HOMER15/25 and eVinci having a target temperature range of 880 K-920 K (Levinsky
et al., 2018; Poston, 2000). The heat pipes in MSR-A and HP-STMCs use lithium (Li) as
the working fluid and operate between 1500 and 1800 K (Bushman et al., 2004; EI-Genk,
2004), whereas the MSR-B uses K as the working fluid and operates between 930 and
1500 K (Mcclure et al., 2015). Notably, most of the heat pipes considered for utilization
in micro reactors have an annular-type wick structure.

The classification of heat pipes can be achieved by considering the source of force
used to return the condensed fluid from the condenser region to the evaporator region. For

example, a wickless heat pipe, also called a thermosyphon, uses gravity to transfer liquid

2



to the evaporator. A heat pipe with wick, which is the most common type, uses capillary
force generated by porous media as the source of liquid transport. This type of heat pipe
can be used irrespective of the direction of heat transfer to gravity, which is a huge
advantage in its range of applications. In this study, particularly, an annular wick-type heat
pipe is investigated. Since the primary heat transport medium is liquid, characteristics of
the wick structure dominate the overall performance of the heat pipe. An annular porous
wick structure is demonstrated in Sockeye which is a heat pipe analysis application based
on the Multiphysics Object-Oriented Simulation Environment (MOOSE) finite element
framework (Hansel et al., 2021). The main purpose of Sockeye is to provide a transient
heat pipe simulation tool to be used in the analysis of nuclear microreactor designs.
Therefore, the study of the properties of the annular shape wick used in Sokeye can
provide useful data for future research on nuclear micro reactors. Since the primary heat
transport medium is liquid, characteristics of the wick structure dominate the overall
performance of the heat pipe.

A heat pipe with an annular-type wick structure is characterized by the exitance of
a gap between the wick structure and tube wall. The flow characteristics of a fluid inside
a porous media must be considered to determine the benefits of this type of heat pipe for
the heat transfer in a micro reactor. Based on the fluid dynamics of porous media, the wick
structure can be characterized by several parameters, such as porosity (¢), effective pore
radius (ref), and permeability (K) (Manoj et al., 2013). The porosity of a porous medium
is defined as the volume ratio of voids inside it relative to its total volume. Pore radius, or

pore size, is the average size of voids inside the porous material. It is directly related to
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the capillary pressure, according to the Laplace—Young equation. This value must be
sufficiently small to generate a large capillary pressure difference between the evaporator
and condenser areas. Furthermore, permeability refers to the resistance of the wick
structure against the fluid flowing inside it. This value must be sufficiently large to
generate a low liquid pressure drop across the wick structure (Faghri, 1995) during its
travels in the axial direction. In addition to these hydraulic parameters, the thermal
conductivity, or effective thermal conductivity, is related to the thermal characteristics of
the wick structure. However, the thermal conductivity is not handled in this study as we
focused only on the capillary limitation of the heat pipe.

According to the aforementioned description, wick structures having a small pore
radius and high permeability are recommended for increasing capillary pressure and
reducing the pressure drop of the liquid flow in heat pipes. However, the combination of
a small pore radius and high permeability is difficult to accomplish in the majority of
homogeneous wick designs that have pores of uniform size (Faghri, 1995). In other words,
the two parameters become competing factors to each other in a homogeneous wick. A
homogeneous wick with a small pore radius might have high capillary pressure but it also
has a small permeability which will create high resistance to the liquid flow. There can be
two ways to overcome this problem. First, a heterogeneous wick structure, or composite
wick structure, which consists of distributed pore sizes, can be used. The wick combining
coarse and fine wick has superior performance since heat pipe performance requires high
capillary pressure, and yet still offers low resistance to fluid flow (Mwaba et al., 2006).

The composite wick structures provide high capillary pressure by having small pores while
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employing high permeability from large pores. The simplest composite wick can be
constructed by wrapping multiple layers of screen mesh with different pore sizes, which
is a multi-layered composite mesh screen wick (Faghri, 1995). The other way to overcome
the tradeoff problem of the pore size and the permeability is to introduce an extra flow
path for liquids other than wick structures. A heat pipe with an annular type wick structure,
for example, has a gap space between the tube and the wick structure. Since condensed
fluid can travel through the gap, the heat pipe with an annular wick has a significantly
lower pressure drop when it is compared to the heat pipe with a homogeneous wick
(Pauluis & Lang, 1976). The advantage of introducing the gap can be more clearly
emphasized when the pressure drop values for the gap and porous media are quantitively
compared. Assuming a laminar flow over 1m of the channel, water experiences
approximately 6 times smaller pressure drop when it travels through the 0.7 mm gap
instead of a porous media with 101t m? of permeability from the calculation using Darcy’s
law. In this study, an annular heat pipe with a composite wick and gap has the shape shown

in Figure 1.

Stainless Gap between
steel tube tube & mesh

composite wick

Figure 1. Sample structure of annular heat pipe with composite wick and gap
5



Recently, the implementation of the annular composite wick heat pipe as a
principal heat transmission system of the micro reactor is being carefully examined due to
its merits indicated above. Failure of a heat pipe can result in serious contamination issues,
such as the leakage of working fluid. Also, the user cannot adjust the operating
characteristics of the heat pipe after installation because it is a passive device. As a result,
for the reactor’s safety and durability, the performance of the heat pipe under various
conditions should be investigated. Pauluis and Lang used a theoretical approach to analyze
the pressure drop in the wick structure of annular wick heat pipes using hydrogen,
nitrogen, and oxygen as working fluids (Pauluis & Lang, 1976). The steady-state cyclic
performance of a sodium heat pipe reactor was investigated by Paripatyadar and
Richardson using a daily solar cycle in the 600-900 C range (Paripatyadar & Richardson,
1988). Richardson et al. simulated and tested a sodium heat pipe reactor, obtaining data
such as axial and radial temperature profiles, energy flux transformation, and flux profiles
for each temperature range (Richardson et al., 1988). Rosenfeld et al. reported on the
operating lifetime and reliability of sodium heat pipes with different wall materials
(Rosenfeld, 2004). Gotoh and Hill investigated the stability and reproducibility of sodium
heat pipes (Gotoh & Hill, 1992). Reid et al. measured the heat rejection rate in the
operating temperature range of 13 sodium heat pipes using the SAFE-30 core
configuration (Reid, 2003).

Despite previous efforts made on the characteristics of annular wick type heat pipe,
the number of studies related to the heat pipe design and modeling is still very limited due

to the hardness of experiments. To the author’s best knowledge, there is a huge lack of
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experimental data and models that can support the design of the annular type composite
wick heat pipe. To be specific, important design parameters that might seriously affect the
performance of the heat pipe such as the composition of the wick structure and gap
distance have not yet been studied even though the importance of these parameters
becomes more apparent. The importance of the research increases when the predictions of
the heat transfer performance and the operating limitations are directly related to the safety
of the system. In the application of the heat pipe into a high temperature micro nuclear
reactor, for instance, an experimental investigation of the design parameters and models
is necessary to determine heat pipe performance in continuous operation as well as the
safety margins of the system, which is the primary motivation of this study.

Additionally, it is interesting to observe how the composite wick and gap of the
heat pipe mentioned above change the fluid flow properties inside the pipe, but relevant
researches are insufficient. This fluid flow feature has a substantial effect on the
temperature gradient of the entire heat pipe system and consequently affects the heat
pipe’s conductivity, which is an indicator of the heat pipe's performance. For example,
while numerous investigations have been performed recently on the effect of a heat pipe's
Geyser boiling phenomena on its stable operation, there are relatively limited
observational studies on the internal phenomenon. As a result, observing the temperature
change inside the heat pipe using high-tech temperature measuring sensors such as fiber
optic sensors in the experimental heat pipe is informative. Furthermore, fabricating a
transparent heat pipe and visualizing what is happening in the heat pipe also could provide

highly valuable research data.



In this study, therefore, the characteristics of the annular type composite wick
structure are intensively studied. A total of nine combinations of the multi-layered screen
meshes are constructed and their performances are tested. Also, the effect of the wall on
the performance of the wick structures with different gap sizes is noted. The performance
of wick structures is characterized using K /7. values. And then it was extended by
developing a methodology to find an optimal gap distance for the capillary limitation of
heat pipes that can be used for a wide range of geometry and working fluids. The method
previously introduced requires time evolution of rising height information of liquid in a
gap between mesh structure and the wall surface to obtain K /. s value. In this study, the
time series of the liquid mass at varying gap distances is analytically calculated by
referring to the previous study performed by Higuera et al. (Higuera et al., 2008). A non-
dimensional solution of the capillary rise between two solid plates making a small angle
between them was suggested in the referred study. We try to utilize the solution to analyze
capillary pressure caused by the gap in the annular wick-type heat pipe. To perform the
analysis, the applicability of the solution from Higuera et al. (Higuera et al., 2008) to this
study should be tested, focusing on two differences. First, the gap in the annular wick-type
heat pipe is composed of a solid surface and mesh surface, while the non-dimensional
solution is given for two solid surfaces. Second, the gap in the heat pipe has a curved
surface, while Higuera et al. suggested their solution for flat, straight plates. Therefore, in
this study, the capillary rise in the gap between two different materials will be investigated
using simple experiments based on the study by Bullard and Garboczi (Bullard &
Garboczi, 2009). Furthermore, additional experiments will be conducted to determine the
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effect of curvature on the capillary rise in the annular wick-type heat pipe. After
confirming the applicability of small experiments, the study by Higuera et al.(Higuera et
al., 2008) will be extended to obtain the time evolution of the rising height of any type of
Newtonian fluid by leveraging the advantage of a non-dimensional (or normalized)

solution.

»

Figure 2. Transparent Glass Heater

The results obtained from the wick characterization experiment are expanded to
the heat pipe performance experiment. The capillary limitation of the heat pipe is
determined, and some model that can include an understanding of the wick
characterization is suggested. The work will increase insight into understanding heat pipes
with annular type composite wick structures. Also, the data and model provided in this
study might help to build a heat pipe with optimized performance in a targeted condition.
Furthermore, In the heat pipe performance experiment, an optical fiber sensor is installed
inside/outside the heat pipe to accurately observe the temperature distribution at each
position and the temperature change trend of the heat pipe could be visually observed.

Finally, the heat pipe's performance experiment is converted into a visualization
9



experiment. The stainless steel tube of the heat pipe is replaced with a transparent glass
tube. The evaporator which was wrapped by the heater is changed to a clear glass heater
as shown in Figure 2. The entire heat pipe is made transparent, allowing for visualization
of the heat pipe's interior phenomena. By making the entire heat pipe transparent, the
internal phenomenon such as boiling patterns of working fluid is visually observed.
Information visually observed through high-speed cameras and infrared cameras is
recorded as data and analyzed. The work will increase insight into understanding heat
pipes with annular-type composite wick structures. Also, the data and model provided in
this study might help to build a heat pipe with optimized performance in a targeted

condition.
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2. EXPERIMENTAL METHOD

The experimental component of this study is divided into four components. The
first study examines the characteristics of the composite wick structures with varying wick
compositions. Measurements for porosity were made, followed by an experimental

procedure to determine the permeability and effective pore radius. This ratio, K /7, is an
important indicator for heat pipe performance. The effect on K/r.¢; due to the gap size

between the wick structure and the wall is also investigated. As mentioned in the previous
section, the resistance of the flow for the annular wick type heat pipe appears as a
combination of Darcy flow in the porous media and laminar flow in the annulus. In this
case, K /r.sr of wick and wall assembly can usefully explain the combined resistance and
is used as an indicator of the heat pipe performance in terms of capillary limitation.

In the second study, the hydraulic properties of the gap for the annular wick type
heat pipe have been experimentally investigated. when the distance between two flat plates
is sufficiently narrow, capillary force is generated. Although mesh is a porous medium
rather than a solid surface, it still generates capillary force. Three cases are examined to

determine the capillary force of the gap: two solid plates, a solid to mesh plate, and two

* Reprinted with permission from “An experimental investigation on the characteristics of heat pipes with
annular type composite wick structure” by Joseph Seo, Daegeun Kim, Hansol Kim, and Yassin Hassan,
2022, Nuclear Engineering and Design, vol. 390, 111701, copyright 2022 by Elsevier B.V. All rights
reserved.

™ Reprinted with permission from “Design Optimization of Gap Distance for the Capillary Limitation of a
Heat Pipe with Annular-Type Wick Structure” by Joseph Seo, Daegeun Kim, Hansol Kim, and Yassin
Hassan, 2022, Physics of Fluids, vol. 34, 067116, copyright 2022 Author(s). Published under an exclusive
license by AIP Publishing.
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mesh plates. The method of observing a capillary rise is used in this study to estimate the
contact angle of the mesh screen wick material. While solid materials have known contact
angles, porous media such as mesh wicks have no contact angle data, so they should be
measured by the experimental method. The work will increase insight into understanding
annular wick type heat pipes with a gap.

Results obtained from the wick characterization experiment are then expanded to
a heat pipe performance experiment, which is the third study. A heat pipe is constructed
with the mesh composition determined to have the highest K /7, s value. After operating
this heat pipe at a range of temperatures and power levels, the capillary limitation of the
heat pipe is determined, and a model reflecting the wick characterization is presented. This
work will provide valuable insights into heat pipes with annular type composite wick
structures. The data and model produced by this study will help to design heat pipes with
optimized performance under required conditions. In addition, while experimenting, a
fiber optic sensor is used to determine the overall temperature distribution and internal
temperature change of the heat pipe.

Finally, a transparent heat pipe is constructed for the heat pipe visualization
experiment, and the flow characteristics within the heat pipe are visually observed and
recorded. These studies will shed light on heat pipes with annular composite wick
structures. These research data and models will contribute to the construction of heat pipes
with optimized performance.

2.1. Wick Characterization Experiments

2.1.1. Wick Structure Construction
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In this experiment, 9 wick variations, each with 6 mesh screen layers, were
constructed using three types of mesh: 60 by 60, 100 by 100, and 400 by 400. Detailed
information on the 9 samples is shown in Table 1. Because wick structures are constructed
manually in this study, there will be uncertainties caused by the manufacturing process.
The uncertainties are quantified by replicating the construction of each of the 9 cases 12
times. The porosity of 12 meshes is measured by the method introduced in the next section,
and the deviation of the measurement is determined to quantify the uncertainty. The results
showed that the measured porosities of 12 meshes have a standard deviation of +0.81%
in comparison with the average value.

Table 1. Composition of the multi-layered composite screen wicks

Total Mesh composition
Case # | number 100-mesh 400-mesh 60-mesh
of layers (inside layer) (middle layer) (outside layer)
1 6 0 0
2 0 6 0
3 0 0 6
4 2 2 2
5 6 1 3 2
6 2 3 1
7 2 1 3
8 3 2 1
9 3 3 2

To build the wick sample, each mesh screen was cut to be 25.4 mm by 101.6 mm.
Six mesh screens were stacked on top of each other in the order shown in Table 1. The
edges of the stacked meshes were then spot-welded to create a bond between adjacent
meshes. The constructed mesh structures were thoroughly washed using 70 % isopropyl

alcohol as a final step. Figure 3 shows the configuration of the wick assembly for the wall
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effect experiment. It is composed of a wall with a clamp at the top, the wick, and the shim
structures. Shim structures were inserted between the wall and the wick in the clamped

section of the assembly to create a controlled gap size ranging from 0 mm to 20 mm.

Wall & Clamp

Shim structures .

Frn iev;v ’ Side view
Figure 3. The configuration of the wick assembly for the wall effect experiment.

2.1.2. Porosity Measurement

Porosity is a ratio of the void volume in a porous media over the total volume. In
this study, mass and density data are used to measure the porosities of different wick
structures. Considering the time required for wetting and drying, ethanol is used as a
wetting fluid. A bench-top digital scale with £0.001 g of resolution (or readability) is
prepared to measure the mass of the dry and wet mesh. The void volume of a mesh can be
obtained from the ethanol mass required to fully wet (or saturate) the mesh. As shown in
Figure 4, first, the mass of dried mesh (m,.s5) iS measured using the scale. Then, the
mesh was fully immersed in ethanol for about 10 seconds before being weighed again. By
subtracting the mass of dried mesh from the saturated mesh, the amount of liquid inside

14



the mesh (myiquiq) is determined. The porosity is calculated using the known density of

the ethanol and mesh using Eg. 1

.

1
)

Monesh Mnesh + mliquid

Figure 4. Porosity Measurement Procedure

mmeshpliquid

i 1+
¢ mquuid pmesh Eq 1

Uncertainty is introduced into this procedure by both the scale and liquid loss due
to evaporation, a difficult value to quantify. Thus, the same procedure is repeated 10 times
to obtain the averaged mass data. The result showed a standard deviation of +0.30%.
2.1.3. Permeability and Effective Pore Radius Measurement

To measure permeability and effective pore radius of each wick sample, the
method suggested by Holley and Faghri (Holley & Faghri, 2006) was used. In this method,
a transcendental equation based on mesh geometry, fluid properties, and the height of a
rising liquid at a given time is derived using the pressure balance for the rise of liquid in a
vertical wick. Because the exact location of a liquid front can be difficult to determine in
the case of a non-homogeneous wick structure, the height is substituted with the mass of

the rising liquid. This produces the following equation:
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Here, g is gravitational acceleration, p, is the density of the working fluid, o is the
surface tension of the working fluid, Ay is the cross-sectional area of the wick,
represents the viscosity of the working fluid. When the liquid properties and geometric
parameters are known, the time variable, tHo..ey&Faghri , can be calculated from three
unknown values, permeability (K), effective pore radius (r.s), and mass of the liquid
(meyp) pulled up by the mesh. By introducing a variable for experiment time (teyp), as

shown in Eq. 3, and performing a vertical liquid rising experiment using a sintered mesh
sample, Holley and Faghri obtained several pairs of mass (meyp,) and time (teyp,) data.
Then, to find the solution, a sample space of permeability and effective pore radius was
set, and the result of the mean absolute percent deviation of time values (txp) of the data
set from calculated time (tyoneysraghri) Was plotted in space. The true values for

permeability and effective pore radius were then determined to be where the error between

texp AN tholieygraghri Was smallest.
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The approach introduced above is adopted in this study. Figure 5 shows the
experimental setup for measuring the permeability and effective pore radius of the wick

structures. An acrylic vacuum chamber was prepared and connected to a vacuum pump to
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obtain a vacuum condition inside. A vacuum pump with 1.5x102 torr of maximum
vacuum pressure and 4.72 liters per second (LPS) of max flow rate was used in this study.
The vacuum pressure was monitored by an analog pressure gauge connected between the
vacuum chamber and the pump. A rod of 3.18 mm in diameter was installed through the
top of the chamber using an O-ring compression fitting. The fitting allows the rod to move
up and down while maintaining the vacuum condition in the chamber. The dried wick
structure (or the wall and mesh assembly in the case of the wall effect experiment) was
placed in the chamber held by a clamp at the end of the rod. A bench-top digital scale with
+0.001 g of resolution (or readability) was located at the bottom of the vacuum chamber.
The repeatability (or standard deviation) of the scale was +0.002 g. A petri dish filled with
99.9% pure ethanol was placed on the scale and used to measure the rising speed of the

fluid.

Wick sample

Vacuum camber

Scale

Figure 5. The schematic (left) and picture (right) of the wick characterization
experimental setup

The experiment begins by filling the petri dish with ethanol up to a specified level

and taring the scale. The wick is fixed and the vacuum flange (top cover of the vacuum
17



chamber) is attached to the chamber. The chamber is vacuumed down to -90 kPa of
vacuum pressure using the vacuum pump. Then, the wick is slowly lowed toward the petri
dish. When the wick reaches the fluid and its tip is submerged into ethanol, the wick is
stopped and its height is maintained. The reading of the scale is recorded using a camera
with 30 fps of capturing frequency. After the wick is determined to be saturated by
checking the change of mass, the valve of the chamber is opened to recover the pressure,
and the wick is removed from the chamber.

In Figure 6, the mass retained by the composite mesh case number 8 in Table 1 is
shown as an example. It can be noticed that the rate of mass decreases during the measured
time and becomes saturated after several minutes. From the data, five pairs of time and
mass are selected. In this study, 0.667, 1.67, 3.33, 5.00, and 6.67 s of time and the mass at
those time values are used to calculate the permeability and effective pore radius of the

wicks.

‘ O Experimental Data (Mesh Case # 8)|

—
=S
T
1

20 40 60 80
Time (s)
Figure 6. The example of the mass retained by the composite mesh (Case #8)
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2.2. Capillary Rise and Contact Angle Experiment
2.2.1. Capillary Rise of Liquid in Gap between Two Plates

Surface tension is often explained using the phenomenon of capillary rise in thin
tubes. However, in this case, we used the example of capillary rise between two small
plates creating a thin wedge (Piva, 2009) to demonstrate capillary rise between the solid
surface and the screen mesh. As surface tension supports the weight of the elevated liquid,
we used Eq. 4 to obtain the height of capillary rise of the liquid, H, as follows:

_ 20 cosf
~ pg(ax) Eqg. 4

Where 6 is the contact angle between the liquid surface and the wall, g is the free-
fall acceleration, p is the liquid density, x is the horizontal distance measured from the
point where the two plates meet and ax is the gap distance at x position. Figure 7 shows

the schematic sketch.

Figure 7. Schematic sketch of capillary rise between the plates with a small gap.
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However, Eq. 4 does not accurately describe the capillary rise between solid and
screen mesh surfaces due to the different contact angles on each side. Hence, we used Eq.
5, which explains the capillary rise between different materials (Bullard & Garboczi,
2009). Generally, when two walls have dissimilar geometries, the contact angle 6o at one
of the walls is different from the contact angle 61 at the other wall. In this study, for the
case of the gap in an annular heat pipe, the outer wall was made of glass and the inner wall
was the steel mesh.

_ 0 (cosby + cosb,)
pg(ax) Eq.5

In this experiment, stainless steel mesh (100 by 100) and glass plates are prepared
to make a gap. The experimental setup of the angled mesh-plate experiment is shown in
Figure 8. The main purpose of this experiment was to check the applicability of Eq. 5 in
the combination of mesh and solid surface. Square plates made of glass and a mesh screen
of the same size (15x15 cm? were prepared. Three samples (glass x glass, glass x mesh,
mesh X mesh) were constructed with one side stayed contact with the other along a
vertical edge. Spacers having a thickness of 4.75 mm were placed at the other end, to set
an angle of 3.17° between the plates. Thereafter, the samples were placed inside a vacuum
chamber. After their lower edges were introduced into ethanol, vacuum pressure (-90 kPa,
0.1 bar) was achieved using a vacuum pump. The liquid level was initially captured using

a camera, and the curve of the rising height was obtained using image processing.
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Glass
Plate

Glass/ Mesh

| 85.75 mm |

Figure 8. Experimental setup of the angled mesh-plate experiment
(Glass-Glass / Glass-Mesh)

2.2.2. Contact Angle Measurement of Wick Structure

The above experiment may be used to determine how much ethanol liquid rises in
relation to the distance of the gap in the form of a graph. The validation of the rising height
experiment can be simply performed by comparing it with the calculation result of Eq. 5.
To do so, contact angle measurement is required. There are several methods for measuring
the contact angle of a liquid with a solid surface, such as confocal microscopy techniques
(Sundberg et al., 2007), the Wilhelmy method (Wilhelmy, 1863), atomic force microscopy
(AFM) (Nguyen et al., 2003; Pompe & Herminghaus, 2000), and the droplet image
analysis method, which is the most commonly used method during these years (Schuster
et al., 2015; Zhao & Jiang, 2018). However, these common measurement techniques are
unsuitable for mesh due to liquid imbibition into the media. Thus, a direct observation
approach was used in this study to determine the contact angle. The screen mesh was
immersed vertically in ethanol. A vacuum environment was established for the
measurement, and the angle formed by the ethanol was measured after a long period (~ 24

hrs) to attain the steady-state. The contact angle of the borosilicate glass was measured
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with the same procedure but with a smaller period (~ 10 mins) to obtain a steady-state.
The camera with 200mm of focal length was set at the position with 1 m of distance. The
inclination angle and position of the camera are precisely adjusted to make its viewing
plane perpendicular to the liquid surface. After capturing the image of the contact angle,
the structures were removed from the vacuum chamber and dried. The overall procedure
was repeated ten times to check the repeatability and uncertainty. The standard deviation
of the contact angles from repeated measurements is considered an error of the
measurement. As shown in Figure 9, the contact angle of ethanol on glass and mesh were
36° + 0.59° and 58.4° + 2.57°, respectively. This data was employed as contact angle

information for the surface of the screen mesh.

Vacuum

Eth‘apol

Figure 9. The result of contact angle measurements of glass-ethanol (left) and
stainless steel mesh (100 mesh)-ethanol (right).

2.2.3. Curvature Effect of the Capillary Rise
The inner wick structure of the annular heat pipe was curved and not planar. The

applicability of the results from flat plates to such curved geometry may be questionable.
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Considering that the distance term of the Laplace-Young equation stands for both the
diameter of a circular tube and the gap between two flat plates, we inferred that the effect
of curvature on the capillary rise is negligible. However, this has not yet been
experimentally proved for the present case where one side of the gap is a porous medium.
Thus, comparing the capillary rise between flat plates and between curved surfaces is
essential. The capillary rise between the curved mesh and glass surface was investigated
and compared to the capillary rise between the flat plates to determine the rate of
discrepancy due to the curvature of the geometry. Figure 10 illustrates the curvature

experimental setup.

Circular
glass tube

Circular

. : ; : AT mesh
Mesh support | 3 ! Mesh
glass \ x :: supporting
{ \ i structure
\ 1"
; | __u___ [l
A 1
X i
A 4 E'
> . 55 Ethanol

Figure 10. Tubes and mesh structure (left) and the schematic of curvature
experimental setup

The experimental setup consisted of three parts: a cylindrical mesh structure
(100x100 mesh), a mesh support glass, and an inner glass. The cylindrical mesh structure
was fabricated by wrapping the mesh around a steel rod of the desired size and spot
welding the edges to maintain the cylindrical shape. Due to the flexibility of the mesh

surface, the support glass was introduced as a holder to support the mesh structure in
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maintaining its perfect cylindrical shape. To avoid distortions induced by glass refraction
while observing the capillary rise, a glass tube was placed inside the mesh structure to act
as the inner surface of the narrow gap. The inner diameter of the mesh structure was 31.4
mm, and the outer diameter of the glass tube was 25.4 mm, which resulted in a maximum
gap distance of 6 mm.

An angle reference line was necessary for comparing the capillary rise observed
on a curved surface with that observed on a flat surface. Figure 11 shows the angle
reference lines. Because capillary rise is affected by both the inner and outer surfaces, the
angle reference line must be based on the angle of the middle circle; thus, the gap was

constantly increased from 0 to 6 mm with the angle.

Figure 11. Angle reference lines for flattening (left) and an example of rising height
image (right)

2.3. Heat Pipe Performance Experiment
2.3.1. Heat Pipe Construction
In this study, an annular type multi-layered rolled composite screen mesh made of

stainless steel is used as a wick structure of the heat pipe. The cross-sectional imaging of
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the heat pipe, shown in Figure 12, was done using a traditional camera and by a micro-CT
scan. The wick structure is composed of 6 layers of screen mesh. From the inside of the
heat pipe, one layer of a 100-mesh screen, three layers of 400-mesh screens, and two layers
of 60-mesh screens were rolled to compose the wick structure. As will be shown, this
design decision was informed by the mesh composition determined to have the most
favorable performance characteristics determined by the results of the wick
characterization experiment. To fabricate the wick structure, mesh screens were wrapped
around a 1.2 m long rod with a diameter of 17.46 mm (11/16 inches). The cylindrical shape
of the wick structure was retained by spot welds along the axial direction with 1.5 ~ 2.0
mm intervals. After removing the rod, the wick structure was inserted into a 1.2 m 304 L
seamless stainless steel pipe with an outer and inner diameter of 25.4 mm and 22.1 mm,
respectfully. The dimensions of the manufactured wick are 18.1 mm of inner diameter,
1.12 mm of thickness, and 20.3 mm of outer diameter, which leaves 0.95 mm of the gap
between the inner surface of the stainless tube when inserted. The gap between the wick
structure and the inner wall of the tube was maintained by wire-wrapping each end of the

60-mesh (Coarse)

wick structure.
4

Micro CT scanning
p— —— /
I 5wall /
v
I 69‘117

Iawick

/ \
¥ \
100-mesh (intermediate) |

Actual heat pipe image 400-mesh (Fine)

Figure 12. The cross-sectional design of the wick structure inside the heat pipe
taken by micro-CT scanning
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Heat pipe fabrication consists of cleaning, vacuuming, fluid filling, and sealing
processes. The inside of the stainless-steel pipe and wick structure was cleaned using
ethanol. Each end of the pipe was closed using compression fittings. One side of the pipe
was connected to the vacuum pump and working fluid insertion system. After -90 kPa of
vacuum pressure was achieved by the vacuum pump, 160 mL of DI water was inserted
into the pipe as a working fluid. Then, the pipe was sealed by a locking ball valve
connected to the vacuum pump. As a final step of the fabrication, leakage was checked to
verify the condition inside the heat pipe.

2.3.2. Heat Pipe Performance Experimental Facility

Evaporator Adiabatic region Condenser

Heater Recirculating
controller chiller

K-type
thermocouples

Data
acquisition
system

a V‘Vf'xter jacket

Figure 13. The schematic and the picture of the heat pipe experimental setup
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Figure 13 shows the schematic and a picture of the heat pipe experimental setup.
The experimental setup consists of three parts, the heat pipe, the heating & cooling regions,
and the measurement system. The 1.2 m stainless steel heat pipe with an annular multi-
layered composite screen mesh was fixed with a horizontal geometry. The length ratio of
the evaporating, adiabatic, and the condensing region was set as 1:1:1. A heating coil with
468 W of maximum power was wrapped on the evaporator section of the heat pipe. The
heater was connected to a transformer and power meter to control the power output and
the heater was wrapped in a copper tube for uniform heat transfer to the heat pipe as shown
in Figure 14. A water jacket with a variable flow rate was installed at the condensing
region of the heat pipe to remove the heat transferred by the heat pipe. The inlet
temperature of the cooling fluid inside the water jacket was controlled by a Merilin M33
chiller from the Neslab company. The inlet and outlet temperatures were measured using
K-type thermocouples and the flow rate was measured using a flow meter to monitor the
energy balance of the heat pipe module. Evaporating and adiabatic regions of the heat pipe

were insulated using glass wool with a thickness of 50 mm.

Figure 14. A heater is wrapped around the copper tube on the evaporator section.
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The temperature distribution along the outer surface of the heat pipe was measured
using K-type thermocouples. Three thermocouples were attached to the outer surface of
the evaporator region, and one thermocouple was fixed in the middle of the adiabatic
region. Two thermocouples were inserted into the water jacket and their endpoints were
fastened to the outer surface of the heat pipe. To monitor the inner pressure, four analog
pressure gauges were used. Four pressure gauges, one at the evaporator region, two at the
adiabatic region, and one at the end of the condenser region, were installed along the heat
pipe.

2.3.3. Experimental Conditions

The heat pipe performance experiment was designed to evaluate the capillary
limitation of the heat pipe, a key parameter that defines the heat removal capabilities of a
heat pipe at a given temperature. Inside the heat pipe, the liquid which condensates in the
condenser is passively returned to the evaporator by the capillary force of the wick
structure. The capillary limitation is the maximum power that the heat pipe can carry while
keep returning the condensate by capillary force. Thus, the capillary limitation of a heat
pipe can be calculated from Eg. 6 which explains the amount of the power that the capillary
force no more overcomes the pressure drop due to gravity, liquid flow, and vapor flow.

20 KAy oy _ £ 20 Aig o
A7) S Fetr iy Lo Eq. 6

Qcapillary =

Here, hy, is the latent heat of the working fluid, and L. is the effective length of a heat

pipe which can be calculated from Eq. 7.
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where, Lg, Ly, and L¢ presenting the length of the evaporator, adiabatic region, and
condenser of the heat pipe, respectively. In Eg. 6, the pressure drop due to the vapor flow
is assumed to be negligibly small, and the heat pipe is in the horizontal position so that the
gravitational pressure drop is also negligible.

This study controls two boundary conditions: the operating temperature and input
power. The operating temperature is controlled from 50 °C to 80 °C by adjusting the
temperature and flow rate of the coolant traveling through the water jacket. The power
imposed on the evaporator section of the heat pipe is controlled and monitored using a
transformer and power meter. The range of the heating power is set from 100 W to 400
W. The ranges of the boundary condition are selected considering the geometry of the heat
pipe and the properties of the working fluid. This study focuses on the hydraulic
parameters of the mesh structure, such as porosity, permeability, and effective pore radius.
Since the capillary limitation is highly affected by those parameters, the expected range in
which the capillary limitation might occur is selected based on the calculation result of
Eq. 6.

2.3.4. Experimental Procedure

The experimental procedure to measure the heat transfer performance of the heat
pipe was performed as follows: First, the targeted heating power is applied to the
evaporator region. The heating power increases both the heat pipe's surface temperature
and operating temperature. Here, the operating temperature of the heat pipe can be
indicated by the temperature of the vapor in the vapor core which is the same as the surface

temperature of the adiabatic section. The temperature and the flow rate of the coolant
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traveling in the water jacket are controlled to adjust the operating temperature of the heat
pipe. For example, suppose the operating temperature exceeds a specified value. In that
case, a coolant with a lower temperature and higher mass flow rate is provided to the water
jacket to reduce the internal pressure of the heat pipe. After both heating power and
operating temperature reach the targeted values, steady-state is determined by checking
the temporal variation of the surface temperature. During a steady-state, temperature and
pressure are measured for 5 minutes. Then, the heat input is increased to the next level and
repeated the same procedure.

An experiment is performed to determine the operating limitation by increasing
the power input while maintaining the operating temperature until the limiting condition
is found. The point at which the operating limitation is reached is indicated by monitoring
the surface temperature of the heat pipe. The temperature of the evaporator region starts
to rise rapidly when the heat pipe meets the operating limit due to a loss of heat transfer
caused by dry out. To prevent the failure of the experimental setup, the heating was shut
down when a rapid increase in the temperature was observed, and the boundary condition
was marked as an operating limitation point.

2.3.5. Temperature Distribution Measurement

Other than operating limitation models, modeling the start-up behavior of the heat
pipe is an important topic, especially for its application to the microreactor. Change of
heat pipe’s temperature is one of the key parameters for developing and validating heat
pipe models. Generally, the temperature change at a point is measured using a thermal

couple as a traditional temperature measurement method. However, in this experiment, a
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novel temperature measuring device is used to acquire a linear distribution of temperature
across the whole heat pipe. The Optical Distributed Sensor Interrohators (ODiSI) system
is used to measure the inside/outside temperature of the heat pipe. The ODiSI system can
measure and acquire strain and temperature with a spatial resolution of up to 0.65 mm,
enabling the mapping of highly detailed strain and temperature profiles. High-definition
fiber optic sensing (HD-FOS) is a distributed sensing technology based on the naturally
occurring Rayleigh backscatter in optical fiber. It delivers maximum spatial resolution for

static and quasi-static applications. Figure 15, and Figure 16 show the overall system

configuration and a picture of FOS

ODiSi controller with Mainframe with 8 channels Remote modules connect
application software sensors to mainframe

Figure 15. Overall OdiSI system configuration

Figure 16. Fiber optic sensor(FOS)
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The ODiSI system can operate up to eight fiber optic sensor channels and measure
temperatures with sensor lengths up to twenty meters per channel. The measurement rate
is 40 Hz for a single channel five meters sensor mode. The temperature measurement
resolution is 0.1 °C, and the measurement range is from -40 to 200 °C. The temperature
sensor is polyimide-coated fiber in the Polytetrafluoroethylene (PTFE) tube, and its
measurement uncertainty is 0.9 °C which is equal to twice the standard deviation
calculated from a set of 1000 measurements. As shown in Figure 17, FOS is installed in a
variety of locations, including the exterior of the heat pipe, the gap between the tube and
the wick, the inner mesh surface, and the heat pipe's core. These sensors allow for precise
measurement of the overall temperature distribution at each place and visual observation

of the heat pipe's temperature change.

Inner mesh surface

Tube External Wick

Figure 17. FOS measurement location in the heat pipe.
2.4. Heat pipe Visualization Experiment
2.4.1. Heat Pipe Construction
This study is simply focusing on seeing and recording the inside of the heat pipe

rather than conducting sophisticated thermodynamic analysis of what is happening. To
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begin, a half-round circle annular wick structure was created as illustrated in Figure 18 in
order to visualize the boiling pattern inside the heat pipe. We recorded the top and bottom
views of the half wick heat pipe. After that, the whole annular wick heat pipe was
constructed the inside of the heat pipe, just six layers of 100-mesh screens were rolled to
compose the wick structure. To fabricate the wick structure, mesh screens were wrapped
around a 1.2 m long rod with a diameter of 17 mm. Spot welds retained the cylindrical
shape of the wick structure along the axial direction with 1.5 ~ 2.0 mm intervals. After
removing the rod, the wick structure was inserted into a 1.2 m borosilicate seamless glass
tube pipe with an outer and inner diameter of 25.4 mm and 19.9 mm, respectively. The
dimensions of the manufactured wick are 18.8 mm of inner diameter, 0.49 mm of
thickness, and 19.29 mm of outer diameter. There is no wire-wrapping at the end of the
wick structure to maintain a particularly constant gap like the previous wick of the heat
pipe experiment. Heat pipe fabrication consists of cleaning, vacuuming, fluid filling, and
sealing processes. The inside of the glass tube pipe and wick structure was cleaned using
ethanol. Each end of the pipe was closed using compression fittings. One side of the pipe
was connected to the vacuum pump and working fluid insertion system. After -90 kPa of
vacuum pressure was achieved by the vacuum pump, 240 mL of DI water was inserted
into the pipe as a working fluid. Then, the pipe was sealed by a locking ball valve
connected to the vacuum pump. As a final step of the fabrication, leakage was checked to

verify the condition inside the heat pipe.
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Figure 18. Experimental setup to see the boiling pattern inside heat pipe

2.4.2. Heat Pipe Visualization Experimental Facility

Tube Wick

Bottom

Figure 19. FOS measurement location in the heat pipe visualization experiment.
In the heat pipe visualization experiment, the FOS is simply located as shown in
Figure 19. This is because the working fluid is mainly at the bottom due to gravity, it was

expected that there would be a temperature difference between the top and the bottom.
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The flow of fluid inside the heat pipe was visually observed in this experiment. In
particular, the boiling phenomena occurring in the evaporator section and the temperature
change associated with it were primarily monitored. Because this experiment emphasizes
visual observation of the heat pipe's interior phenomena rather than thermal or
hydrodynamic analyses, we concentrated on establishing observation equipment capable
of viewing this well.
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Figure 20. Heat pipe visualization experimental setup
Figure 20 shows the picture of the heat pipe visualization experimental setup. The
experimental setup consists of three parts, the heat pipe, the heating & cooling regions,
and the measurement system similar to the previous stainless steel heat pipe experimental
setup. However, the pipe is replaced with a clear glass tube, including a transparent heater,
which allows a fully visualized heat pipe experiment. The 1.2 m glass heat pipe with an

annular multi-layered screen mesh was fixed with a horizontal geometry. In addition, as
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shown in Figure 21, the experimental setup can be inclined with the four gas pressure
springs and some frame connectors that can make the inclination so that the entire device
can be set angle from 0 to 90 degrees. A transparent heater, the evaporator section of the
heat pipe, is connected to a direct current power supplier with a maximum output of 3 kW.
A water jacket with a variable flow rate was installed at the condensing region of the heat
pipe to remove the heat transferred by the heat pipe. The inlet temperature of the cooling
fluid inside the water jacket was controlled by a Merilin M33 chiller from the Neslab
company. To examine the boiling phenomenon and fluid flow in the heater more
precisely, high-speed cameras are mounted at the top and bottom. An infrared camera

is installed at the bottom to monitor the temperature change of the heater.

0° 0 ~90° 90°

Figure 21. Incline-enabled heat pipe visualization experimental setup

2.4.3. Experimental Conditions

In the heat pipe visualization experiment, the high-speed camera and infrared
camera are used to observe and record the heater within the heat pipe. After maintaining
steady power to the heater, and the heat pipe reaches a stable condition, shooting with the

high-speed camera and the infrared camera begins. Adjust the infrared camera to 100
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frames per second and be ready to shoot simultaneously with the high-speed camera. To
achieve a clear image, halogen light is mounted on the top side of the experimental
equipment, and an LED lamp is mounted on the underside. For the heat pipe, the
experiment begins with the device at a 0-degree inclination, and after completing the 0-
degree experiment, the same experiment is repeated at 45 and 90 degrees. Throughout the
experiment, the cooler constantly supplied the coolant with 10 degrees Celsius.
2.4.4. Experimental Procedure

Before turning on the heat pipe, set the cooler to a temperature of 10 degrees to
chill the condenser region. The top and bottom high-speed cameras focus on the wick
inside the heat pipe and adjust the angle so that the heater, which is the evaporator section
of the heat pipe, appears on the camera screen as a whole. Before shooting, the infrared
camera is calibrated. The camera angle is adjusted so that the evaporator section of the
heat pipe appears in the camera as a full screen, similar to the high-speed camera. Begin
operating the heat pipe by increasing the heater's power and heat, and then gradually
increase the power in steps of 25W, 50W, 100W, and 150W. Hold for 1 hour or more at
the first 25W power level and at least 30 minutes at the subsequent power level. While the
heater is powered on, only the infrared camera is set to 1fps for 30 minutes of shooting,
and the high-speed camera is turned off. After stabilizing the heat pipe by maintaining it
at each set power level for a specified period, begin shooting. The upper/lower part's high-
speed camera is set to 200 frames per second, while the infrared camera is set to 100
frames per second. Both cameras simultaneously record the flow of fluid inside the

evaporator section and its temperature at the corresponding power for 80 seconds. When
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it is determined that the heater has reached its operating temperature, it is eventually turned
off after additional shooting with a high-speed camera and infrared camera and slowly
cooled with natural cooling. While the heater is being powered on, only the infrared
camera is set to 1fps for 30 minutes of shooting, and the high-speed camera is turned off.
After stabilizing the heat pipe by maintaining it at each set power level for a specified
period, begin shooting. The upper/lower part's high-speed camera is set to 200 frames per
second, while the infrared camera is set to 100 frames per second. Both cameras
simultaneously record the flow of fluid inside the evaporator section and its temperature at
the corresponding power for 80 seconds. When it is determined that the heater has reached
its operating temperature, it is eventually turned off after additional shooting with a high-

speed camera and infrared camera, and slowly cooled with natural cooling.
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3. RESULT AND DISCUSSION

3.1. Wick Characterization Experimental Result
3.1.1. Experimental Comparison for Various Composite Wick

Results of the wick characterization experiments for 9 types of multi-layered
screen meshes are shown in Table 2. The porosities of each mesh, determined by the mesh
saturation experiment, were used in Eq. 3 to determine the permeability and effective pore
radius. Figure 22 presents the result of the mean absolute percent deviation between time
values of the data set and calculated time using Eq. 3 for case #8. Deviations calculated
from five pairs are summed up and presented on the left side of Figure 22. The plane of
the deviation in the sample space of permeability and effective pore radius has a shape of
a trough. From the side views of the plot shown in the middle and the right side of Figure
22, a point with the minimum deviation can be identified and its respective permeability
and effective pore radius were selected as the true value. The composite wick case #8, for
example, is determined to have a permeability of 0.635x 103um? and a 0.169 mm

effective pore radius.

* Reprinted with permission from “An experimental investigation on the characteristics of heat pipes with
annular type composite wick structure” by Joseph Seo, Daegeun Kim, Hansol Kim, and Yassin Hassan,
2022, Nuclear Engineering and Design, vol. 390, 111701, copyright 2022 by Elsevier B.V. All rights
reserved.

™ Reprinted with permission from “Design Optimization of Gap Distance for the Capillary Limitation of a
Heat Pipe with Annular-Type Wick Structure” by Joseph Seo, Daegeun Kim, Hansol Kim, and Yassin
Hassan, 2022, Physics of Fluids, vol. 34, 067116, copyright 2022 Author(s). Published under an exclusive
license by AIP Publishing.
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Figure 22. The result of the mean absolute percent deviation between time values of
the data set and calculated time in a sample space of permeability and effective
pore radius

Table 2. Result of the wick characterization experiment for various types of multi-
layered screen meshes.

Mesh composition Measurement result
Total
Cise nur(r:fber r#e):gh riggh rr?gs-_h Porosity | Permeability Pfrfgeéggieu S rK
layers | (inside | (middle | (outside | (g[-]) (K [um?]) (ress[mm) [;1';{]
layer) layer) layer)

1 6 0 0 0.642 0.815x 103 0.266 3.064x% 103
2 0 6 0 0.767 0.825% 103 0.232 3.556x% 103
3 0 0 6 0.626 0.745% 103 0.419 1.778x 103
4 2 2 2 0.634 0.985x 103 0.252 3.909% 103
5 6 1 3 2 0.653 1.435x 103 0.213 6.737x 103
6 2 3 1 0.667 1.205% 103 0.264 4.564x 103
7 2 1 3 0.637 0.300% 103 0.188 1.596x 103
8 3 2 1 0.671 0.635x 103 0.169 3.757x 103
9 3 1 2 0.682 1.080x 103 0.284 3.803x 103

Like in the case of the porosity measurement, the uncertainty of the measurements
is quantified by repeating the same procedure and by checking the amount of the deviation.

The experimental procedure starting from constructing the wick assembly with a single
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type of wick structure and fixed gap distance is repeated 27 times and the deviation of the
permeability calculation is calculated. As a result, the data has +4.71% of standard
deviation when they are compared with the average value.

Experimental results show that mesh case #2, which was built with 6 layers of the
finest mesh (400-mesh), has the highest porosity, the lowest permeability, and the smallest
pore radius. This is consistent with the geometric characteristics of the mesh. Among the
three types of screen meshes used in this study, the 400-mesh has the highest porosity and
the smallest pore size, and the lowest permeability. On the other hand, mesh case #5 has
the highest permeability.

From Eq. 6, it can be recognized that the value of K /7. s determines the capillary

limitation of the heat pipe when the other geometric parameters and liquid properties are
the same. In this study, therefore, the value of K /7, ¢ is checked as a parameter of interest
for the wick performance. From Table 2, it can be noticed that composite mesh case #5 is
expected to provide the highest capillary limitation when it is installed inside the heat pipe.
Because the geometry of the composite wick structure is not homogeneous, the
phenomena that occur inside of it are complex and highly unpredictable. This results in a
lack of an analytical model to optimize the design of the wick structure. In this study,
therefore, several samples of wick structures were built, and their hydraulic parameters
were measured by relatively simple experimental methods. As will be shown by the results
from the heat pipe performance experiment, these measured parameters can be effectively

used to predict the operating limitations of a heat pipe.
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3.1.2. Verifying the Gap effect

The investigation of the effect of the gap between the wick and the wall was
conducted by measuring the performance of a wick structure with different gap sizes.
Mesh case #5 was selected as a testing sample since it showed the best performance among
different combinations of multiple screen meshes. From Eqg. 3, multiple pairs of
experimental data for the mass (meyp,) and the time (teyp,) are required to find the two
unknown variables, permeability (K) and the effective pore radius (reg). If only a single
pair of the data is used, on the other hand, one could not obtain the solution of the equation
but can still check the relationship between the permeability and the effective pore radius.
Figure 23 shows the line on the sample space of permeability and the effective pore radius
which results in a solution to Eq. 3. These lines were determined using a single pair of the
data measured at t = 5s. The lines which indicate the relationship between the two
parameters show the performance of the mesh. Based on the discussion above, K /7 is
an important parameter of the mesh when the capillary limitation of the heat pipe is
considered. In the same perspective, the slope of the lines in Figure 23 might be an
indicator of the wick performance. For example, wicks with 0.7 mm and 1.2 mm of gap
distance from the wall show the smallest slope in the plot which means the largest K /7, ¢¢
value. On the other hand, the bare mesh without any wall shows the smallest K /7, ¢ value,

inferring the lowest performance.
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Figure 23. The relationship between permeability and effective pore radius of the
wick structure with varying gap distance.

As mentioned above, a unique solution of the permeability and effective pore
radius can be found when multiple pairs of data are used. In the ideal case, a single line
on the sample space will be created for each pair of mass and time data, and lines will be
crossed at a point, which is a unique solution. Thus, even though the lines in Figure 23 are
calculated using only a single pair of data, the actual permeability and effective pore radius
values of the mesh with various gap distances lay on the line. In this point of view, a lower
effective pore radius and a higher permeability could be expected for the mesh with 0.7 ~
1.2 mm of gap distance compared to the bare mesh. This approach might be meaningful
because obtaining a solution for Eq. 3 is achieved by an iterative method and bringing
more pairs of data into the calculation increases the computational cost linearly. The result
from only one pair of data could provide valuable intuition about the performance of the

wick structure while reducing the time required to determine a more exact solution. This
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may be especially useful for a study focused on the comparison of multiple wicks where
computational costs would quickly increase.

Figure 24 shows the result of the calculations with 5 pairs of mass and time data
collected from the experiment. Unlike the results with a single pair of data introduced
above, a point that has the minimum mean absolute percent deviation can be found in the
space of permeability and effective pore radius. To investigate the effect of the gap
distance on the two parameters, the results are plotted against the gap distance. In the plot
on the left side of the figure, the permeability increases as the gap become wider, with a
peak at a gap distance of 1.2 mm. As the gap increases more, the permeability can be seen
to become smaller and converge to the bare mesh case. On the other hand, the effective
pore radius is shown to behave inversely to the pore radius in the right figure. The effective

pore radius become smaller as the gap increases with a peak at 0.7 mm of distance.
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Figure 24. The result of permeability (left) and effective pore radius (right)
measurement of the wick structure with varying gap distance.
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An interesting point can be found from the results of the 0 mm gap case.
Considering that a wick with higher permeability and smaller effective pore radius has
better performance, the mesh with a 0 mm gap can be noticed to have better performance
than the bare mesh case. This is because the geometry of the screen mesh creates micro-
channels even though it is attached to the wall. These channels provide extra capillary
pressure and flow paths for the fluid. The large difference with bare mesh emphasizes the

necessity of further studies on the impact of wall effects on heat pipe performance.
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Figure 25. The result of K /r,.r measurement of the wick structure with varying
gap distance.

The result of the K /7. s, calculation is plotted against gap distance in Figure 25.
An increasing trend from 0 mm to 1.2 mm and a decreasing trend from 1.2mm to 20 mm
with convergence to bare mesh results was observed. The enhancement of the performance
gained by the gap can be explained in two ways. First, additional capillary pressure is

created by the gap. Since the space between the inner surface of the tube and the outer
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surface of the mesh structure consists of a narrow cylindrical channel, extra capillary
pressure is generated and reduces the effective pore radius from an axis-symmetric form
of the Laplace-Young equation which is as follows:

2ccosfd 2o

r Fq Eq. 8

AP,

capillary =

Second, the channel created by the gap provides an additional flow path for the
working fluid which reduces the pressure drop. The reduced pressure drop is reflected in
the increased permeability of the wick structure. From the explanation above, it can be
seen that the two effects become competing factors to one another when they are explained
using gap distance. The additional capillary pressure from the gap is maximized when the
smallest gap distance is introduced. This can be easily recognized from Eq. 8. On the other
hand, the pressure drop due to the shear stress of the channel is reduced when the diameter
of the channel, the gap distance in this study, is increased. Due to this trade-off of two
benefits, there must be an optimal gap size to produce the largest benefit to heat pipe
performance. In this study, the optimal gap distance which gives the best wick
performance was experimentally found to be 1.2 mm. This value only includes effects on
hydraulic characteristics of the wick structure, not on thermal characteristics of the wick.
The gap might increase the thermal resistance in the radial direction of the heat pipe when
a working fluid with low thermal conductivity is used. This impact may be less significant
in real scenarios as annular type multi-layered composite screen mesh heat pipes are
mainly used with high conductivity liquid metals as the working fluid. The experimental
data provided in this study which relates to the optimal gap distance may be of value as it

has not been addressed in current literature.
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3.2. Capillary Rise and Contact Angle Experimental Result

3.2.1. Capillary Rise Experiment Results
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Figure 26. Comparison between the experimental capillary rise and prediction
from theoretical calculations (left: solid-solid surface, right: solid-mesh surface)

Figure 26 shows the experimental result of the rising height measurement. In the
graph, the x-axis represents the gap distance between the two plates, and the y-axis
represents the height of capillary rise. By substituting the contact angle measurement
result into Eq. 5, the theoretical capillary rising curves were obtained, which are shown in
terms of the liquid level. It must be noted that Eq. 5 can be applied not only to the case of
the solid-solid surface but also to the case of the solid-mesh surface. The contact angle of
a liquid against porous media is determined by the natural characteristics of the material
and the capillary action due to the geometry of the media. For example, a porous media
consisting of hydrophilic materials provides a smaller contact angle with water. However,
if the structure of the media causes high capillary pressure, the liquid pulling (or spreading)

effect decreases the contact angle. These phenomena occurring on the surface of porous
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media may affect the height of capillary rise of the liquid in the gap between the solid and
mesh surface. An important result obtained from this experiment was that these
complicated effects could be explained by the contact angle information and that Eq. 5

could be used to accurately predict the height of capillary rise in such cases.
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Figure 27. Uncertainty analysis of rising height measurement.

Data extraction from images was conducted to perform uncertainty analysis. The
measurement procedure was repeated 13 times from immersing to drying the sample
structure. The extracted data points from 13 measurements were plotted on a plain of gap
distance and rising height, as shown in Figure 27. Based on the consideration of the form
of the Laplace-Young equation, a curve fitting was performed using a power function with
-1 of an exponent. As a result, a curve with 3.652 of the constant was fitted. The rate of
variance (or R? value) was determined to be 0.9773, and + 2.27% was selected as an
uncertainty of the measurement. The fitted curve was then compared with the calculation

result of Eq. 5. These two curves almost overlap, as shown in the plot. The correspondence
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becomes more clear when the constant of equations is compared. The constant of the
Laplace-Young equation can be calculated by substituting the properties of ethanol for the
product term, (a(cos@ + cos)lpg), in front of 1/D. The calculation results in 3.7634,
which results in a 2.24% of discrepancy. As a result, it is noted that Eq. 5 can be applied
not only to the case of the solid-solid surface but also to the case of the solid-mesh surface
which allows a large possibility of extension to heat pipe application.
3.2.2. Verification of Curvature Effect

The capillary rise in the curved surface was projected onto the plane using an angle
reference line and compared to the capillary rise in the plane surface, as shown in Figure
28. The data points extracted from the image of the experiment are marked as black circles.
As with the flat surface cases, the uncertainty was checked by repeating the experiment
13 times. The curve fitting with -1 of exponent resulted in a constant value of 3.743. The
rate of variance (or R? value) was determined to be 0.9401, and the measurement was
considered to have £5.09% of uncertainty from it. The larger uncertainty compared to the
flat case might be caused by the complexity of the experiment due to the curved surfaces.
As abovementioned, the constant of the Laplace-Young equation calculated from the
properties of ethanol is 3.7634. There is only a 0.54% discrepancy between the two
constants. As a result, it seems there is no or negligible curvature effect on the rising height
between mesh surface and solid surface, which means the correlation could be used to
accurately predict the height of capillary rise, even in the case of curved geometry.
Although further investigation is required on the effect of varying curvatures, the

curvature effect may be ignored for the heat pipe. This is because the typical design of
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heat pipes for micro reactors considers a diameter range between 25.4 and 31.8 mm, which

is similar to that in our experiment.
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Figure 28. Comparison of capillary rise between curved and flat surfaces
3.2.3. Investigation of the Gap Effect on the Capillary Limitation of the Heat Pipe
As mentioned above, the objective of the study is to determine the effect of the gap
size on the performance of the annular wick type heat pipe. In the annular wick-type heat
pipe, the gap between the wick and wall increases the performance of the heat pipe,
specifically the capillary limitation, which is a crucial operating limitation of the heat pipe.
The improvement in performance owing to the gap can be explained in two ways.
First, the gap creates additional capillary pressure, which reduces the effective pore radius
in an axis-symmetric form of the Laplace—Young equation, as the space between the inner
surface of the tube and the outer surface of the mesh structure is a narrow cylindrical

channel. Second, the channel created by the gap provides an additional flow path for the
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working fluid, thereby reducing the pressure drop. The increased permeability of the wick
structure reflects this reduced pressure drop.

Therefore, considering the aforementioned effects from the perspective of gap
distance, they become competing factors. When the smallest gap distance is introduced,
the additional capillary pressure from the gap is maximized. However, the pressure drop
caused by the shear stress of the channel decreases as the diameter of the channel, or the
gap distance in this study, increases. On account of this trade-off between the two benefits,
an optimal gap size may exist that produces the greatest benefit to heat pipe performance.
In the previous discussion, the optimal gap distance for the best wick performance was
determined experimentally to be 1.2 mm by comparing K /7, values of the wick with
varying gap distance. They performed a set of experiments on a mesh sample consisting
of a stainless-steel plate and wick structure, as shown in Figure 5. The mass of the liquid
pulled up by the mesh was measured according to the time, as shown in Figure 6. To
calculate permeability and effective pore radius from the experimental data, the method
suggested by Holley and Faghri (Holley & Faghri, 2006) was used, and this method was
already introduced in Eq. 2. By performing the same measurement with varying gap
distances, they suggested the gap distance with the largest K /7. (Figure 25) which can
be directly referred as a gap design for the annular wick type heat pipe with the highest
capillary limitation prediction.

However, the study did not provide analytical support for the experimental results
which are tried in this study using the contact angle modeling performed in the previous
section. To analytically explain the gap effect on the wick structure, the value of K/7,¢¢
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in a narrow gap between solid surface and mesh surface should be quantified. Thus, the
first step to theoretically analyze the gap effect was to obtain the analytical data set of the
height of the capillary rise of the liquid between the stainless-steel plate and mesh plate
over time, at a different gap distance to solve the Eg. 2. In 2008, Higuera et al. (Higuera
et al., 2008) suggested a non-dimensional equation for calculating a temporal change in
the height of capillary rise between two solid plates. They started with the Reynolds
equation of lubrication theory (C. K. Batchelor and G. Batchelor, 2000).

As shown in Figure 7, the intersection of the liquid surface and the symmetry plane
bisecting the wedge is sought in the form z = H (x, t). Normalization was performed by
scaling x, z, and H with Hc, P with pgH_, respectively, and the time with tc, where Hc and

tc were defined as follows:

1
20c0s0\2 12u
te

pga "~ pgHca? Eqg. 9

He = (
Here, u is the dynamic viscosity of the fluid. Resultantly, the governing equations are as

follows:

— | x° — —_—

d ( 3(’)P>+ 362P
ax\* ox) ¥ 922 Eqg. 10

inx >0,0<2z<H(x,t), where P is:

1
P=——4+H Eqg. 11
X
and H is:
oH 0P 0H ,dp
——x= —+x- =0
ox dx Ox 0z Eq. 12

For the boundary,
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P=0atz=0 Eq. 13

x3aZ—P—>0Whenx—>0 Eq. 14
0z2
H =0 whenx = oo Eg. 15

Here, Eq. 12 was introduced to explain the modification of the pressure at the surface by
the sum of the capillary depression. Based on the assumption that 92P/dz? in the Eq. 10
become 0 for t « 1, Higuera et al. suggested the solution of the equation with the initial
condition H; = 0, as follows:

xH +In(1 —xH) = —x3t Eq. 16

The approximation of the early-stage evolution (t << 1) and the solution are
applicable to the calculation of the permeability and the effective pore radius (Eq. 2)
because the temporal derivation of the height of capillary rise at the early stage obtained
from the experiment is used for the calculation (Holley & Faghri, 2006).

It must be noted that Higuera et al. suggested the solution for the case of two solid
plates. To utilize the solution for this study, which considers a similar experimental
approach but different surface conditions, that is, solid—mesh plates, the scaling factor
must be modified. This was achieved by introducing the result of the contact angle

experiment from the previous section as follows:

1 1
Zacose)E 5 (0 (cosBO+c0591))E

pga pga

He = ( Eq. 17
Consequently, the time evolution of the height of capillary rise of the fluid could

be obtained as a function of the distance between the mesh plate and solid plates. Referring

to the previous experiments, a rising height profile was obtained, as shown in Figure 29.
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The line indicates the distribution of the liquid in the narrow gap between the stainless
steel and mesh plates. Subsequently, the time evolutions of the height of capillary rise at
different gap distances between the stainless steel plate and the mesh (or wick structure of
the heat pipe) could be obtained by extracting data points along the y-axis (see arrow in
Figure 29). Figure 29 shows the results of the data acquisition. Data sets of the height of
capillary rise against time at different gap distances were set by dividing the data with

scaling factors calculated from the properties of ethanol.
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Figure 29. Rising height between mesh and solid plate making varying gap
distance, calculated using the liquid properties of ethanol (left) and extracted
information of the rising height evolution with different gap distances (right).

The last step for the analysis is to solve Eq. 2 using the rising height and time
values. The height values were converted to mass by multiplying gap distance, unit
distance (0.1 mm), and density of the ethanol. Similar to the previous discussion, the
iteration method was adopted to solve the non-linear, transcendental equation having
two unknowns. Figure 30 shows the results. The experimental data from Figure 25 are
plotted in red and the results of this study, calculated from the analytical solution
suggested by Higuera et al. (Higuera et al., 2008), are plotted in blue. The experimental
result for the bare mesh with no solid plate is plotted as the dashed line. The analytical
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calculation did not include factors such as shear stress at the surface, and extra capillary
pressure caused by mesh, which could cause data offset. However, the value of the
interest in this study was the peak point where the largest K /7, ¢ could be obtained.
From this viewpoint, we noticed that both the experimental data and analytical
calculation results demonstrate similar peak points. The experimental data has a peak at
1.20 mm of gap distance, whereas the analytical calculation has one at 1.26 mm of gap
distance. The existence of the peak (or an optimal point) of the K /. ¢ could be
explained by trade-off of the gap effect. When the smallest gap distance was introduced,
the capillary pressure from the gap was maximized. Moreover, the pressure drop caused
by the shear stress of the channel decreased as the diameter of the channel, or the gap
distance in this study, increased.
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Figure 30. Result of K/r ¢, at different gap distances obtained from the experiment
and from the analytical calculation.

The results of the optimal gap distance presented in this study could be useful for
designing a heat pipe with an annular-type wick structure and using ethanol as a working

fluid. Particularly, when the operating range of the heat pipe is known and its operation is
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limited by a capillary limitation, a gap distance of approximately 1.2 mm can be selected,
because the capillary limitation is known to be highly affected by the geometry and
characteristics of the wick structure.
3.3. Heat Pipe Performance Experimental Result
3.3.1. Performance Experimental Result

Figure 31 presents the results of the experiment. Points marked as circles indicate
when the heat pipe was operating in normal conditions. The boundary conditions where
heat pipe encountered capillary limitation, determined by a rapid increase in surface
temperature, are marked with a cross. With some boundary conditions, temperature
fluctuations occurred for several minutes with no rapid temperature increase. These points,
marked with triangles, are considered a boundary between the normal operation heat pipe
failure.

The capillary limitation of the bare mesh was calculated from Eg. 6 using the
K /r.s5 ratio determined by the mesh characterization experiment results. The calculated
value of the bare mesh is used as a standard value to calculate the capillary limitation of
the heat pipe with an annular type wick structure. The main idea here is that the capillary
limitation calculated from Eq. 6 is assumed to present the limitation of the heat pipe
without a gap between the wall and mesh. Based on this, a multiplying factor (G) is

introduced. The factor was calculated simply by dividing K /7. values of the wick

structure with different gap sizes which
are presented in Figure 25 by a K /r,¢¢ value of the wick with 0 mm gap distance. The

results are shown in Table 3. By introducing the multiplying factor, the capillary limitation
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of the heat pipe with an annular type wick structure can be calculated using the following

equation.

20 KAiu oy
. =G- . =G — —wick /7
Qcaplllary.gap Qcaplllary r_eﬁ ,U| LEff Eq 18

Based on the gap size of 0.95 mm, a value was 1.51 was used for the G value of
the current heat pipe. As shown in Figure 31, this prediction is in strong agreement with
the experimental results. As expected, heat pipe normally operates above the predicted
power by traditional correlation without the consideration of the gap effect. Based on the
result, the correlation suggested in this study can be used to predict the capillary limitation
of the heat pipe with annular wick structure instead of the one suggested for the heat pipe

without any gap between the wick structure and the wall.
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Figure 31. The result of heat pipe operating limitation experiment.
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Table 3. Gap multiplying factor for capillary limitation.

Gap Distance [mm] G []
0 1.00
0.2 1.42
0.7 1.48
1.2 1.54
1.7 1.24
2.2 1.11
2.7 1.05
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3.3.2. Temperature Distribution Measurement Result

The results of the temperature distribution measurement at the start-up state of the
heat pipe using fiber optic sensors are displayed in Figure 32. Using a 30W heater and
measuring for 60 minutes. Although the actual result is a video, the video is screen
captured at 15-minute intervals and displayed as a figure in this paper. Since the thermal
couple sensor also recorded temperature, it is included in the graph. As a consequence, it
was verified that the thermal couple sensor's temperature corresponded with the fiber optic
sensor's temperature measurement value at the same position. The heat pipe was heated
from the evaporator section where the heater was located, confirming that the evaporator's
temperature was gradually propagated to the adiabatic section. Since the continual cooling
of the condenser part, the temperature propagated up to but not beyond that point. Except
for the sensor positioned on the heat pipe's external surface, the sensors located on the gap,
inner mesh surface, and core within the heat pipe all displayed almost identical
temperature values with no appreciable temperature difference. The outside sensor was
immediately heated by the heater, resulting in high temperature measurement in the
evaporator part, and it was also observed that the temperature decreased first owing to the
coolant's direct action even in the condenser portion. Additionally, another fiber optic
sensor was placed directly above the heater to allow for the measurement of the heater's

temperature value independently.
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Figure 32. Temporal evolution of temperature distribution during a slow start up

case (30 W heating power, during 60 mins)

The outcome of measuring the temperature change while the heat pipe experiment
device is started up by quickly increasing the heater's temperature at the start is shown in
Figure 33. The heater's wattage was instantly upped to 70W and the temperature was
recorded for 60 minutes. As a consequence, a significant temperature increase occurred in
a particular portion of the evaporator. As time passed, the temperature steadily grew, and

it was discovered that the heat pipe had surpassed its operating limit. Since the goal of this

60



research is to confirm observed findings, the cause for this limitation was not studied in

this experimental work.

: .
—External T

—External T

] |
1 1
1 . .~ Inner Mesh Surface T L 1 . . |~ Inner Mesh Surface T |
- Evaporator | Adiabatic g1 w- Evaporator | Adiabatic | g,
1 —Core T 1 —Core T
120 1 1 120 1
: : Condenser : : Condenser
Cm- 1 1 S0 1 1
< 1 1 g 1 1
g ! ! § ! !
s w i 1 = 80 : 1
g 1 g 1
g 1 1 g 1 1
= 60 1 1 S 60 1 1
i I ' '
1
1 1 40 1 1
1 1 1 1
1 1 1
1 1 20 1 1
1 1
! | [} ! ]
“ll 0.2 04 06 08 1 12 "I) 0. 04 U:b lljl 1 1
Axial Position (m) Axial Position (m)
160 i 160 I -
1 —External T 1 —External T
. . |——Inner Mesh Surface T 1 . . |~ Inner Mesh Surface T||
1 Evaporator : Adiabatic Gap T H 1w Evaporator | Adiabatic Gap T
! —CoreT | ! —Care T
120 1 120 :
: Condenser | Condenser
g i g 1
F 1 g 1
B 1 Z 1
£ 1 g 1
§ ! g
= : =
1
1
1
1
1
1
1

0 02 04 06 0.8 1 1.2 0 0.2 04 0.6

Axial Position (m) Axial Position (m)

Figure 33. Temporal evolution of temperature distribution during a rapid start up
case (75 W heating power, during 60 mins)

The following experiment established how the temperature distribution changed
when the condenser section of the heat pipe was cooled to various degrees and then started.
The temperature change was measured for 60 minutes during the initial start-up time while
heating the heater with 25W power. Experiments were conducted using cooling
temperatures of 10 degrees, 20 degrees, and 30 degrees. Each experimental outcome data

video was captured at 15-minute intervals and is shown in Figure 34. The heat pipe cooled
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to 30 degrees exhibited characteristically sluggish temperature propagation toward the

adiabatic and maintained a high overall heat pipe operating temperature. On the other hand,

the heat pipe chilled to 10 or 20°C propagated temperature rapidly and kept the working

temperature below 40°C.
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The purpose of this paper was to visually observe how the heat pipe's temperature
distribution varies over time and with different power and cooling temperatures during the
heat pipe's startup phase. It was established that using a fiber optic sensor enabled
reasonably precise and comprehensive temperature measurement and recording of the
whole heat pipe, and meaningful experimental results were achieved and validated.
Additional research and experimentation will be required in the future to conduct a
detailed analysis and interpretation of the heat pipe's temperature distribution.

3.4. Heat Pipe Visualization Experimental Result

3.4.1. Boiling Pattern Inside Heat Pipe

10 sec

Figure 35. Top & Bottom view of the half wick heat pipe

Figure 35 depicts the two-second interval captured images from the video that was
recorded when the boiling happened in the half-round circle annular wick heat pipe. As
seen in Figure 18, the upper photos are top views (inside the wick) while the lower photos

are bottom views (outside of the wick). When boiling occurs, the liquid fluctuates once,
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and as the liquid is pushed into the inside of the wick, several water droplets are generated
and then disappeared. The frequency of this type of boiling varies depending on the
heating power of an evaporator. Figure 36 demonstrates the frequency of boiling that
happens when the evaporator is powered by 100W, 200W, or 300W. As seen in the figure,

boiling happens more frequently as the heater's power increases.

Radial Position

Axial Position

Figure 36. Boiling Frequency Analysis of the Evaporator Section

3.4.2. Heat Pipe Visualization with Inclination Angle

Figure 37, Figure 38, and Figure 39 show a comparison of how different boiling
phenomena occur in a heat pipe evaporator depending on the inclination. A high-speed
camera was used to record the upper side of the heat pipe's evaporator section. Images
were captured at 1-second intervals from a 10-second video. As shown in Figure 21, since
the condenser side of the heat pipe is raised to create a slope, the working fluid collects in
the evaporator section as the slope increases. As a result, as the heat pipe's inclination
increases, the boiling is compressed and occurs more intensely, and also it occurs greatly
from bottom to top.
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Figure 37. Heat Pipe Visualization Results

Figure 38. Heat Pipe Visualization Results
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Figure 39. Heat Pipe Visualization Results - Inclination Effect (90-drgree, 200W)

The difference due to the inclination was also shown when the heat pipe was
started up. Figure 40, and Figure 41 show the results of observation through fiber optic
sensors installed on the top, side, and bottom surfaces of the heat pipe. In a horizontal heat
pipe, it can be seen that the temperature of the top side rises rapidly during start-up because
the fluid is only existed on the bottom due to gravity. However, when it is inclined at 45
degrees, the temperature difference between the top and bottom sides of the evaporator
section is not large, and the overall evaporator's temperature becomes more stable, as the

fluid accumulates throughout the evaporator section by gravity.
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Following that, with the heat pipe inclination set to 45 degrees, various power was
provided to the heating (evaporator) section in order to visually inspect the inside of the
heat pipe. As a result of recording and comparing the power of 100W, 200W, and 500W
respectively, at 200W, boiling happens more frequently than at 100W, and at 500W, not
only the frequency increase but also it can be confirmed that the boiling occurs larger and
stronger.

3.4.3. Visualization of Operating limitation

When the heat pipe reached its operational limit, its temperature was monitored by
installing an infrared camera beneath the heat pipe's evaporator, as described in Figure 20.
The temporal variation of the evaporator has been recorded using an infrared camera. In
Figure 42, the images on the left were captured from an infrared camera video of a
horizontal heat pipe approaching its operating limit. The images on the right in Figure 42
were captured from a video of a 45° inclined heat pipe. As the working fluid in the heat
pipe dries out, the pipe reaches its operating limit. When the heat pipe was horizontal, the
liquid on both sides dried first, rapidly increasing the side temperature, and then the
remaining liquid at the bottom dried, rapidly raising the bottom temperature. In the case
of the 45-degree inclined heat pipe, on the other hand, the evaporator section was
completely full of working fluid. As a result, the fluid dried completely immediately after
being pushed out by the bubble created by the intense boiling, resulting in a rapid

temperature increase.
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Figure 42. IR camera recording video image change when the heat pipe's operating
limit is reached / 45° inclination (left) and 0° inclination (right)

The same phenomenon was confirmed by the temperature change data obtained
with the fiber optic sensor that was installed as shown in Figure 19. When the horizontal
heat pipe reaches its operating limit, it can be seen that the temperature at the bottom

rises slightly later than the temperature at the top or side, as shown in Figure 43.
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Figure 43. FOS temperature measurement result, Horizontal (0°), 200W (limit)
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4. CONCLUSIONS

In this study, an experimental investigation was conducted on the hydraulic
characteristics of annular type wick structures for heat pipes. An experimental facility was
developed to measure porosity, permeability, and effective pore radius of wick structures
in vacuum condition. Also, a heat pipe with an annular type wick structure was built and
its capillary limitation was determined.

An experimental investigation was conducted on the contact angle of fluid in an
annular wick-type heat pipe. Experiments were performed to measure the capillary rise
between a solid plate and mesh wick plate at varying gap widths. Furthermore, a new
model for calculating the height of capillary rise was suggested using the contact angle
data of porous media. An additional experiment was performed to investigate the effect of
curvature on the height of capillary rise.

Through the experimental investigation, the following results were found:

1. Nine different types of multi-layered (6 layers in total) composite screen meshes
were characterized. Based on the measurement results, a wick structure composed
of one layer of a 100x100 mesh, three layers of a 400x400 mesh, and two layers

of a 60x60 mesh is determined to have the best performance.

* Reprinted with permission from “An experimental investigation on the characteristics of heat pipes with
annular type composite wick structure” by Joseph Seo, Daegeun Kim, Hansol Kim, and Yassin Hassan,
2022, Nuclear Engineering and Design, vol. 390, 111701, copyright 2022 by Elsevier B.V. All rights
reserved.

™ Reprinted with permission from “Design Optimization of Gap Distance for the Capillary Limitation of a
Heat Pipe with Annular-Type Wick Structure” by Joseph Seo, Daegeun Kim, Hansol Kim, and Yassin
Hassan, 2022, Physics of Fluids, vol. 34, 067116, copyright 2022 Author(s). Published under an exclusive
license by AIP Publishing.
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2. The gap effect on the hydraulic characteristics of annular type wick structures is
investigated. The measured permeability and effective pore radius of a wick with
different gap distances showed that there is an optimal point in gap size which was
found to be 1.2 mm.

3. A further exploration of the gap effect on the performance of the heat pipe was
conducted. The time evolution of the height of capillary rise at different gap
distances was analytically obtained. Additionally, the permeability and effective
pore radius values were calculated and compared. Results revealed that the highest
K /r.5f could be achieved in the heat pipe when the gap distance is 1.27 mm. The
results showed good agreement with the optimal gap distance of the heat pipe
suggested in a previous experimental study.

4. The effect of the gap on the performance of the heat pipe is tested using a heat pipe
with an annular type wick structure. A multiplying factor to account for the
enhanced performance of the wick provided by the gap is suggested. The
calculated result showed good agreement with the experimental results.

5. The results of visually observing the inside heat pipe are useful for understanding
the internal flow of the heat pipe and provided a revealing insight for further

research.

Phenomena occurring inside heat pipes are highly complicated and have not yet
been fully understood. Even though there are many models suggested by previous studies,
models for heat pipes with annular type wick structures are limited to non-existent. This

work provides insights into optimized design parameters and improved modeling
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methods, essential for the construction of systems utilizing annular heat pipes. This study
also lays the groundwork for additional works with similar approaches and extended
experiments to provide a further understanding of phenomena occurring within annular,

composite mesh wick heat pipes, as well as data for the validation of new models.
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