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ABSTRACT

This thesis focuses on the investigation of biomimetic heat pipes for space ra-
diator applications. Biomimetic heat pipes employ structures inspired by natural
systems to enhance heat transfer efficiency where vapor is present. The research
aims to address the need for improved heat dissipation mechanisms in nuclear
space systems, where efficient thermal management is crucial. Heat pipes are
passive heat transfer devices that enhance thermal management in various indus-
tries. The objective of this study is to evaluate the efficacy of a biomimetic heat
pipe design compared to a traditional design, while also validating the fabrica-
tion process through comparison with an industry-made heat pipe. The method-
ology involves the fabrication and testing of biomimetic and traditional heat
pipes using innovative hot oil bath testing methods. Thorough thermal analy-
sis, physical experiments, and validation techniques are employed to assess the
heat transfer capabilities of the biomimetic heat pipe. The tests are conducted at
different temperature levels to examine the behavior and thermal performance
of the heat pipes. The results indicate that the biomimetic heat pipe demon-
strates superior heat dissipation capabilities, across the length. The thermal anal-
ysis and experimental data provide evidence supporting the effectiveness of the
biomimetic structure in enhancing heat transfer. The findings suggest that the
biomimetic heat pipe design has the potential to improve thermal management
in space radiator applications. The study highlights the benefits of biomimetic
design principles and their potential for future heat pipe advancements. Further
study recommendations include exploring alternative materials, optimizing the
testing apparatus, and improving the fabrication process.

Keywords: Heat Transfer; Heat Pipes; Space Radiator; Porous Fluid Transport;
Bio-inspired;
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NOMENCLATURE

∆P1 Pressure drop that drives wick flow

∆Pg Pressure drop due to orientation of gravity

∆Pv Pressure drop that drive vapor flow

∆Pc,max Pressure difference between the two sides of the HP

∆Pva Pressure difference in the adiabatic zone

∆Pvc Pressure difference in the condenser

∆Pve Pressure difference in the evaporator

ṁ Mass flow rate

Q̇ Heat flux

Q̇e Entrainment limit

Q̇s Sonic limit

Q̇b Burnout limit

Q̇in Heat flux into the evaporator

Q̇out Heat flux out of the condenser

ϵ Porosity

η Efficiency

γ Specific Heat Ratio

λ Diameter of the wick plus the distance between voids.

µ1 Dynamic viscosity

µv Dynamic viscosity

ϕ Incline angle of the heat pipe

ρ1 Density of the working fluid as a liquid
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ρv Density of working fluid as a vapor

σ1 Surface tension coefficient

θe Wetting value of the wick working fluid interface

A cross-sectional area of the entire heat pipe

A f Flow cross-section of the wick

At Area submerged in silicone oil

Av Cross-sectional area of the vapor region

Aw Cross-section of the wick

Ad Cross-sectional area of cooling duct

Cp Heat Capacity

g Acceleration due to gravity

h Overall heat transfer coefficient

ho Coefficient of heat transfer for silicone oil

K Wick permeability

L Latent heat of vaporization

la Length of adiabatic zone

le Length of evaporator

le f f Effective length of a heat pipe

R Thermal resistivity

re Pore radius

rv Inner radius of the wick

rv Radius of vapor region

rw Outer radius of the wick

tw Thickness of wick

Tevap Temperature of the evaporator

Toil Temperature of silicone oil

Vs Speed of sound through working fluid

Vd Velocity of air in the cooling duct
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CHAPTER 1

INTRODUCTION

1.1 Purpose and Overview

The objective of this research, supported by the New Mexico Space Grant
Consortium Research Initiation Grant (RIG), is to conduct a comprehensive com-
parison between a traditional two-phase heat pipe developed at Los Alamos Na-
tional Laboratory (LANL) and a biomimetic heat pipe, to determine the potential
for enhanced heat dissipation in the latter. To achieve this goal, physical testing
was employed to directly compare the performance of the two designs. In-house
heat pipe fabrication processes are utilized and verified through various tests. A
comparison of an off-the-shelf manufactured heat pipe is compared to verify the
adequate operation of fabricated heat pipes. The ultimate goal is to provide em-
pirical evidence supporting the viability of the new biomimetic heat pipe design
as a promising proof of concept.

The main objective of this endeavor is to develop a high-performance heat
pipe capable of reliably operating at elevated temperatures up to 300 ◦C. Al-
though the experimental assessments conducted within this project will not specif-
ically reach such extreme temperatures, they will serve as a rigorous evaluation of
the design’s effectiveness and suitability for demanding thermal environments.
Should the comparative analysis demonstrate a substantial improvement in effi-
ciency compared to conventional heat pipes, the design can be readily adapted
and scaled up by leveraging different materials while maintaining the core de-
sign principles intact. This scalability potential underscores the significance of
achieving superior performance in this study, as it lays the foundation for future
advancements in heat pipe technology.

The pursuit of high-temperature capabilities in this research project stems
from the intention to integrate the developed heat pipe design into future thermal
rejection systems for space exploration. As the demand for advanced propulsion
systems, including nuclear systems, becomes prominent in deep space travel, a
significant challenge arises in effectively managing the extreme temperatures as-
sociated with such systems. Conventional heat rejection methods prove inade-
quate in handling these elevated temperatures [1–3]. Thus, the primary aim of
this research is to address this challenge by demonstrating the ability of the pro-
posed design to withstand and efficiently dissipate heat at the anticipated tem-
perature levels when implemented on a larger scale. By overcoming this chal-
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lenge, the potential for incorporating heat pipes into advanced space missions
involving nuclear systems can be realized, enabling safer and more efficient ex-
ploration of deep space.

The experimental investigation of the heat pipes involves the fabrication
of two heat pipes in-house, namely the Traditional Heat Pipe (THP) and the
Biomimetic Heat Pipe (BioHP), along with acquiring a manufactured heat pipe
(MHP) for baseline testing. The development of the Biomimetic structure was an
iterative process that took many attempts before the design that was used was
finalized. The intricate details and technological aspects of heat pipe designs, op-
eration requirements, and limits, as well as analysis techniques, including their
distinguishing features, are extensively discussed in Chapter 2. It is important to
note that the Biomimetic Heat Pipe incorporates a bone-inspired structure within
its design, strategically placed to facilitate vapor collisions and phase change [4].
This innovative addition is theorized to contribute to the enhanced performance
of the new heat pipe design.

Chapter 3 introduces the fabrication design process and the need to develop
a comprehensive testing plan due to the lack of American Society for Testing
and Materials (ASTM) standards for heat pipes. The chapter presents a step-by-
step description of the heat pipe fabrication process, including material selection,
assembly, and verification techniques.

Chapter 4 delves into the testing procedures and experimentation, outlining
the data collection and compilation process using the Pico TC-08 thermocouples
Data Logger. It provides insights into the experimental protocols and validation
results.

In Chapter 5, detailed analysis and comparison of the results between the dif-
ferent heat pipe designs are presented. The chapter highlights key observations,
trends, and potential errors, disparities, and efficacy of the THP and BioHP. It
comprehensively evaluates the advantages and limitations of each design, shed-
ding light on their respective strengths and areas for improvement.

Finally, Chapter 6 serves as the conclusive section of the research, summa-
rizing the key findings and contributions. It offers a comprehensive discussion of
the insights gained, implications for future applications, and recommendations
for further optimization and validation of the design, fabrication, and testing
processes. The chapter emphasizes the significance of the research and outlines
potential avenues for future investigation in the field.
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CHAPTER 2

LITERATURE REVIEW

2.1 Background

2.1.1 Space Radiator Relevance

Humanity has accomplished remarkable feats in the realm of space travel,
including the launch of numerous satellites into the Earth’s orbit and the historic
moon landing. Furthermore, the International Space Station (ISS) serves as a tes-
tament to our ability to conduct extensive tests and research in space. Now, with
our local neighborhood explored, the focus has shifted toward the vastness of
deep space.

Deep space exploration has seen the deployment of various spacecraft, with
Voyager 1 being a prominent example [5]. While this achievement is awe-inspiring,
the prospect of sending human beings on such spacecraft remains a distant goal.
Venturing beyond Earth’s orbit and into deep space poses numerous challenges
that must be addressed. Chief among these challenges is the need to sustain a
power source capable of supporting long-duration space journeys. Unlike satel-
lites, which require minimal power for basic operations and communication, hu-
man deep space missions demand significantly higher power levels to ensure the
safety and well-being of the crew. Conventional power systems are ill-equipped
to meet these demands, necessitating the development of alternative power solu-
tions [1].

One such solution is the utilization of nuclear fission power sources. Nu-
clear power technology has been under development for decades and has even
been incorporated into spacecraft, exemplified by NASA’s SNAP-10A mission
[6] However, due to funding constraints and societal concerns regarding nuclear
power safety, research in this area was curtailed [6].

Looking ahead, nuclear power holds immense potential to expand the ca-
pabilities of space power systems and enable human exploration of deep space.
Among the various nuclear power options, Nuclear-Electric Propulsion (NEP)
emerges as the most promising for this purpose [3]. Nevertheless, NEP systems
face a significant challenge in effectively managing high heat output [3].

NASA’s Power and Energy Storage Roadmap [1] highlights the necessity
for deep-space nuclear radiator designs capable of handling substantial heat flux
while remaining lightweight.
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2.1.2 Heat Pipe Technology

Heat pipes (HPs) were initially conceptualized in the early 1940s [2], but it
wasn’t until the late 1960s that the theory behind them started to be extensively
investigated. The first published paper on the current design of a traditional two-
phase heat pipe was presented by T.P. Cotter, a Los Alamos scientist, in ”Theory
of Heat Pipes” [2, 7]. Within a decade, Cotter’s paper had garnered over 1000
references, and two international heat pipe conferences had taken place [2]. Since
then, heat pipe conferences have been held regularly, and Cotter’s publication
remains the cornerstone of this expansive field of study.

Besides space applications, HPs find applications in a wide range of indus-
tries and possess numerous configurations [2]. They serve as effective heat man-
agement systems in both commercial and industrial settings. One of their pri-
mary functions is to cool down electrical components, ensuring optimal perfor-
mance and longevity[2]. Additionally, they are employed in HVAC (Heating,
Ventilation, and Air Conditioning) systems for efficient heat transfer.

One of the key advantages of heat pipes compared to other types of thermal
control like heat exchangers is their ability to passively dissipate heat, eliminating
the need for an external power source to operate effectively. As depicted in fig.
2.1, a traditional heat pipe exhibits four main components: the evaporator side,
the condenser side, the adiabatic zone, and the wick. These elements work in
harmony to facilitate efficient heat transfer and thermal management.

Figure 2.1: Cross-section of a Two-Phase Heat Pipe

HPs operate through a cyclic process that facilitates efficient heat transfer.
The heat pipe is heated on one side. In the evaporator section, heat is transferred
from the external source casing into the working fluid in the center. The working
fluid within the evaporator absorbs this heat, undergoing a phase change from
liquid to vapor. The vapor is then transported through the adiabatic section to the
condenser side. As the vapor reaches the condenser, it undergoes another phase
change back into a liquid state [8]. The condensed liquid is then transported
back to the evaporator side by the wick, utilizing capillary action and pressure
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differences to move the liquid. This continuous cycle allows for sustained heat
dissipation, as long as the heat input remains within the design specifications of
the heat pipe.

The specific requirements for the functioning of a heat pipe depend on var-
ious factors, including the choice of the working fluid, housing material, wick
type, and internal structure geometry. Figure 2.1, also illustrates the standard ge-
ometry of a heat pipe, although there exist numerous variations that can alter its
appearance and functionality. This is true when looking at the difference in the
HPs used on the ISS [9].

Heat pipes offer a great solution that aligns with NASA’s requirements [1].
These versatile passive heat radiators have already found extensive use in var-
ious space applications, most notably on the ISS. The ISS heat pipe design in-
corporates an aluminum housing, aluminum honeycomb wick, and ammonium
as the working fluid [9]. As the ISS operates in space, water cannot be utilized
as a working fluid due to the extremely low temperatures that would cause it
to freeze. Additionally, the absence of natural convection in microgravity condi-
tions poses a challenge. Fortunately, the surface tension of the fluid within the
heat pipe enables sufficient flow to ensure its proper functioning, a phenomenon
known as ”Marangoni Convection” [10].

The Japanese ISS team conducted studies that involved creating a tempera-
ture gradient across the length of a fluid. As a result, a phenomenon known as
a ”Liquid Bridge” formed due to the cohesive forces within the liquid. This led
to the establishment of a cycle and the observation of a convection current [10].
However, when the temperature gradient became excessively large, the current
started generating eddies due to the turbulent nature of the liquid, causing the
cycle to cease. This study highlights the effectiveness of heat pipes in space ap-
plications, as they rely on convective currents for their operation [10]. In relation
to high-powered space applications, a detailed description showing more of the
design implementations into a NEP system is shown in Appendix B.1

2.1.3 Biomimetic Influence

The goal of this research has been to investigate a bio-inspired heat pipe
design that incorporates an internal structure that takes the idea from the spongy
section of the bone. This smooth porous material promotes a flow cross-section
that eliminates any small pockets where flow could get trapped. Figure 2.2 shows
a rendering of this porous area of the bone.
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Figure 2.2: Rendering of the Spongy Porous Zone of the Bone

The inclusion of an internal structure, along with a fin design and slotted
wick structure, enhances heat dissipation throughout the entire length of the heat
pipe, rather than solely at the condenser end. This design concept, discussed
in section 3.2, is further depicted in Figure 2.3, showcasing the final proposed
version of the Biomimetic heat pipe with a fin and slotted wick design.

Figure 2.3: Cross-section Rendering of Biomimetic Heat Pipe With Fin and Slotted
Wick Design
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The incorporation of the biomimetic structure, coupled with the slotted wick
and fin design, provides a larger surface area for improved heat dissipation across
the entire length of the heat pipe. To better visualize the slotted wick fig. 2.4
shows the cross-section of the slotted wick aligned with the fins.

Figure 2.4: Render of Slotted Wick Design Aligned with Fins

This innovative approach promotes phase change of the vapor in the adi-
abatic zone, facilitating effective heat transfer throughout the heat pipe, rather
than being limited to the condenser end alone.

Past research conducted by Ghosh [11] investigated how heat is distributed
through a fluid-filled porous media. They were able to show that a localized heat
flux caused the fluid to flow through the porous media and distribute heat across
the length of the testing apparatus [11]. Ghosh’s research brought large moti-
vation to the biomimetic design, as the internal structure can transfer heat more
effectively through a porous media as it comes into contact with the structure.
Further evidence for vapor flow through a porous media is discussed in section
2.7.

2.2 Fluid Transport In Heat Pipes

Flow is an integral part when designing a heat pipe. There will be a dif-
ference in flow in both the adiabatic section and through the wick. Flow occurs
due to a difference in pressure between the evaporator section and the condenser
section, as well as from the condenser to the wick and then from the wick to the
evaporator. The difference in pressure needs to be found to ensure the correct
operation of the HP. These differences are relatively small, causing the flow to be
slow. This is why the flow will always be considered to be laminar throughout.
This is also correlated to the small difference in pressure at both ends of the HP.
[2].
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2.2.1 Wick of the Heat Pipe

Wicks can have multiple configurations that have the same function but vary
in geometry. A wick is a porous media that matches the length of the tube. It
transports fluid in only one direction. There are various materials that are used
for the wick but all have the same general structure. These are known as homoge-
neous wicks. Homogeneous means the wick is of uniform geometry throughout.
This type also has the wick lining the inner circumference of the heat pipe and is
directly attached to the casing. A variation of this general design changes the cat-
egory to a non-homogeneous type, meaning the wick’s geometry changes based
on pore size within each layer. The wick is also no longer required to be attached
to the casing of the HP in this situation. Each of these wick configurations will be
discussed in detail in Chapter 3.

Capillary action and surface tension of the working fluid is the driving force
of the cycle. Capillary action occurs when a fluid is being transported through a
narrow area. The surface tension pulls the liquid through the structure with the
help of adhesive forces. The interaction with the wick layers causes the liquid to
be transported from the condenser side to the evaporator side.

The temperature and pressure difference between these two sides also aids
in the HP operating properly. The pressure difference between the two sides of
the HP, ∆Pc,max is known as the capillary pumping pressure. Equation 2.1 [7]
gives the maximum capillary pumping pressure.

∆Pc,max ≥ ∆P1 + ∆Pv + ∆Pg (2.1)

Where ∆P1 is the pressure drop need to transport the liquid from the con-
denser to the evaporator. ∆Pv is the required pressure to cause vapor to flow
from the evaporator side to the condenser side. ∆Pg is the pressure due to grav-
ity. This inequality needs to be met to ensure the wick does not dry out on the
evaporator side, causing the flow in the HP to not initiate or cease [2].

2.2.2 Capillary Pressure Difference

Capillary pressure plays a crucial role in the operation of heat pipes as it is
responsible for driving the heat pipe cycle. It is an integral part of the underlying
mechanisms that enable heat pipes to efficiently transfer heat. The capillary pres-
sure arises due to the combined effects of surface tension and capillary action.

Surface tension is a phenomenon that occurs at the interface between a liquid
and a solid, resulting in cohesive forces within the liquid. It causes the liquid
to form a curved meniscus at the solid surface, trying to minimize its surface
area. In the context of heat pipes, surface tension allows the condensed liquid to
form a continuous film or wetting layer on the inner walls of the heat pipe’s wick
structure.
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Capillary action, also known as capillary rise, is the ability of a liquid to flow
against gravity within narrow spaces or capillaries. In the case of heat pipes,
capillary action enables the condensed liquid to be drawn into the wick structure.
The capillary action arises from the combination of intermolecular forces, such
as cohesion and adhesion, along with the geometry and pore size of the wick
material.

The capillary pressure, resulting from the combined effects of surface ten-
sion and capillary action, allows the liquid to be effectively transported and dis-
tributed throughout the wick structure of the heat pipe. It facilitates the move-
ment of the working fluid from the between the condenser and the evaporator,
where it absorbs heat, undergoes a phase change, and then returns to the con-
denser for the cycle to continue. Equation 2.2 shows the pressure difference of
the capillary action[2]

∆Pc,max = 2σ1
cosθe

re
(2.2)

where σ1 is the surface tension coefficient, θe wetting value of the wick, and
re is pore radius.

Understanding and optimizing the capillary pressure in the heat pipe design
is crucial for ensuring efficient heat transfer. Proper selection of wick materials,
pore size, and geometry, as well as consideration of surface properties and op-
erating conditions, are important factors in achieving optimal capillary pressure
and overall heat pipe performance. By harnessing the principles of surface ten-
sion and capillary action, heat pipes are able to effectively transfer heat over long
distances making them valuable components [2].

2.2.3 Gravitational Pressure Change

The gravitational pressure difference is a direct function of the incline angle
of the heat pipe. This is shown in equation 2.3.

∆Pg = ρ1gl sin ϕ (2.3)

In the equation, where ρ1 represents the density of the liquid (kg/m3), g denotes
the acceleration due to gravity (9.81 m/s2), l is the length of the HP, and ϕ sig-
nifies the angle at which the heat pipe is positioned relative to the horizontal
with positive values indicating that the evaporator is positioned higher than the
condenser [2].

When the evaporator rises above the horizontal position, the condensed fluid
within the heat pipe begins to counteract the force of gravity. As a result, a
stronger pressure difference is required to sustain optimal performance, as the
capillary pressure needs to overcome the opposing gravitational force. On the
other hand, when the condenser approaches a vertical position, gravity aids the
flow of the fluid in the wick, leading to an increase in heat dissipation within the
heat pipe.
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2.2.4 Pressure Change in Wick

The pressure drop needed to move the liquid to the evaporator from the
condenser requires a few considerations. The first is to know whether or not the
wick is considered to be homogeneous or non-homogeneous. If a homogeneous
wick is used, the area in which the fluid will flow through the wick needs to be
found. Equation 2.4 shows A f which is the flow cross-section of the wick [7].

A f = Awϵ = π(r2
w − r2

v)ϵ (2.4)

Where rw is the outer radius of the wick and rv is the inner radius of the wick.
ϵ is the fraction of the area available for the fluid to pass through. Aw is the area
of the wick and can be calculated to find the optimal size of the wick depending
on how much heat is being put into the system. The effective length le f f is found
using eq.2.5 and is used in the to find ∆P1.

le f f = la +
le + lc

2
(2.5)

where la is the length of the adiabatic zone, le is the length of the evaporator, and
lc is the length of the condenser.

The difference in pressure through the wick can now be described and is
found in eq. 2.6 [2, 8].

∆P1 =
µ1Q̇le f f

ρ1LAwK
(2.6)

Where µ1 is the dynamic viscosity of the liquid. L is the latent heat, K is wick
permeability, Q̇ is heat transfer ( KJ

Kg ).

2.2.5 Pressure Change Due To Vapor

The pressure difference from both ends in the vapor section of the pipe re-
quires an analysis of 1-dimensional incompressible flow that is comparably more
involved than the previously discussed pressure difference. Reay-Key-McGlen
derives this analysis by breaking up each section of the pipe into three pressure
areas. ∆Pve, ∆Pva, and ∆Pvc for the adiabatic section, condenser and evaporator
respectively [2]. The sum of these pressure differences equals ∆Pv. Equations 2.7
and 2.8 show this [2]:

∆Pva =
8µvṁ

ρvπr4
vv

la (2.7)
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where la is the length of the adiabatic section, ρv is the density of the working
fluid as a vapor, rv is the radius of the vapor region, and ṁ is the mass flow rate
of the vapor.

∆Pve =
4µvQ̇le
ρπr4

vL
(2.8)

where le is the length of the evaporator section, µv is the dynamic viscosity
of the working fluid, and L is the latent heat of vaporization.

∆Pvc =
−4
π2

ṁ2

8ρvr4
v

(2.9)

The above three equations can be summed up to find the total pressure difference
between each of these sections [2]. This is shown in eq. 2.10.

∆Pv =

(
1 − 4

π2

)(
ṁ

8ρvr4
v

)
+

8µvṁla

πρvr4
v

(2.10)

Busse has literature that has solved this analysis using the Navier-Stokes
equations and has come to a similar solution [12]. Tower-Hainley also has differ-
ent ways of calculating the pressure drop in the vapor section as well as different
geometry configurations to help solve various types of heat pipes [13].

2.2.6 Gravity Assisted Heat Pipe Considerations

Gravity-assisted heat pipes operate with the condenser section positioned
above the evaporator, relying on the gravitational pressure difference as dis-
cussed in section 2.2.3. When a gravity-assisted heat pipe is designed without
a wick structure, it is referred to as a Thermosyphon. In Thermosyphons, the ab-
sence of a wick means that the condensed liquid is not actively pulled back to the
evaporator. Instead, the pressure difference created by gravity alone is sufficient
to drive the cyclic process.

In contrast, a gravity-assisted heat pipe incorporates a wick that aids in the
transport of condensed liquid (as discussed in section 2.2.4), increasing the flow
of the condensed liquid back to the evaporator and thus increasing its perfor-
mance. This increase in performance allows the heat pipe to operate up to its
maximum potential.

Kemme has extensively studied the performance of gravity-assisted heat
pipes [14]. The research identified certain limitations that occur in gravity-assisted
mode, particularly focusing on the sonic limit and entrainment. Limitations as-
sociated with heat pipes are discussed in section 2.4. Using the force of gravity
allows the investigated heat pipe design to operate at ideal conditions [2].
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However, it’s important to note that most of the research conducted thus
far has been limited to liquid metal heat pipes, which exhibit different behav-
iors compared to non-liquid metal heat pipes. There has been limited research
on water-based gravity-assisted heat pipes [2]. Additionally, Kemme’s extensive
studies did not include testing procedures related to gravity-assisted heat pipes.
This omission is understandable, as the tests were conducted at LANL, and much
of the testing was confidential at that time [14]. While the documentation has
since been released, it still lacks detailed testing procedures for gravity-assisted
heat pipes. This serves as additional motivation for our current project, highlight-
ing the need to develop a comprehensive method for testing gravity-assisted heat
pipes.

2.3 Heat Transfer Analysis

2.3.1 Heat Transfer in Evaporator

Heat will begin to raise the temperature of the liquid that is contained inside
of the evaporator, first through conduction of the walls and then through convec-
tion as it is transported through the liquid not in contact with the wall. As the
temperature reaches the boiling point of the liquid, it will become superheated
and voids will start to form inside the liquid. These bubbles that have formed
will increase the convection of the system. If the heat flux continues to increase
too much, however, it will reach a limit that will cause the wick to dry out. Dry
out happens when the returning liquid in the wick is unable to reach the evapo-
rator end. This stops the cyclic process, causing the HP to cease operation. This
is also known as the Burnout Limit. The limit can be estimated and will be in-
corporated into the design. A critical heat flux value was found by Griffith and
Rohsenow [15]. This value will be critical to the design and is found by eq. 2.11:

Q̇b = −0.012Lρv Av

(
ρ1 − ρv

ρv

)0.6

(2.11)

where Q̇b is the heat flux threshold to cause burnout. Further explanation
and other limitations are discussed in section 2.4.

2.3.2 Heat Transfer in Wick

Heat transfer has various effects on the wick as well. Research has shown
critical heat flux can be influenced based on the surface finish and the type of
mesh being used. The finer the mesh the more linear the heat flux. [16, 17]. This
extensive research shows how the critical value will be influenced by these char-
acteristics by using many different mesh configurations. Temperature, pressure,
and choice of working fluid also play a large role since they directly influence
heat transfer rate.
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2.3.3 Heat Transfer in Condenser

Condensation of the working fluid occurs in one of two ways, the vapor
condenses into a continuous liquid or the vapor forms into many large droplets.
In our case, the first will take place due to the working fluid that will be used.
The major difference between the analysis, when considering the condenser side
compared to the evaporator, is the non-compressible gas present in the HP. The
remaining air in the HP will collect on the end of the condenser making the area
filled with this gas unattainable for the working fluid. This is why a HP needs
to have pressures close to a vacuum environment for it to work properly. The
temperature difference will be considered in the same manner as the evaporator
region of the pipe, refer to 2.3.1 for more detail.

2.4 Operating Limits

Understanding the limitations of heat pipes is crucial to ensure their reliable
start-up and continuous operation without encountering avoidable errors in the
data. Numerous studies and reports have been published, extensively document-
ing various limitations associated with heat pipes. By taking these limitations
into account, informed decisions can be made during the design process [2].

2.4.1 Capillary Limit

The capillary limit or wick limit was described using eq. 2.1 and needs to be
satisfied to prevent the wick from drying out as described earlier.

2.4.2 Sonic Limit

Kemme has done extensive research on the effects of the supersonic flow
of the vapor during start-up and steady-state operation of heat pipes [18]. This
occurs when the velocity of the vapor reaches the speed of sound through the
vapor. This results in a decrease in pressure across the length of the pipe. The
heat flux rate that will cause sonic flow in the vapor (Q̇s) can be readily calculated
by using eq. 2.12

Q̇s =
ρvVsL√
2(γ + 1)

∗ Av (2.12)

Here, Av represents the cross-sectional area of the vapor space, Vs denotes
the speed of sound in the vapor at the operating temperature, and γ represents
the ratio of the specific heats of the vapor.
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It is important to note that the vapor’s velocity increases as it traverses the
length of the pipe. This behavior resembles that of a converging-diverging nozzle
[2]. Kemme’s study investigated a similar heat pipe configuration using liquid
metal heat pipes, where a layered mesh was incorporated in the adiabatic section
with a concentric annulus surrounding the center [18]. Their findings indicated
that the heat pipe can operate at heat fluxes exceeding the sonic limit; however,
the heat pipe’s efficiency decreases once the vapor transitions into the supersonic
flow. This aspect is significant to consider in the context of biomimetic heat pipes
due to the porous nature of the internal structure, which causes the acceleration
of vapor in the adiabatic zone [19]. The value is calculated using eq. 2.12 is the
limit of heat flux that needs to be avoided to cause inefficiencies.

2.4.3 Entrainment Limit

Entrainment is a phenomenon that occurs inside when the shear forces be-
tween the vapor and the liquid returning through the wick are so great that it
slows or stops the wick from returning to the evaporator section. The condensed
liquid gets pulled from the wick and flows in the other direction with the vapor
[20]. Kemme has studied entrainment limitations and the maximum heat flux can
be calculated using eq. 2.13 [2]

Q̇e = AvL
[

ρv

A

(
2πγ

λ
+ ρ1gD

)]0.5

(2.13)

where A is the cross-sectional area of the entire heat pipe, γ is the ratio of
specific heats of the working fluid, and λ is defined as the diameter of the wick
plus the distance between voids.

One possible approach to mitigate entrainment in the heat pipe is to incorpo-
rate a concentric annulus design. This design features a solid barrier positioned
between the adiabatic zone and the wick, effectively preventing the occurrence of
shear forces at the boundary. By introducing this barrier, the risk of entrainment
can be significantly reduced, enhancing the overall performance and reliability of
the heat pipe system.

2.4.4 Boiling Limit

Nucleation growth in the working fluid at the evaporator is a normal be-
havior in heat pipe operation. Issues, however, can start to appear when bubbles
start to form in the wick of the heat pipe. This can be an obstacle to the circulation
of the working fluid with hot spots also appearing along the length. This limit is
fundamentally different from the previous limits due to it being caused by radial
heat flux and not axial [20]. The boiling limit is also the value that causes what is
known as burnout. The equation for this is shown in 2.11.
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2.5 Heat Pipe Elements

2.5.1 Working fluid Compatibility

The working fluid that is chosen needs to be able to be compatible with the
HP housing and selected mesh in order to have sustainable longevity of opera-
tion. Reay-Key-McGlen gives a list of requirements to help ensure compatibility
[2]. Lifetime failures usually occur when the material is incompatible with the
working fluid. Material Considerations and selection are discussed in Chapter 3.

2.5.2 Correlation to Length in HPs

Heat pipes are often very long and relative to their diameter. This, however,
is used because of the applications and not due to a performance increase. In
reality, the longer the heat pipe the higher the thermal resistance, and this results
in less heat reaching the condenser zone. This is shown from the dependency of
le f f in eq 2.5. The shorter the heat pipe the less resistance there is, and the faster
it will begin rejecting heat. Figure 2.5 shows a comparison of the maximum heat
transport of two heat pipe designs.

Figure 2.5: How Length Affects the Maximum Overall Heat Transport
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As the length decreases, the overall maximum heat transport increases. While
this may initially seem like an advantageous design decision it comes with a
trade-off. The reduction in length also decreases the fluid transport capability
in the adiabatic and wick sections of the heat pipe. If the heat pipe becomes too
short, the evaporated vapor will not travel a sufficient distance from the heated
zone to condense back into a liquid, leading to burnout. Appendix B.1 goes into
more detail about this analysis and how its influence has an impact on design.

2.6 Wick Geometry

The geometry and structure of the wick in a heat pipe vary depending on
the specific application. Generally, there are three main types of wick structures
used.

The first type is employed in horizontal and gravity-assisted heat pipes,
where larger pore sizes are typically used. The smaller pressure differences be-
tween both ends of the heat pipe in these configurations make smaller pore sizes
unnecessary.

The second type is used when gravity opposes the operation of the heat pipe.
In such cases, smaller pore sizes are required to ensure that the flow can overcome
the gravitational force.

The third type involves non-homogeneous wicks, where the wick’s geome-
try and mesh structure vary, not only based on pore size but also on its placement
within the heat pipe. Arterial wicks are an example of this type. Instead of being
placed against the wall of the heat pipe, the wick extends through the adiabatic
section of the pipe away from the wall. However, this design presents a chal-
lenge: gas bubbles have the potential to block the arteries, thereby reducing or
completely blocking the transport of fluid [2].

2.7 Vapor Flow through Porous Media

A recent study investigated how vapor travels through porous media. These
studies call into question the original ideas proposed by Philippe and de Freeze
on how steam through a porous media increases in velocity [19, 21]. This phe-
nomenon was studied when water vapor flow was noticed to have a higher ve-
locity than predicted values used by Fick’s law for flow through porous media.
This was especially apparent when a temperature gradient was present and con-
densation of liquid forms on the media interface [19].

Several new ideas have been proposed to address the problems of previous
models and explain the difference between predicted and observed steam mo-
tion [4]. These new explanations focus on the importance of the pathways of
interconnected pores. The purpose of this study was to measure the specific role
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of liquid bridges, as well as local temperature differences and capillary forces in
vapor transport through porous media.

To understand this phenomenon, models were built to measure how vapor
propagates through partially liquid-filled porous media [19]. Through both sim-
ulations and physical experimentation, it was shown that vapor travels faster in
the presence of an isolated liquid bridge caused by condensation. It is also sug-
gested this is actually due to the shorter distance the vapor has to travel. The
presence of a temperature difference can help if the gradient is aligned with the
direction of the capillary force. As more liquid fills the media, capillary forces
become more important, and, as suggested by Philippe and de Freeze, improve-
ments in vapor movement are limited to situations where there is not much liquid
[19, 21].

This investigation reveals compelling evidence that its internal porous struc-
ture significantly enhances heat dissipation effectiveness in the biomimetic de-
sign. As the saturated vapor traverses through the internal structure, specific
regions of the vapor undergo condensation upon the porous media. This con-
densation process leads to an increase in vapor velocity, facilitating faster trans-
portation of the vapor to the condenser. Simultaneously, the heat is dissipated
across the entire length of the heat pipe due to the latent properties of the work-
ing fluid.

2.8 Biomimetic Effectiveness

As discussed in this chapter, there are several factors that can influence the
efficiency of a heat pipe. When heat is absorbed in the evaporator, it transforms
the liquid into vapor, initiating vapor flow driven by the pressure difference be-
tween the evaporator and the condenser [2]. As ∆Pv increases, the vapor velocity
also increases, a characteristic common to all heat pipes. However, in the case of
the biomimetic heat pipe, this velocity increase is more pronounced due to the
influence of the structure.

Studies by Kemme [14] have revealed that heat pipes behave similarly to
converging-diverging nozzles, a behavior directly tied to how the area changes as
vapor flows through a given section [22]. Notably, the biomimetic heat pipe con-
tinuously varies its area along its length, which consequently affects the fluid’s
velocity, as discussed in section 2.7. In micro-gravity environments, as discussed
in section 2.2.1, Marangoni Convection arises from the surface tension between
two phases of the working fluid [10]. Experiments have shown that larger tem-
perature gradients induce fluid turbulence, which the biomimetic structure can
leverage to its advantage.

Under normal circumstances, eddies resulting from increased velocity and
temperature gradients would hinder heat pipe effectiveness as the adiabatic zone
remains open. However, the incorporation of the biomimetic structure enables
interactions between the circulating turbulent fluid and the biomimetic features
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[23]. These interactions promote phase change back into a liquid, facilitating
more efficient heat dissipation along the entire length of the heat pipe [24]. These
ideas will be taken into consideration as the results are analyzed to determine if
the BioHP is more effective at dissipating heat.
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CHAPTER 3

DESIGN PROCESS

3.1 Material Selection

Selecting the appropriate material for a heat pipe involves careful consider-
ation of several factors. First and foremost, the material must be compatible with
the working fluid, able to withstand the conditions the heat pipe may experience
and be feasible for fabrication. These considerations are crucial in heat pipe de-
sign, as multiple materials must work together harmoniously. In the case of this
research, the heat pipes need to operate within a temperature range of 30 to 200◦C
to align with the limitations of the testing equipment [2].

The choice of casing material is significant, especially for space applications.
Aluminum alloys, such as 6061, are commonly used in industry due to their
lightweight nature, malleability, and high thermal conductivity [2]. Aluminum
heat pipes are often paired with gaseous working fluids like ammonia, which are
compatible and suitable for space applications [2]. However, for this research,
compatibility with the working fluid at room temperature and high thermal con-
ductivity are crucial, leading to the selection of copper as the casing material.
Copper offers excellent thermal conductivity and compatibility with various flu-
ids, making it a suitable choice [2].

The choice of working fluid is equally important. While options like ammo-
nia or silver are common in certain heat pipe applications, they do not cover the
temperature range of 30 to 200◦C. Consequently, water was chosen as the work-
ing fluid for this research. Water operates within the specified temperature range
and is compatible with copper [2]. Additionally, water’s high latent heat vapor-
ization capacity allows it to hold significant energy during the phase change from
liquid to vapor. This characteristic is advantageous in heat pipes as the released
energy facilitates efficient heat transfer dissipation when water returns to the liq-
uid phase [2].

While these heat pipe designs may not be specifically tailored to space de-
sign, their adaptability allows for customization to suit different requirements. It
is worth noting that copper heat pipes with water as the working fluid are widely
adopted in the industry as a standard configuration. This provides an oppor-
tunity for direct comparison between the fabricated heat pipes and established
industry products, enabling a thorough evaluation of their performance and ef-
fectiveness. The flexibility of these designs allows for potential modifications and
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optimizations to meet specific application needs.

3.2 Biomimetic Design Process

The development of the Biomimetic Design involved an iterative process,
undergoing numerous design changes and configurations to achieve the optimal
geometry. The initial concept, shown in Figure 3.1, employed a cylindrical struc-
ture with various-sized holes cut through it using Solidworks software. The aim
was to incorporate an arterial wick within the biomimetic zone, eliminating the
need for an external wick and enhancing heat transfer to the outer walls. How-
ever, this design encountered challenges due to isolated flow areas and software
limitations, leading to significant time-consuming processes and inefficiencies.

Figure 3.1: First Biomimetic Design Concept

To address these issues, the design evolved to a ”Pronged Plate” concept, as
depicted in Figure 3.2, aimed at reducing the solid portions of the structure while
focusing on the arterial wick design. Despite this improvement, limitations arose
concerning the uniformity of the wick structure along the length of the heat pipe.
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Figure 3.2: Pronged Plate Design

Subsequently, a lattice structure design was explored, incorporating rotated
sections to increase porosity. Figure 3.3 illustrates this concept, which showcased
potential but did not align with the desired arterial concept due to the absence of
continuous passageways throughout the entire length. Therefore, a revised lattice
structure was developed, maintaining the same geometry while inserting wicks
into different sections, as shown in Figure 3.4. However, this design proved inef-
fective for heat dissipation, with excessive open areas impeding vapor collisions
and velocity enhancement.

Figure 3.3: Render of Rotated Structures
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Figure 3.4: Render of Final Lattice Concept

Recognizing the need for a fresh approach, a complete restart was warranted.
The slotted wick and fin concepts remained feasible, but a re-imagining of the
biomimetic structure was necessary. Solidworks, the software utilized thus far,
had limitations in representing the desired real-life bone-inspired structure. As
a result, Blender, an open-source software capable of handling intricate and ma-
nipulable geometry, was explored as an alternative.

By leveraging online resources and learning Blender, a primitive model of
the bone-inspired structure was obtained, as seen in Figure 2.2. Subsequent ma-
nipulation and refinement within Blender led to the final design of the heat pipe,
depicted in Figure 3.9, showcasing the culmination of the Biomimetic Design pro-
cess. The final concept needed to forgo the arterial wick concept due to the struc-
ture, but still has the potential to help increase performance and can be intro-
duced in future design concepts.

3.3 Need For Testing and Fabrication Standards

A comprehensive search for relevant American Society for Testing and Mate-
rials (ASTM) standards pertaining to the thermal management characteristics of
heat pipes was conducted. Although several ASTM standards were found, none
specifically addressed the unique requirements of heat pipe testing. Among the
identified standards were ASTM C335-05 Standard Test Method for Steady-State
Heat Transfer Properties of Pipe Insulation [25], ASTM E1530-06: Standard Test
Method for Evaluating the Resistance to Thermal Transmission of Materials by
Guarded Heat Flow Meter Technique [26], and ASTM Standard E1952-06: Stan-
dard Test Method for Thermal Conductivity and Thermal Diffusivity by Modu-
lated Temperature Differential Scanning Calorimetry [27].

However, none of these standards provided a suitable framework for deter-
mining the thermal management characteristics of the heat pipes under inves-
tigation. As a result, it became necessary to develop a new testing procedure
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tailored specifically to assess the thermal performance of these heat pipes. The
development of a new testing procedure is a crucial step in evaluating the thermal
performance and efficiency of heat pipes. It not only provided valuable insights
into their heat transfer capabilities but also established a foundation for further
research and development in the field of heat pipe technology. The utilization
of a standardized and reliable testing method ensures accurate and comparable
results, enabling meaningful comparisons and advancements in heat pipe design
and optimization.

3.4 Fabrication of Heat Pipes

Three heat pipes are utilized for testing, with two of them being constructed
in-house and the third one was obtained from Wakefield Thermal [28] for com-
parison purposes. The Wakefield Heat Pipe will be referred as the Manufactured
Heat Pipe (MHP). This approach will establish a baseline test to validate the fab-
rication process of the manufactured heat pipes. All heat pipes consist of a copper
casing housing a copper wick inside. The primary distinction lies in the type of
wick employed: the MHP features a sintered wick, while the fabricated heat pipes
will incorporate a copper mesh wick. Sintered wicks offer pore sizes that cannot
be achieved through foam methods[2], leading to higher capillary pressure and
improved efficiency. By subjecting the manufactured heat pipe to the same test-
ing procedure, we can establish a baseline for comparison with the fabricated heat
pipes and evaluate their performance. The geometry of the manufactured heat
pipe was also considered in the dimensions decisions as well as understanding
the limitations of standardized shelf material dimensions.

The two in-house heat pipes include the Traditional Heat Pipe (THP) and
the Biomimetic Heat Pipe (BioHP). The fabrication procedures for both designs
are largely similar, but the BioHP incorporates an additional internal structure.
To construct the heat pipes, a copper pipe with a diameter of 0.55 inches (0.014
meters) and a length of 5 feet ( 1.524 meters), along with copper end caps of the
same diameter. The copper pipe was cut into sections measuring 6 inches (0.1524
meters) in length, deburred, and sanded smooth. Figure 3.5 shows one of the cut
tubes.

Figure 3.5: Six inch Cut Copper Tube

The wick for these tests is a thin copper mesh with a porosity of 95% and
a pore size of 50 µm with a single mesh thickness of 0.1mm. The circumference
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using the ID of the tube is calculated to determine the dimensions of the wick.
The analysis to find the optimal wick layers is discussed in section 4.3. The copper
foam is then cut into coupons and rolled using a 3D-printed cylinder that is the
size the mesh needs to be in order to be inserted against the wall of the heat pipe.
Figure 3.6 shows three of the copper foam coupons before rolling and insertion.

Figure 3.6: Cut Copper Foam

Construction of the in-house fabricated heat pipes is described as follows.
To achieve a smooth finish, the exterior of the tubes and the inner surface of the
end caps are sanded. The outer surface of one end of the pipe and the inner
surface of the cap were treated with soldering flux. Subsequently, one cap is
positioned onto the tube and heated using a butane torch. The flux was heated
until it underwent a color change, indicating its activation, following which a
lead solder was applied to securely join the tube and the cap. The coupons are
then rolled and carefully inserted against the inner wall of the casing. The copper
tube with the wick structure inserted is shown below.

24



Figure 3.7: Traditional Heat Pipe with the Wick Inserted

The remaining cap has a 0.0238 mm hole drilled in and soldered onto the
pipe. The process to properly seal the heat pipe is shown below.

3.4.1 Sealing Process

Optimal heat pipe performance requires minimizing the presence of air in-
side the pipe. Although a heat pipe can still function with air present, non-
condensed air tends to accumulate at the condenser end, impeding the working
vapor’s reach to that area. As a result, the working fluid condenses prematurely
before reaching the end, effectively reducing the effective length of the heat pipe
[2]. To tackle this issue, an attempt was made to expel as much air as possible
from the heat pipe.

To achieve this approach, a copper straw with a diameter of 3/32 inches
(0.0238 meters) was utilized. The straw is then inserted 1” (approximately 0.0254
meters) into the drilled end cap hole. The full assembly is shown below:
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Figure 3.8: Constructed Prototype with Soldered Cap and Straw

Once all the tubes were joined to complete the heat pipe assembly, 4mL of
distilled water is inserted through the straw with a granulated syringe. This de-
cision was made, based on research that determined how performance affected
the amount of working fluid in the evaporator [29]. This is discussed further in
section 4.3.1. The pipe is then partially submerged in a silicone oil bath at 100◦C
until the working fluid undergoes a phase change inside the pipe. When steam
begins to exit through the straw at a consistent rate, a pair of pinch-off locking
pliers were employed to crimp the end of the straw, ensuring a tight seal. The
sealed heat pipe is then cooled down to room temperature and observed for a
duration of 5 minutes to verify if water continued to exit the pipe, indicating a
potential leak.

Following the sealing process, an additional leak test needs to be performed
to ensure the integrity of the heat pipe and verify that no other components are
allowing air ingress. A granulated cylinder is filled with 200 ml of water. The
sealed heat pipe’s mass is measured, then heated back up to 100◦C in the oil
bath. Next, it is fully immersed in a 200 ml graduated cylinder for a duration of
30 seconds. Subsequently, the heat pipe is carefully removed from the container,
and the water level in the container and the total mass of the heat pipe were
measured. If there was minimal to no change in the water volume or mass, it
indicates the heat pipe had successfully passed the leak test. The heat pipe is
now suitable for operation testing.
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3.4.2 Fabrication of Biomimetic Design

The BioHP’s fabrication procedure follows all of the same steps indicated
in section 3.1, additionally, this design involves the insertion of the Biomimetic
structure.

The BioHP design involves the exploration of an internal structure inspired
by the spongy section of bone. This structure exhibits a porous-like arrangement
with rounded beams that exhibit variations throughout the structure. The selec-
tion of this structure was based on its resemblance to the natural bone structure,
offering advantages over a manufactured porous structure. The unique geom-
etry of the bone structure ensures a continuous flow without any areas where
fluid flow could be obstructed or trapped within channels. While also, maintain-
ing contact with the wick, and casing. Figure 3.9 illustrates the geometry of the
Biomimetic structure.

The discovery of this structure is a result of an investigation related to the
osteoporosis model. A generalized version of the structure was identified and
procured as a three-dimensional model. Subsequently, the model is imported
into Blender, an open-source creation suite known for its versatile geometry ma-
nipulation capabilities. The initial geometry of the structure was in the form of
a rectangular prism. However, since the structure is intended to be placed in the
adiabatic zone of the heat pipe, it needs to conform to the shape of the heat pipe
itself. This necessitates further modifications of the geometry within Blender to
transform it into a cylindrical shape. Figure 3.9 shows the final shape of the struc-
ture.

Figure 3.9: Biomimetic Bone Structure Visualization

After finalizing the geometry of the structure, the next challenge is determin-
ing the most suitable method for 3D printing the object. Due to the complexity
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of the geometry, using a traditional filament layering 3D printer posed difficul-
ties. The intricate structure requires internal supports and would require a dou-
ble nozzle printer capable of using water-soluble materials for support. While
this approach was technically feasible, exploring alternative options was deemed
more advantageous.

The optimal solution identified involved utilizing a resin 3D printer for this
particular model. Resin printing involves using a vat of UV-curable Aresin to cre-
ate the desired geometry. The liquid environment allows for the creation of more
intricate and detailed structures. New Mexico Tech’s fab lab offers a resin printer,
specifically the Form Labs 3+ resin printer, which is used for all the prints of the
biomimetic model. The High Temp v2 Resin is selected to ensure the biomimetic
structure maintained its integrity during BioHP operation.

To ensure successful printing, multiple test prints need to be conducted, in-
volving variations in geometry and size. Scaling the geometry up to twice its
original size is performed to assess the adequacy of the pore size. Figure 3.10
below showcases the first successful print of the biomimetic structure.

Figure 3.10: Print made from high-temperature resistant resin polymer.

With the successful test prints validating the feasibility of the biomimetic
structure, the next step is to attempt printing a structure with the same diameter
as the heat pipe. Initially, Blender scaled down the object to match the desired
diameter. However, this approach encountered a challenge during the dripping
phase of the print. After the printing process is complete, the model is posi-
tioned above the vat to allow excess resin to drip off, preventing resin from get-
ting trapped inside the structure. Unfortunately, the smaller pore sizes of the
model posed a problem. The combined effects of capillary pressures and sur-
face tension of the liquid resin hindered the dripping process, regardless of the
duration of the waiting period. As a result, the finished prints contained cured
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resin inside the structure, rendering it nearly solid. The figure below illustrates
an unsuccessful print.

Figure 3.11: Failed Test Print. It Can be Seen That the Resin is Cured Inside of the
Structure, Making it Solid.

To overcome the challenge of resin curing inside the structure, a different ap-
proach is taken. Instead of scaling down the model, Blender is used once again to
precisely cut the object to the desired diameter. With this modification, another
attempt was made to print the structure at the correct diameter. This method
proved to be successful. The final test print confirmed the effectiveness of this
approach in creating the desired biomimetic structure. Figure ?? below show-
cases the final test print.

Figure 3.12: Two Successful Prints to the Correct Diameter. Left: Printed Verti-
cally Right: Printed Horizontally

Two orientations of printing are explored to assess the impact on print qual-
ity in relation to the position of the structures. The investigation revealed that
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there is minimal to no discernible change in print quality based on the orientation.
This finding is significant as it indicates that the orientation can be optimized to
minimize print time when producing the full-scale version of the structure. By
understanding that the print quality is not significantly affected by orientation,
time and resources can be efficiently allocated during the printing process.

With the refined approach and successful test prints, a full-scale print of the
biomimetic structure can now be performed. Leveraging the same methods pre-
viously discussed, the structure was printed to match the complete length of the
heat pipe. The iterative process of test prints proved to be highly valuable, as it
ensured the necessary adjustments were made prior to the full-scale print. As a
result, the first full-scale print of the biomimetic structure is a success, as depicted
in the figure below.

Figure 3.13: Full Scale print of the Biomimetic Structure

To ensure the High-Temperature Resin is able to hold its integrity while in-
side the BHP, a test was conducted to see if the printed structure will retain its
structural integrity in a high-temperature environment. This ensures that the
biomimetic structure will keep its shape inside the heat pipe. The silicone oil
bath was set to a steady state temperature of 170 ◦C. A 22mmx9mm cylinder of
the high-temperature resin was placed in the bath for 4 hours. It was then taken
out and manipulated with the purpose of causing plastic deformation by apply-
ing pressure to the top and bottom surfaces in a vice grip.

It was found that the printed structure becomes slightly ductile when heated
to this temperature, but the structure was able to retain its shape. The discol-
oration is apparent, caused by the resin material at higher temperatures, but this
is only an aesthetic change. Figure 3.14 shows the structure after the test. It is
worth mentioning that while this test did not draw any data, it was valuable for
ensuring the printed structure can maintain its shape under a small amount of
force.
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Figure 3.14: Biomimetic Structure After Integrity Test

Following the fabrication process, both the THP and BioHP were success-
fully constructed using the described methods. The fabrication steps involved
soldering one end cap, attaching the copper mesh wick to the inner casing wall,
inserting the internal structure (in the case of the BioHP), inserting the working
fluid, soldering the other end cap with a drilled hole using the straw for sealing,
and finally, heating the pipe until vapor was observed exiting through the straw
before sealing it. The submersion tests were conducted to ensure the integrity of
the heat pipes. Results from this test are shown in Chapter 5.
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CHAPTER 4

EXPERIMENTATION

4.1 Heat Transfer Analysis

To adequately test the heat pipe, the heat flux that of the fabricated heat pipes
are based on multiple parameters. The heat transport can be found by using a
pressure balance equation for a heat pipe, this is shown in equation 2.1. By using
the definitions of each pressure that are shown in equations 2.2, 2.3, and 2.6 the
vapor pressure drop is assumed to be negligible in this analysis.

2σ1cosθ

rc
=

µ1

ρ1L
∗

Q̇le f f

AwK
+ ρ1glsinϕ (4.1)

Where Aw(m2) is the cross-sectional area of the wick in the heat pipe.

The permeability of the wick, K (m2) and is defined from a modified Blake-
Kozeny equation [30] and is shown in eq. 4.2

K =
t2
w(1 − ϵ)3

66.6(1 − ϵ)2 (4.2)

where tw(m) is the thickness of one wick layer multiplied by the number of
layers.

After utilizing these definitions, Equation 4.1 can be rearranged to determine
the mass flow rate in the wick (ṁ) as follows shown in eq. 4.3 [2]:

ṁ =
ρ1KAw

µ1le f f

[
2σ1

rc
cosθ − ρ1gle f f sinϕ

]
(4.3)

Now that the flow rate is determined, the heat flux can be calculated using
the following relationship [31]:

Q̇ = L ∗ ṁ (4.4)

Knowing the maximum heat flux value allows easy comparison to the MHP.
These calculations are based on the previously discussed geometry specifications.
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However, to properly evaluate the heat pipe, additional parameters must be con-
sidered. The equation for convective heat transfer is presented in eq. 4.5 [31].

Q̇in = Atho
(
Toil − Tevap

)
(4.5)

where At is the area of the heat pipe that is submerged in the oil, h is the
convective heat transfer coefficient for the silicone oil, Toil is the required oil tem-
perature, and Tevap is the temperature of the heat pipe before being placed into
the oil. It is important to note that because the tests were conducted in gravity
assist mode, the heat flux is likely to exceed the rating, due to the large increase
in effectiveness, this was considered in section 2.2.6.

Furthermore, this analysis provides insights into determining the optimal
number of wick layers required in the heat pipe to achieve a heat flux that closely
aligns with the manufactured heat pipe. Given that both the THP and BioHP
possess the same wick geometry, the calculations for the heat flux are assumed to
be identical, enabling a direct comparison of their performance based on experi-
mental data.

4.2 Testing Procedure

4.2.1 Safety Considerations

To ensure testing is performed as efficiently and smoothly as possible mini-
mizing the chance of injury, a detailed safety procedure must be followed before
any testing can be conducted. This procedure is described below.

1. Personal Protective Equipment (PPE): All personnel involved in the test-
ing procedures must wear appropriate PPE, including safety goggles, and heat-
resistant gloves, to protect against potential hazards.

2. Training: All individuals participating in the experiment should receive
proper training with the experimental setup, including understanding the asso-
ciated risks, emergency procedures, and the location of safety equipment.

3. Emergency Preparedness: Clearly display emergency contact numbers, in-
cluding 911 and relevant security personnel, near the experimental area. Ensure
that at least one person is present during testing to call for emergency assistance
if required.

4. Fire Safety: Keep fire extinguishers readily accessible near the experimen-
tal area and ensure that personnel are trained in their proper use. Maintain a clear
and unobstructed path to emergency exits.

5. Ventilation: Ensure that the lab is adequately ventilated to prevent the
accumulation of any harmful gases or vapors. Follow proper ventilation guide-
lines and conduct regular checks to ensure the ventilation system is functioning
effectively.
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6. Equipment Inspection and Maintenance: Regularly inspect all equipment,
including the heat pipe, for any signs of damage or malfunction. Perform routine
maintenance to ensure proper functionality and address any issues promptly.

7. Waste Disposal: Dispose of waste materials, such as used oils, in accor-
dance with local regulations and guidelines. Use designated waste disposal con-
tainers and clearly label them.

By following these protocols, the risk of injury is as low as possible. The
setup of the experiment is shown below.

4.2.2 Testing Set-up

To ensure accurate testing of the heat pipe, the entire setup is enclosed within
an acrylic box, referred to as the heated box. This enclosure acts as an insulator,
which helps minimize disturbances caused by fluctuations in ambient tempera-
ture. A VWR hot plate stirrer serves as the heat source for all the conducted tests,
offering precise control over steady-state temperatures.

In preparation for testing, 100 ml of silicone oil is poured into a Pyrex beaker,
and a magnetic stirrer is placed inside to enhance heat transfer within the fluid.
The system is then monitored until it reaches a steady-state temperature.

Next, the heat pipe is partially submerged in the oil, and the temperatures of
the heat pipe are carefully observed. Figure 4.1 shows the heated box, along with
the instrumentation.
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Figure 4.1: Testing Set-up with Heated Box

To capture temperature gradients across different regions of the heat pipe,
thermocouples are attached at various locations, and a TC-08 Pico data logger is
employed. This setup allows for precise temperature measurements and moni-
toring. A total of six thermocouples are employed for temperature measurement
and monitoring. To ensure steady-state conditions, one thermal couple is posi-
tioned within the silicone oil. Another thermal couple is placed on the evaporator
end of the heat pipe, submerged in the oil. Two additional thermocouples are po-
sitioned along the length of the heat pipe, outside of the oil but still within the
heated box. Lastly, one thermal couple is placed on the condenser end, outside of
the heated box.

Figure 4.2 shows the manufactured heat pipe and the placement of the four
thermocouples. From left to right, they are referred to as the evaporator, node
1, node 2, and the condenser. The evaporator and condenser are placed 3 mm
from the tip of the cone and 3 mm from the cap in the fabricated heat pipes. They
are then even spaced 42.32 mm apart to cover the entire length of the heat pipes
evenly. This ensures an accurate temperature gradient reading across the heat
pipe during testing.
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Figure 4.2: Thermocouples Taped on with Thermal Tape

Figure 4.3 displays the two thermocouples located inside the oil. Thermal
tape is utilized to securely attach the thermocouples to the heat pipe, ensuring
accurate temperature readings.
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Figure 4.3: Close-up of the evaporator end of the heat pipe

As illustrated in Figure 4.1, the condenser end of the heat pipe extends be-
yond the boundaries of the heated box. To further optimize the cooling process,
an additional box, referred to as the cooling duct, is placed on top of the heated
box. Figure 4.4 shows the cooling duct that is constructed from acrylic, it covers
the exposed end of the heat pipe.

The cooling duct features a fan located at one end, which generates forced
convective air currents. These air currents are directed over the condenser side of
the heat pipe, enhancing its effectiveness. The forced airflow aids in the conden-
sation of vapor on the condenser side, promoting phase change and facilitating
the transfer of heat energy into the wick. This active cooling mechanism plays a
crucial role in enabling the proper operation of the heat pipe.

Two additional thermocouples are strategically placed in the cooling duct
to enhance the temperature monitoring process. The first thermal couple is po-
sitioned in front of the fan, while the second one is located towards the end of
the duct, just in front of the heat pipe. By measuring the temperature difference
between these two nodes, valuable insights can be gained, allowing for the de-
termination of thermal rejection at the condenser section.

The fan speed is precisely controlled through the utilization of a voltage reg-
ulator. To accurately measure the speed, an anemometer is employed. By pos-
sessing knowledge of the duct’s cross-sectional area and the fan’s speed, the mass
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Figure 4.4: Cooling Duct Apparatus

flow rate can be calculated using the equation ṁ = ρAir AductVAir, where ρAir rep-
resents the density of air, Aduct denotes the cross-sectional area of the duct, and
VAir signifies the velocity of the fan speed. Equation 4.6 enables the calculation
of the amount of heat lost at the condenser section.

Q̇out = (Tout − Tin)Cpṁ (4.6)

Where Tout is the temperature at the end of the duct, Tin is the temperature
next to the fan, and Cp is the heat capacity of air.

This equation plays a significant role in assessing the effectiveness of each
heat pipe in terms of its capacity to efficiently transfer heat to the condenser.
The analysis will leverage these measurements to compare and evaluate the heat
transfer capabilities of each heat pipe.

4.2.3 Performance Evaluation

Analyzing the performance of a heat pipe is a complex task that involves
multiple factors and considerations. Since there is no standardized testing or
fabrication method for heat pipes, different research papers adopt various ap-
proaches to evaluate them. When examining heat pipe data, it is crucial to assess
each heat pipe based on temperature measurements obtained during tests.

Two key aspects are important when assessing the performance of a heat
pipe. First, the heat pipe must effectively transport heat, which occurs through
the phase change of the working fluid from liquid to vapor. The vapor then
reaches the condenser, where heat is released. Evaluating the thermal resistance
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of the heat pipe is one way to assess this heat transfer capability. Thermal resis-
tance quantifies the ease of heat flow across boundaries. A lower thermal resis-
tance indicates more efficient heat transfer. Equation 4.7 illustrates the calculation
of thermal resistance [31].

R =
Tevap − Tcond

Qin
(4.7)

where R is thermal resistivity(◦C/W), Tevap is the steady state temperature
of the evaporator, Tcond is the steady state temperature of the condenser and Qin
is the heat flux coming into the heat pipe from the oil. Equation 4.5 is utilized for
this calculation.

The second important parameter in evaluating heat transfer effectiveness is
the overall heat transfer coefficient h (W/m2-◦C). This coefficient quantifies the
conductive heat transfer rate between the two ends of the heat pipe. Higher val-
ues indicate more efficient heat dissipation. Equation 4.8 demonstrates the calcu-
lation of the heat transfer coefficient.

h =
Qin

At(Tevap − Tcond)
(4.8)

By finding both the thermal resistance and the overall heat transfer coeffi-
cient from each test, a direct comparison of each heat pipe can be made.

4.2.4 Testing Procedure

1. Start-up Analysis:

• Observe temperature profiles of the evaporator and condenser ends
during start-up.

• Note the significant temperature difference between the two ends ini-
tially.

• Monitor the temperature increase at the evaporator end as the test pro-
gresses.

• Observe of the temperature change of the condenser section.
• Wait until each section of the Heat Pipe has reached a steady state con-

dition.

2. Steady-State Analysis:

• Determine the desired steady-state temperature of the oil before test-
ing begins.

• Measure and evaluate temperature gradients along the heat pipe.
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• Compare the observed gradients with the desired performance.
• Visualize the heat transfer characteristics through temperature profiles

and heat transfer equations.

3. Qout Analysis:

• Observe the temperature difference between the two fan positions.
• Ensure the placement of the fan thermocouples is correct.
• Monitor the temperature response at each side closely.
• Record Temperature difference
• Use 4.6 to find the amount of heat dissipated at the condenser end.
• Formulate and compare values

4. Data Interpretation:

• Compare the performance of the MHP, and THP to validate design
efficacy.

• Analyze temperature patterns, gradients, and variations observed dur-
ing testing.

• Evaluate the effectiveness of the internal structure in the BioHP com-
pared to the THP.

• Draw meaningful conclusions regarding the performance, feasibility,
and suitability of the BioHP.

By following the established fabrication process and utilizing the designated
testing set-up and procedure, the BioHP can be thoroughly analyzed to deter-
mine its heat dissipation capabilities in comparison to other designs. The careful
implementation of the fabrication techniques and precise execution of the testing
procedures enable an accurate assessment of whether the BioHP exhibits supe-
rior heat transfer performance. These methods provide a solid foundation for
evaluating the efficacy of the BioHP in dissipating heat and contribute to a com-
prehensive understanding of its potential advantages over alternative heat pipe
designs.

4.3 Fabrication Requirement Analysis

Considerations for the heat transfer analysis were conducted using a Matlab
script, providing an efficient means to verify values when making calculations,
Appendix A shows said script. Table 4.1 presents the measured and constant
values utilized in all calculations [2, 31].
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Table 4.1: Measured Values and Constants
Constant Value Unit
σ 58.9 × 10−3 N/m
L 2.26 × 106 J/kg
ho 4100 W/(m2K)
ρ1 958 kg/m3

ρv 0.597 kg/m3

µ 0.282 × 10−3 Pa s
d 0.013 m
tw 0.20 × 10−3 m
re 5 × 10−6 m
ϵ 0.05 -
rc 0.005 m
Cp 1.0 kJ/kg K
θe 1 -
lc 0.038 m
le 0.038 m
la 0.054 m
le f f 0.126
Layers 3 -
At 0.0028 m2

Aa 1.32 × 10−4 m2

A 1.54 × 10−4

rc 5.0 × 10−4 m
Vs 477.5 m/s
γ 1.33 -

Where σ is the surface tension of water, L is the latent heat of vaporization
of water, ho is the heat transfer coefficient of the silicone oil, ρ1 is the density of
water as a liquid, ρv is the density of water as a vapor, µ is the dynamic viscosity
of water, d is the diameter of the vapor region, tw is the thickness of the wick, re is
the pore radius of the wick, ϵ is the porosity of the wick, rc is the radius of the cap,
Cp is the specific heat of water, and θ is the contact angle across the curved surface
of the wick, lc is the length of the condenser, le is the length of the evaporator, la
is the length of the adiabatic zone, Layers is the number of wick layers, At is the
surface area submerged in the oil, Aa is the cross-sectional area of the adiabatic
zone,A is the total area of the pipe, Vs is the speed of sound in water, and γ is the
specific heat ratio of water vapor.

Furthermore, the heat flux rate, Q̇, for the manufactured heat pipe is spec-
ified as 150 W. To achieve a rating as close to 150 W as possible, the THP and
BioHP are fabricated based on the description presented in section 4.1. Equations
4.2 4.3 4.4 shows the calculations for K, ṁ, and Q̇ respectively.
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The analysis led to the discovery that using three layers is the best option to
achieve a heat transfer rate (Q̇) that closely matches that of the manufactured heat
pipe. Additionally, the study identified the optimal lengths for different sections
of each of the custom-made heat pipes by comparing the final Q̇ with the MHP
and adjusting the parameter until the closest value was found. These calculations
are shown below as well as in Appendix A1.

K =
(0.0002 · 3)2 · (1 − 0.05)3

66.6(1 − 0.05)2 = 5.14 × 10−9m2

ṁ =
958 · 5.14 × 10−9 · 2.64 · ×10−5

0.282 × 10−30.126

[
2 · 58.9 × 10−3

0.005
− (0.597 · 9.81 · 0.126 · sin(1))

]

ṁ = 1.31 × 10−5 kg
s

Q̇ = (1.31 × 10−5) · (2.258 × 106) = 161.4 J/s

Based on these findings, two BioHPs and two THPs were fabricated follow-
ing the specifications derived from the analysis. The decision to create multiple
heat pipes of each type was twofold. Firstly, it aimed to ensure that the fabrica-
tion techniques employed were consistent and reproducible. Secondly, it served
to validate the reliability and consistency of the experimental tests conducted on
these heat pipes.

By employing these measures, the study ensures that the fabricated heat
pipes not only meet the desired performance criteria but also provide a reliable
foundation for further investigations and practical applications.

4.3.1 Sealing Validation

Before conducting the sealing tests, it was necessary to determine the appro-
priate filling volume for the heat pipes. This is discussed in section 3.4.1. The
optimal filling amount is 50% of the total volume of the evaporator section [? ].
Considering the geometry of the evaporator, the volume needed to be calculated.
Since the cap on the end needs to be considered, it was broken up into two sec-
tions. The length of the cap was found to be 14 mm and the diameter to be 18 mm.
The tube was then measured and the diameter and length were determined to be
16mm and 20 mm respectively. The volume for both sections was then added and
the total volume was found to be 7583.8 mm3. By dividing the total volume of
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the evaporator in half, it was determined that 3.8 mL of water should be inserted
into each heat pipe.

To account for any mass loss during the sealing process, a total of 4 mL of
water was added to each heat pipe. This slightly higher quantity ensures that
the desired filling volume is achieved even after accounting for potential mass
reduction during sealing.

Following the filling process, the mass of each heat pipe was measured. Sub-
sequently, the sealing and submersion processes were performed according to
the specified procedures discussed in section 3.4.1. The mass is then measured
again, and the results from this test are shown in table 4.2

Table 4.2: Submerge Test Results (g)
Heat Pipe Before Submersion After Submersion
THP1 76.14 76.12
THP2 75.00 75.00
BioHP1 82.7 82.7
BioHP2 82.68 82.67

Based on the analysis conducted, it was ensured that each heat pipe tested
was properly sealed, and the appropriate amount of water was placed inside. As
part of the fabrication process, four wickless copper pipes were initially created
to verify the feasibility of fabrication, sealing, and leak detection tests.

4.4 Limitation Calculations

The limitations are found to ensure the heat flux between the evaporator and
the oil does not exceed any limits. If this does occur, the heat pipe’s wick will dry
out, causing errors in the testing data. Each limitation is discussed in section 2.4.
Table 4.3 shows the calculated limits using equations 2.11,2.12, and 2.13 as well
as values taken from 4.1. The calculations and table are shown below as well as
in Appendix A.

Q̇b = −0.012 · 2.26 × 106 · 0.597 · 1.32 × 10−4 ·
(

958 − 0.597
0.597

)0.6

= 355.9kW

Q̇s =
0.597 · 477.5 · 58.9 × 10−3√

2(1.33 + 1)
· 1.32 × 10−4 = 45.8kW

Q̇e = 1.32× 10−4 · 58.9× 10−3
[

0.597
1.32 × 10−4

(
2π1.33
0.027

+(9589.810.0113)
)]0.5

= 814.5kW
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∆Pc,max = 2 · 58.9 × 10−3 · cos(90)
5 × 10−6 = 1274.1Pa

Table 4.3: Limitations Calculations
Limit Value Unit
Q̇b 355.9 kW
Q̇s 45.8 kW
Q̇e 814.5 kW
∆Pc,max 1274.1 Pa

These limitations will be taken into consideration when the values for heat
flux are calculated for the heat pipes. When considering the values to determine
the capillary limit, the heat flux of each test is to be calculated and compared to
values found in Table 4.3. It is important to note that it is assumed the wick on
both heat pipes is fully wetted, meaning, there the contact angle across the curved
surface of the wick (θe) is zero.
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CHAPTER 5

DATA ANALYSIS

There were a total of 22 tests conducted. Each test was grouped into a range
of temperatures based on the steady-state temperature of the oil during the test.
Temperatures from 26-45 ◦C are denoted as ”Low”. Temperatures from 45-80 ◦C
are denoted as ”Mid”, and temperatures above 80 ◦C are considered ”High”. The
temperature of the oil was gradually increased until a steady state was achieved.
Subsequently, each heat pipe was immersed in the oil, and the temperature was
recorded until the heat pipe also reached a steady state. It is worth noting that
all the ”High” temperature tests correspond to the upper limit of the silicone oil’s
temperature tolerance.

The calculations were performed using the average values from each tem-
perature group, as well as the average temperature profiles for each design. This
approach provides a more comprehensive understanding of the heat pipes’ be-
havior across a range of temperatures, as opposed to relying solely on isolated
test results.

5.1 Fabrication Validation

To validate the performance of the fabricated heat pipes, a comparison is
made between the MHP and THP designs. This allows us to assess the effective-
ness of the fabrication process and examine how well the designed HPs perform
compared to a manufactured one. In order to help understand what is going on
in each of the tests, the Qin values need to be calculated using eq. 4.5, the average
temperatures for each test were taken from the raw data found in appendix C.
Constant values from 4.1 are used. The calculation below shows the Qin for the
averaged low temperatures for the MHP and THP, for the low values, the average
temperature of the oil was found to be Toil =36.98 ◦C, the average temperature of
the evaporator for the MHP and the THP were found to be Tevap =33.4 ◦C and
Tevap = 32.8 ◦C respectively.

Q̇in−MHP = 0.0028 · 4100 ·
(
36.98 − 33.4) = 43.76W

Q̇in−THP = 0.0028 · 4100 ·
(
36.98 − 32.8) = 50.39W
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Due to the large number of calculations needed for each range of tests, each
calculation for each temperature average and heat pipe was written in a Matlab
script and is presented in Appendix A. Table 5.1 shows all the calculated averages
for the MHP and THP in each temperature range.

Table 5.1: Average in(W) for MHP and THP
Temperature MHP THP %Difference
Low 43.76 50.39 14.1%
Mid 113.6 121.1 6.4%
High 336.4 463.7 31.8%

Table 5.1 shows that at low and middle ranges, the amount of heat that each
heat pipe receives very similar heat fluxes in the evaporator. At high tempera-
tures, the THP has a larger value for Qin about 32% more than the MHP.

To help better understand how each heat pipe performs relative to each end
of the heat pipe. The thermal resistance and the overall heat transfer coefficient
are calculated using eqs. 4.7 and 4.8 respectively. As described in section 4.2.3,
thermal resistance (◦C/W) quantifies the ease of heat flow across boundaries.
The lower the values the better the heat pipe is at transferring heat from the
evaporator to the condenser. The overall coefficient of heat transfer(W/m2◦C)
subsequently quantifies the conducive heat transfer rate between the two ends.
A higher value indicates more heat is being transferred per unit area. Calcula-
tions to find the thermal resistance and overall heat transfer coefficient for the
low-temperature ranges are shown below. Values for Qin and At are taken from
table 4.1 and table 5.1 respectively. The average temperature of the condenser at
low-temperature ranges, for the MHP and THP, are Tcond=28.8 ◦C and Tcond=30.03
◦C respectively.

Rlow−MHP =
33.4 − 28.8

43.76
= 0.011(◦C/W)

Rlow−THP =
32.8 − 30.03

50.39
= 0.055(◦C/W)

hlow−MHP =
43.76

0.0028 · (33.4 − 28.8)
= 3.27(W/m2◦C)

hlow−THP =
50.39

0.0028 · (32.8 − 30.3)
= 6.21(W/m2◦C)

The values for each Thermal Resistance at their respective temperature are
provided in Table 5.2.
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Table 5.2: Average Thermal Resistance(◦C/W) for MHP and THP
Temperature MHP THP %Difference
Low 0.11 0.055 61.7%
Mid 0.059 0.037 46.8%
High 0.088 0.031 96.1%

The thermal resistance values for the MHP and THP show a considerable
difference at all three levels, the largest being at the high-temperature range. This
means that at all temperature ranges, the THP is able to transfer heat from the
evaporator to the condenser more effectively. This is a direct function of the tem-
perature difference at each of the ends. In the MHP at the low level, the tem-
perature difference is 4.6 while the THP only has a temperature difference of 2.5.
They are slightly closer at the middle level but separate considerably at the high-
temperature range.

Table 5.3 shows the results from the evaluation of calculating the overall heat
transfer coefficient of the two heat pipes.

Table 5.3: Average Heat Transfer Coefficient(W/m2-◦C) for MHP and THP
Temperature MHP THP %Difference
Low 3.27 6.21 62.02%
Mid 5.73 9.24 46.89%
High 3.4 11.0 105.1%

Based on the analysis of the heat transfer coefficient values presented in Table
5.3, the following observations can be made:

• The trend observed in the average thermal resistance data is consistent with
the average heat transfer coefficient data.

• At the low-temperature range, the THP exhibits slightly larger heat transfer
coefficient values compared to the MHP.

• At the mid-temperature range, the difference between the two is closer, but
the THP is still considerably higher.

• At the high-temperature level, the THP demonstrates a significantly larger
heat transfer coefficient compared to the MHP, with difference of approxi-
mately 105.1%.

• This suggests that the THP performs better than the MHP in dissipating
heat at high temperatures.

The findings in tables 5.2, and 5.3 show that the THP consistently performs
at a higher level compared to the MHP. At the high-temperature range, the THP
performs considerably better than the MHP.
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Overall, the comparison of heat transfer coefficient and thermal resistance
data between the THP and MHP reveals that the THP performs better compared
to the manufactured heat pipe. This validates the effectiveness of the THP design
and fabrication process. The results highlight that the THP is capable of achieving
comparable or even superior heat transfer performance compared to the MHP,
particularly at high-temperature levels.

5.2 BioHP and THP Comparison

5.2.1 Thermal Performance

After validating the heat pipe fabrication process, a comparison between the
BioHP and THP designs can be conducted to evaluate their respective heat trans-
fer capabilities. This comparison is based on the heat flux values (Qin) at each
temperature level, which indicates how effectively the heat pipes receive heat in
the evaporator zone. By using the same process for finding the Qin values shown
in section 5.1, Table 5.4 presents the results obtained using Equation 4.5.

Table 5.4: Average Qin for BioHP and THP
Temperature BioHP (W) THP (W) %Difference
Low 22.79 50.39 75.4%
Mid 159.4 121.1 27.3%
High 378.6 463.7 20.2%

The findings demonstrate a significant difference in the amount of heat being
transferred into the system between the BioHP and THP designs. At two of the
three temperature levels, the THP outperforms the BioHP. At low-temperature
ranges, the THP is considerably high, at the middle range, however, the BioHP
surpasses the THP, but only by 27.3%, and at the highest level, the THP passes the
BioHP and is slightly higher. It is worth noting it is only 20.2%, which indicates
that they are performing similarly.

The heat flux calculations in Equation 4.5 solely consider the amount of heat
input at the evaporator of the heat pipe. This calculation relies on the temperature
difference between the oil and the evaporator. When the temperatures are closer
to each other, the heat flux decreases. In the case of the BioHP at the low-high
ranges, the evaporator temperature is closer to the oil temperature compared to
the THP tests. This information will be further discussed in section 4.4.4, provid-
ing a more comprehensive understanding of the observed results.
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5.2.2 Limitation Validation

After determining the heat fluxes, the next step is to calculate the pressure
differences at each section of the heat pipe using Equations 2.3, 2.6, and 2.10.
These values are then compared with the inequality given in Equation 2.2 using
the inequality shown in Equation 2.1. The sum of the pressure differences from
the three sections is denoted as ∆Ptot. Table 5.5 presents the results of this evalu-
ation.

Table 5.5: Pressure Comparison for BioHP and THP (Pa)
Temperature ∆PtotBioHP ∆PtotTHP %Difference
Low 510.0 511.3 0.26%
Mid 511.0 515.2 1.02%
High 518.8 521.1 0.44%

The findings in Table 5.5 indicate that the pressure differences obtained for
both the BioHP and THP designs at each temperature level satisfy the inequality
for ∆Pc,max as specified in table 4.3. This suggests that the pressure gradients
within each section of the heat pipes are within acceptable limits.

Furthermore, the results demonstrate that the behavior of the heat pipes,
in terms of pressure gradients at each section, is nearly identical for both the
BioHP and THP designs. The percentage differences in pressure between the two
designs are negligible, ranging from 0.26% to 1.02%. This indicates that the two
designs are effective in maintaining the required pressure differences for proper
heat transfer and fluid flow within the heat pipe system.

5.2.3 Qout Analysis

The analysis conducted in this study involves the use of data collected from
the Cooling duct fan to quantify the amount of heat dissipated in the evaporator
zone during steady-state conditions, as determined by Equation 4.6.

It is important to mention that temperature readings were only taken using
the fan for the high-level tests. This decision was made because the radiation
emitted from the heat pipes at the low and middle levels is too low to accurately
measure the temperature difference. Table 5.6 presents the constant values used
in the analysis, while Table 5.7 presents the heat leaving the heat pipe at the con-
denser (Qout) and compares it to the previously calculated Qin values from sec-
tion 5.2.1. The area of the box was measured to be 0.00516 m2. The fan speed was
regulated by a voltage controller and was set to 60 W. The speed of air through
the duct was then measured by the anemometer and was found to be 1.5 m/s.
The density of air and the specific heat of air at constant pressure were then used
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to find the mass flow rate of the air in the duct [2]. The calculations are shown
below. They are also tabulated in table 5.6.

ṁ = 1.196 · 0.00516 · 1.5 = 0.0093(kg/s)

Table 5.6: Measured Values for Evaluation for BioHP and THP
Parameter Value Unit
ρair 1.196 kg/m3

Ad 0.00516 m2

Vd 1.5 m/s
Cp 1.006 kJ/kgK
ṁ 0.0093 kg/s

This can now be used to find the amount of heat dissipated at the condenser
end by using the data collected by the fan thermocouples at the high level. The
raw data in the graph is shown in Appendix C. The respective temperatures for
each test and their calculations are shown below. It was found that Tin−bio = 19.88
◦C, Tin−THP = 18.24 ◦C, Tout−bio = 52.17 ◦C, and Tout−THP = 40.2 ◦C.

Qout−THP = (40.2 − 18.24) · 1.006 · 0.0093 = 204.6W

Qout−Bio = (52.17 − 19.88) · 1.006 · 0.0093 = 300.8W

Table 5.7 shows a comparison between the Qin calculated in section 5.2.1 and
the Qout values that were just found.

Table 5.7: Qout Evaluation for BioHP and THP (W)
Parameter BioHP (W) THP (W)
Q̇in 378.6 463.7
Q̇out 300.8 204.6
η 79.45% 44.12%

This comparison shows that the BioHP has more heat reaching the condenser
than the THP at these elevated temperatures. Only 77.8 Watts of energy is lost
across the BioHP, while for the THP, 259.1 Watts of energy is lost.

Considering that for the Qin, ∆Ptot both the HPs showed similar behaviors
at the high-temperature range, and are unlike the trend that was previously ob-
served.

To better understand the performance comparison of the THP and BioHP,
the thermal resistance was found and is shown in table 5.8
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Table 5.8: Thermal Resistance Comparison for BioHP and THP (◦C/W)
Temperature BioHP THP %Difference
Low 0.347 0.104 107.7%
Mid 0.106 0.036 98.6%
High 0.045 0.031 36.8%

This evaluation shows that there is a large difference at both the low and
middle levels, with both being close to 100% different from each other. This im-
plies that at lower temperatures, the BioHP has a considerably larger temper-
ature gradient between the evaporator and the condenser. At higher tempera-
tures, similar to what was seen in table 5.4, the values are closer. This indicates
that at lower, temperatures, there is a higher temperature gradient across the two
sections, but at elevated temperatures, the temperature difference is smaller.

5.2.4 Temperature Gradients

To provide further insight into the behavior of the heat pipes, temperature
gradient graphs were generated to illustrate the temperature changes along the
length of the heat pipes. Figure 5.1 displays the temperature gradient for both
the BioHP and THP at the low-temperature level. The x-axis represents the lo-
cation along the heat pipe, from the evaporator to the condenser, and the y-axis
represents the temperature.
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Figure 5.1: Temperature Gradient for BioHP and THP at Low Level

A traditional heat pipe should exhibit an almost isothermal relationship,
with minimal temperature variations between each section of the heat pipe. As
observed in Figure 5.1, the BioHP shows a nearly linear temperature profile, at
each position, the temperature drops an average of three degrees. At steady state
conditions, the BioHP drops a total of nine degrees. In contrast, the THP demon-
strates relatively small temperature variations between different sections along
the length of the heat pipe with a total temperature drop of 3.5 degrees. Due to
the almost identical testing procedures of each heat pipe, it is possible that the
biomimetic structure is playing a role in the large temperature drops.

Figure 5.2 illustrates the temperature gradients at the middle-temperature
level. Similar to the low-temperature level, the BioHP still exhibits a predom-
inantly linear temperature profile, albeit with a slight improvement toward an
isothermal appearance. A total temperature drop of 21 degrees, over twice as
large of a difference as the low test. This again, coupled with the data found in
table 5.8 suggests the biomimetic structure is absorbing the heat, preventing the
temperatures to reach levels similar to the THP. The temperature drop for the
THP shows a smaller increase, with a total temperature difference of 5 degrees
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Figure 5.2: Temperature Gradient for BioHP and THP at Middle Level

Figure 5.3 presents the temperature gradients at the high-temperature level.
At this level, a change is observed in the behavior of the BioHP. The total tem-
perature drop for the BioHP is 14.5 degrees, suggesting that more heat flux is
reaching the condenser end, resulting in a higher temperature at that end. This
also is a similar observation that was made in earlier tests. At these elevated
temperatures, the BioHP performs similarly to the THP.
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Figure 5.3: Temperature Gradient for BioHP and THP at High Level

Since each test was conducted under as close to identical conditions as possi-
ble, the primary variable between the two heat pipes is the biomimetic structure.
The results strongly suggest that the material properties of the BioHP structure
play a significant role in its performance at different temperature levels. At lower
temperatures, the material appears to absorb a significant amount of heat, caus-
ing the vapor to condense into a liquid at an earlier section of the heat pipe.

As previously discussed in section 2.1.3 and section 3.2, vapor impacts on the
biomimetic structure are theorized to influence condensation through the porous
structure. From the performance evaluation, there is evidence that this is occur-
ring. In both the resistance calculations, as well as what was seen in the temper-
ature gradients, the temperatures of the BioHP reduce considerably across the
length of the heat pipe. At higher temperatures, however, the BioHP shows a
change in behavior that is not unlike the THP. This observation, coupled with
the results found in table 5.7, show that at the high-temperature level, the heat
is reaching the condenser and is not absorbing as much as what was shown in
lower tests.
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5.3 Integration Challenges

5.3.1 Temperature Measurements

After conducting the tests, it is important to address potential sources of
error. One crucial consideration is the accuracy of thermal measurements during
testing. The thermocouples used in the experiments followed the manufacturing
standards outlined in IEC-584-2 [32], which allows for an error range of ±1.5°C
within the temperature range of the tests. Although this error range is within
acceptable bounds, it is essential to acknowledge its potential impact on heat
pipe behaviors.

To validate the temperature measurements further, a Flir thermal camera
was utilized to visualize the temperature gradients of the heat pipes. Figure 5.4
displays a thermal image of the THP at the high-temperature level. It is worth
noting that these images were captured after the high-temperature tests, as the
low and middle levels did not exhibit significant temperature changes compared
to the environment. Because, there is no way to see the entire heat pipe during
testing, due to the oil’s heat preventing this the heat pipes were removed from
the testing apparatus. Additionally, it is challenging to maintain stable tempera-
tures once the heat pipes are removed from the oil, leading to reduced accuracy
in capturing temperatures similar to those during the tests. Figure 5.4 show the
thermal image of the THP in and demonstrates relatively consistent temperature
distribution along the length of the heat pipe.

Figure 5.4: THP Thermal Image at High Temperature Level

The lower portion of the image corresponds to the hot region where the heat
pipe was immersed in the oil. Residual oil is visible due to difficulties in remov-
ing it completely. The warm regions in the middle of the image are reflections
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caused by thermal tape, creating an exaggerated appearance of higher tempera-
tures when, in reality, they are at the same temperature as the heat pipe. Figure
5.5 showcases the thermal image of the BioHP, displaying a similar temperature
distribution pattern.

Figure 5.5: BioHP Thermal Image at High Temperature Level

The colder areas in the regions where the caps are located are attributed to
the caps acting as additional barriers to heat transfer. Soldering the caps creates
an additional medium that heat needs to pass through. These thermal images
provide further validation of the thermal couple readings at high temperatures,
especially when comparing them to the MHP. Figure 5.6 presents the thermal im-
ages of the MHP at high temperatures, demonstrating comparable temperature
gradients to the other two heat pipes.

Although the thermal images cannot be directly compared to the thermal
couple data, they confirm consistent temperature gradient behavior among the
heat pipes at high-performance temperatures.

5.3.2 Testing Set-up

While each test was conducted with care, it’s important to consider the po-
tential sources of error that may have influenced the results. One such source
is the fluctuation of ambient temperatures both in the testing room and within
the heated box. Despite efforts to maintain a consistent environment, the lid box
had issues completely sealing to the rest of the box, which could have caused
fluctuations in the heat pipe temperatures. It should be noted, however, that
the measurement values used in the results were obtained when the heat pipes
reached steady-state conditions, and most of the temperature variations occurred
during the transient phase of the tests.
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Figure 5.6: MHP Thermal Image at High Temperature Level

Another potential source of error is related to the placement and adhesion of
the thermocouples on the heat pipes. Although great care was taken in position-
ing the thermocouples, measuring and marking their placement, and securing
them with thermal tape, there were challenges associated with the properties of
the silicone oil. The thermal tape sometimes had difficulty adhering to the heat
pipe surface without coming into contact with the oil. Additionally, as multiple
tests were performed on each heat pipe, thorough cleaning was necessary to re-
move any residual oil. Despite efforts to clean the heat pipes, some spots may
have been missed, and the tape’s adhesive properties could have been compro-
mised, leading to a loss of thermal contact with the heat pipe. Whenever this was
observed, the thermocouples were correctly reattached, and the issue was noted.

Regarding the oil used in the experiments, it’s worth noting that there were
variations in its temperature, as well as the temperature of the hot plate. Main-
taining a consistent temperature for the oil between tests proved to be challeng-
ing. Silicone oil is known for its ability to retain heat once it reaches a steady state
temperature, which is advantageous. However, achieving the desired steady-
state temperature was not always straightforward, particularly when aiming for
lower temperatures. During the tests, the oil temperature would eventually sta-
bilize, but it could still be observed to exhibit slight fluctuations, with a gradual
increase or decrease over time. To ensure the accuracy of the data collected, it was
ensured that the oil temperature for each temperature level analysis remained
consistent.

Lastly, it’s important to acknowledge a potential limitation regarding the
readings at the evaporator section. In the graphs displayed in section 5.2.4, it
is evident that the evaporator temperature often appeared significantly higher
than the temperatures at other sections, even when the other sections showed
an almost isothermal relationship. This discrepancy is attributed to the thermal
couple in the oil, which, despite being partially protected by thermal tape, still
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experienced some heat flux from the hotter oil. Consequently, the temperature of
the evaporator was influenced, and attempts to add additional thermal tape to
mitigate this effect did not yield significant corrections.

5.3.3 Biomimetic Structure Integrity

To assess the physical integrity of the BioHP during the tests, a cross-section
of the heat pipe was cut to examine the structure’s condition, particularly after
subjecting it to high temperatures. Since copper, the material used in the heat
pipe is opaque, it is not possible to directly observe the internal state of the heat
pipe during operation. However, by examining the cross-section, it can be deter-
mined if the structure maintained its shape and integrity throughout the testing.
Figure 5.7 illustrates the result of cutting the BioHP.

Figure 5.7: Cross-section of BioHP After Testing

The image demonstrates that the biomimetic structure remained intact and
unaffected by the rigorous testing it underwent. This observation along with the
integrity test shown in fig. 3.14 provides validation to the results obtained for
the BioHP and supports the conclusions drawn. It suggests that the structural
design of the BioHP is capable of withstanding the testing conditions and retains
its functionality even under high-temperature operating conditions.

58



5.3.4 Other Potential Sources

There are a few additional potential sources that need to be addressed and
are not able to be categorized anywhere else.

Repeatability A total of 22 tests were conducted and used for this research
with a total of 6 heat pipes tests, four of them being fabricated in-house. This
approach was adopted to account for any variations in manufacturing and fab-
rication among the heat pipes. However, it should be noted that the number of
tests conducted is still relatively low. To establish a robust understanding of the
behavior of each heat pipe design in different situations, a larger number of tests
would be ideal, preferably around twenty tests for each scenario across each heat
pipe, about three times more than what was already done. Unfortunately, due to
limitations in available resources, such a comprehensive test campaign was not
feasible within the given time frame.

Nevertheless, conscious efforts were made to ensure consistency and reli-
ability in the results. This was particularly emphasized during the fabrication
and sealing processes of the THP and BioHP. As mentioned in section 4.1.1, five
tests were performed to verify the effectiveness of the sealing process. Figure 5.8
provides thermal images captured during the sealing process, showing the for-
mation of bubbles at the straw end as the working fluid begins to boil. These
images served as indicators of the appropriate timing for sealing the heat pipe.

Figure 5.8: Thermal Images During Sealing Process

It is important to acknowledge that the sealing process itself may introduce
some unforeseen errors. The amount of vapor lost during the process could not
be precisely determined until after the sealing was completed. However, this
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loss was expected to have a minimal impact on the test results, as the maximum
amount of fluid lost during the tests was only 0.3 ml.

Additionally, challenges were encountered in maintaining a reliable seal at
the straw end. The tool used for cold welding the straw effectively sealed the heat
pipes, as demonstrated in section 4.1.1. However, the sealing process created
a fragile area near the sealed end of the straw. Dislocations in the crystalline
structure of the metal caused brittleness in this region. Special care was taken to
prevent any bumps or disturbances to the end of the straw, as it could potentially
introduce air or affect the integrity of the seal. It is worth mentioning that in the
high-temperature tests, any failure in the seal would have been evident, as the
temperatures exceeded the boiling point of water. No observations of unsealed
heat pipes or the presence of water at the end of the heat pipes were made during
the tests, indicating the integrity of the sealing process.

Potentials in Human Error It is crucial to acknowledge that human error is al-
ways a possibility when collecting and compiling data, as well as conducting
experiments. Despite careful adherence to experimental procedures, there is al-
ways a chance of inaccuracies in readings, calculation errors, or even a limited
understanding of the underlying physical phenomena. In an effort to minimize
human error, a second individual was involved in cross-checking all collected
data and calculations. However, it is important to recognize that random errors
associated with human involvement should be considered as a potential source
of uncertainty in the results.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This research compares the efficacy of a biomimetic design by comparing it
with a traditional two-phase wick design. Through comprehensive thermal anal-
ysis, physical experiments, and rigorous validation techniques, evidence suggest
the biomimetic structure disperses heat across the length of the heat pipe, notably
at lower temperature ranges. The ideas discussed in section 2.1.3 lend credibility
to the observed results. The heat distribution patterns and thermal analysis data
observed at the lower temperature levels strongly suggest that the absorption of
the internal structure influenced the findings in section 5.2.

When considering high temperatures, the concepts presented in Chapter 2,
particularly in section 2.7, further support the notion that increasing vapor veloc-
ity at high temperatures improves heat distribution performance. There is evi-
dence for this in section 5.2.3, but further research is necessary to observe similar
trends. Additionally, the ideas discussed in section 2.1.3 lend credibility to the ob-
served results. The heat distribution patterns observed at the lower temperature
levels strongly suggest that the absorption of the internal structure influenced the
findings in section 5.2.4.

6.2 Contributions

6.2.1 Heat Pipe Testing Methods

This research achieved a significant milestone by developing a unique test-
ing method for heat pipes that has not been previously explored in the existing
literature. The literature investigation conducted revealed a scarcity of research
on gravity-assisted heat pipes utilizing water as the working fluid, and the meth-
ods devised in this study are not documented in other published works. Section
3.3 further discusses the need for an ASTM standard, and the need to create a
detailed testing procedure.
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6.2.2 Heat Pipe Fabrication

This research introduces novel fabrication techniques that are distinct from
those commonly found in the existing literature and industrial practices. Con-
ventional fabrication techniques for heat pipes often involve complex processes
and the use of specialized equipment, which may not be feasible for individual
researchers or small research groups. The techniques detailed in Chapter 3 en-
able researchers to achieve satisfactory results using readily available materials
that can be purchased off the shelf. By presenting these techniques, this research
opens up opportunities for future researchers to effectively fabricate heat pipes
without the need for extensive resources or specialized equipment, thereby fa-
cilitating further investigations in this field. It is also worth noting that like the
testing methods detailed above, there is no ASTM standard for the fabrication of
heat pipes.

6.2.3 Space Application

The research findings indicate that the biomimetic heat pipe design has the
potential to enhance heat dissipation, particularly at high temperatures. How-
ever, further investigation is required to determine its applicability in nuclear
environments, especially at significantly higher temperatures. Additionally, the
integration of fins and modifications to the wick design could further enhance
heat dissipation capabilities.

Testing heat pipes in space-like conditions poses significant challenges. How-
ever, considering the successful utilization of heat pipes on the ISS, it is plausible
to adapt heat pipe designs for space applications with appropriate modifications.
Suggestions for improved materials in space applications include the use of alu-
minum casings. Aluminum is renowned for its lightweight properties and is
commonly employed in space-related endeavors. Moreover, selecting a working
fluid capable of withstanding both high and low temperatures is crucial. Dy-
naline, a molten salt material, exhibits these desired properties and is proposed
as a potential working fluid for future heat pipe designs intended for space ap-
plications [33]. By incorporating these advancements, heat pipe technology can
be further optimized for space-based thermal management systems.

6.3 Future Work

Exploring alternative biomimetic structures constructed from metal materi-
als to enhance the thermal conductivity of the heat pipe is recommended. Metal
structures would facilitate more efficient heat transfer across all temperature ranges.
However, extensive research and development would be required to establish ef-
fective manufacturing techniques for such complex structures. Metal 3D printing
is a potential avenue, although precise tolerances must be ensured.
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Improving the testing apparatus is another important recommendation. While
the current apparatus served its purpose, it can be further optimized. Addressing
gaps in the box to prevent heat leakage would enhance the accuracy of the tests.
Additionally, implementing a cooling jacket system at the condenser end, instead
of relying on the fan method, would provide better temperature regulation and
enable more reliable low-temperature testing.

The results from Figure 5.3 deviate from the expected heat dissipation pat-
tern observed in Figures 5.1 and 5.2, where heat is distributed uniformly across
the length of the Biomimetic Heat Pipe (BioHP). This discrepancy is likely due
to the vapor velocity increasing and reaching the condenser end of the heat pipe.
Evidence for this phenomenon was further discussed in section 2.7.

To achieve efficient heat dissipation across the entire length of the BioHP
at higher temperatures, it is recommended that the biomimetic structure gradu-
ally increases in pore size along its length. This configuration would mimic the
behavior of a converging-diverging nozzle for the vapor flow [2, 22]. This was
discussed in section 2.8. By gradually enlarging the pores, the vapor flow would
decelerate, preventing it from reaching the condenser section prematurely, as ob-
served in the high-temperature tests [22]. It is important to note, that this is only
a possibility if the flow is under sonic conditions [14].

Furthermore, conducting a more extensive series of tests, particularly at higher
temperatures, would shed more light on how the biomimetic structure behaves.
Due to limitations imposed by the properties of the oil, the maximum heat flux
that could cause the heat pipe to cease operation was not determined. While
significant evidence supports the superior heat dissipation capabilities of the
biomimetic structure, expanding the sample size would provide a more com-
prehensive understanding of its performance. Moreover, exploring design mod-
ifications such as geometry alterations, increased wick porosity, and refined cap
designs could further optimize the heat pipe’s effectiveness.

Lastly, performing simulation analysis, specifically Finite Element Analysis
(FEA), is recommended. Although the original research intended to include com-
prehensive simulations detailing the internal behaviors of the biomimetic heat
pipe, constraints related to licensing and funding prevented their execution. Con-
ducting FEA simulations would provide valuable insights and validation of the
effects of the biomimetic structure, enabling a deeper understanding of its behav-
ior and performance that may not be observable through physical testing alone.
This simulation analysis was originally a part of the scope of this research, and
many hours were put into developing a detailed FEA simulation. Unfortunately,
NMT only holds a classroom license, and once it was known that research was be-
ing performed on that license by the software company, all simulations relating to
the Heat Pipes were ended. An attempt to buy a research license was attempted,
but due to a limitation in funding, it was not purchased.
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6.4 Final Thoughts

In conclusion, this research has provided valuable insights into the field of
heat pipes and their potential for passive heat dissipation. The findings demon-
strate the effectiveness of heat pipes as a reliable method for heat transfer, owing
to the unique properties of the working fluid. Furthermore, the investigation of
biomimetic heat pipes has shown promising results and suggests that they have
the potential to be the heat pipes of the future.

Although the research conducted in this study did not uncover all the de-
sired outcomes, it has laid a solid foundation for future investigations. There
are still numerous avenues for further exploration, including the development
of more robust fabrication techniques and the careful consideration of diverse
applications. By refining the manufacturing processes and exploring different
materials, the performance of heat pipes can be further optimized.

The evidence gathered through this research supports the notion that biomimetic
heat pipes are capable of dissipating heat across the entire length. However, more
studies and grants are required to delve deeper into this field and fully explore
its potential. The research conducted here serves as a stepping stone, providing
valuable insights and opening up new possibilities for future advancements in
heat pipe technology.

Overall, this research has contributed to the growing body of knowledge in
the field of heat pipes and has set the stage for further investigations. With con-
tinued efforts and support, it is thought that heat pipes, particularly biomimetic
designs, could play a role in addressing future heat dissipation challenges.
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APPENDIX A

MATLAB SCRIPT

A.1 Constants and Q dot Calculations

1

2 clear; clc;

3

4 sig =58.9e-3; %surface tension of water

5 L=2.258 e6; %Latent heat of water

6 rho1 =958;%density of liquid water

7 rho2 =.5974; %density of vapor water

8 l=.16;%total length of pipe

9 mu=.282e-3;

10 % numoflayers1 =2

11 % numoflayers2 =1

12 w_d1 =0.0045% cm

13 w_d2 =0.0025;

14 la =.092;

15 le =.034;

16 lc =.034;

17 leff=la+((lc+le)/2)

18 D1=1;

19 D2=0.7;

20 d=.014;%m diameter of the tube

21 t_1w =.0002;% Wick thickness

22 ps=5e-6;%poresize

23 e=0.05;%Porosity

24 layers =3%Number of layers of copper mesh

25 t_w=t_1w*layers%Total thickness of wick

26 d_a=d-t_w %diameter of adiabatic zone

27 rt =0.018/2%total radius submerged in oil00

28 r_manu_t =0.012/2;%radius of manufatured HP

29 h=0.04;%Height submerged in tube

30 Aw=t_w*pi*d;%cross -sectional area of wick.

31 h_cyl =0.02;

32 lcap =0.014;%length of cap
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33 le1=le -lcap;%length of pipe not connected to cap

34 rc =0.009;%radius of cap

35 %%

36 % surface area of tube submerged in oil

37

38 At=((2* pi*rt^2) +(2*pi*rt*le1))+((2*pi*rc^2) +(2*pi*rc*lcap));

39 Aa=pi*(d_a /2) ^2;%area of adiabatic zone

40 ho =4100;%w/(m^2K) Thermal conductivity of Silicone

41

42

43 %%

44 % %AVERAGE Low temperature values

45

46 T_oil_low = 36.98;

47 T_evap_low_bio = 35.09;

48 T_con_low_bio = 27.19;

49 T_evap_low_thp = 32.8;

50 T_con_low_thp = 30.0324;

51 T_evap_low_mhp = 33.35;

52 T_con_low_mhp = 28.8;

53

54 %%

55 % % AVERAGE Mid temperature values

56

57 T_oil_mid = 70.1;

58 T_evap_mid_bio = 56.88;

59 T_con_mid_bio =39.97;

60 T_evap_mid_thp =60.052;

61 T_con_mid_thp = 55.593;

62 T_evap_mid_mhp = 60.68;

63 T_con_mid_mhp = 53.94;

64

65 %%

66 % % AVERAGE High temperature values

67

68 T_oil_high = 171.6;

69 T_evap_high_bio = 140.2;

70 T_con_high_bio = 123.1;

71 T_evap_high_thp = 133.14;

72 T_con_high_thp = 118.83;

73 T_evap_high_mhp = 143.7;

74 T_con_high_mhp = 110.33;

75

76 %%
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77 % % Low temperature Heat Flux calculations

78

79 Q_bio_low = At * ho * (T_oil_low - T_evap_low_bio)

80 Q_thp_low = At * ho * (T_oil_low - T_evap_low_thp)

81 Q_mhp_low = At * ho * (T_oil_low - T_evap_low_mhp)

82 %%

83 % %Low Temperature Thermal Resistance

84

85 R_low = [

86 (T_evap_low_bio - T_con_low_bio)/Q_bio_low

87 (T_evap_low_thp - T_con_low_thp)/Q_thp_low

88 (T_evap_low_mhp - T_con_low_mhp)/Q_mhp_low

89 ]

90 %%

91 % % Low Temperature Heat Transfer Coefficent

92

93 h_low = [

94 Q_bio_low / (At * (T_evap_low_bio - T_con_low_bio))

95 Q_thp_low / (At * (T_evap_low_thp - T_con_low_thp))

96 Q_mhp_low / (At * (T_evap_low_mhp - T_con_low_mhp))

97 ]

98 %%

99 %

100 %

101 % % Mid temperature Heat Fluxcalculations

102

103 Q_bio_mid = At * ho * (T_oil_mid - T_evap_mid_bio)

104 Q_thp_mid = At * ho * (T_oil_mid - T_evap_mid_thp)

105 Q_mhp_mid = At * ho * (T_oil_mid - T_evap_mid_mhp)

106 %%

107 % %Mid Temp. Resistance

108

109 R_mid = [

110 (T_evap_mid_bio - T_con_mid_bio)/Q_bio_mid

111 (T_evap_mid_thp - T_con_mid_thp)/Q_thp_mid

112 (T_evap_mid_mhp - T_con_mid_mhp)/Q_mhp_mid

113 ]

114 %%

115 % %Mid Temp HT Coefficent

116

117 h_mid = [

118 Q_bio_mid / (At * (T_evap_mid_bio - T_con_mid_bio))

119 Q_thp_mid / (At * (T_evap_mid_thp - T_con_mid_thp))

120 Q_mhp_mid / (At * (T_evap_mid_mhp - T_con_mid_mhp))
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121 ]

122

123 %%

124 % % High temperature Heat Flux calculations

125

126 Q_bio_high = At * ho * (T_oil_high - T_evap_high_bio)

127 Q_thp_high = At * ho * (T_oil_high - T_evap_high_thp)

128 Q_mhp_high = At * ho * (T_oil_high - T_evap_high_mhp)

129 %%

130 % %High Temperature Thermal Resistance

131

132 R_high = [

133 (T_evap_high_bio - T_con_high_bio)/Q_bio_high

134 (T_evap_high_thp - T_con_high_thp)/Q_thp_high

135 (T_evap_high_mhp - T_con_high_mhp)/Q_bio_high

136 ]

137 %%

138 % %High Temperature HT Coefficent

139

140 h_high = [

141 Q_bio_high / (At * (T_evap_high_bio - T_con_high_bio))

142 Q_thp_high / (At * (T_evap_high_thp - T_con_high_thp))

143 Q_mhp_high / (At * (T_evap_high_mhp - T_con_high_mhp))

144 ]

145 Q_low = [Q_bio_low , Q_thp_low , Q_mhp_low]

146 Q_mid = [Q_bio_mid , Q_thp_mid , Q_mhp_mid]

147 Q_high = [Q_bio_high , Q_thp_high , Q_mhp_high]

148 %%

149 % % Rearrange the data for plotting

150

151 R_values = [R_low , R_mid , R_high]’

152 h_values = [h_low , h_mid , h_high]’

153 Q_values = [Q_low; Q_mid; Q_high]

154

155 %%

156 % % Create bar graphs

157

158 degrees = char (176);

159 parameters = {’R ( C /W) ’, ’h (W/m^2- C ) ’, ’Q (W) ’};

160 parameters2 = {’Resistance ’, ’HT Coeficent ’, ’Heat Flux’};

161 temperatures = {’Low’, ’Mid’, ’High’};

162 heatpipes = {’Bio’, ’THP’, ’MHP’};

163 values = {R_values , h_values , Q_values };

164
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165 %%

166 % MHP to THP compairson

167

168 heatpipes = {’MHP’, ’THP’}; % Updated to include only MHP

and THP

169 values = {R_values(:, [3, 2]), h_values(:, [3, 2]),

Q_values(:, [3, 2])};

170 parameters = {’R ( C /W) ’, ’h (W/m^2- C ) ’, ’Q (W) ’};

171

172 % Create the first figure for Resistance (R)

173 figure;

174 for j = 1:3

175 subplot(3, 1, j);

176 bar(values {1}(j, :), ’BarWidth ’, 0.7);

177 ylabel(parameters2 {1});

178 title([ parameters {1} ’-’ temperatures{j}]);

179 set(gca , ’XTickLabel ’, heatpipes);

180 % grid on;

181 %

182

183 end

184 sgtitle(’Heat Pipe Resistance ’);

185

186 % Create the second figure for Heat Transfer Coefficient (h)

187 figure;

188 for j = 1:3

189 subplot(3, 1, j);

190 bar(values {2}(j, :), ’BarWidth ’, 0.6);

191 ylabel(parameters2 {2});

192 title([ parameters {2} ’-’ temperatures{j}]);

193 set(gca , ’XTickLabel ’, heatpipes);

194

195 end

196 sgtitle(’Heat Pipe Heat Transfer Coefficient ’);

197

198 % Create the third figure for Heat Flux (Q)

199 figure;

200 for j = 1:3

201 subplot(3, 1, j);

202 bar(values {3}(j, :), ’BarWidth ’, 0.6);

203 ylabel(parameters2 {3});

204 title([ parameters {3} ’-’ temperatures{j}]);

205 set(gca , ’XTickLabel ’, heatpipes);

206
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207 % grid on;

208

209 end

210 sgtitle(’Heat Flux at Steady State’);

211

212 subplot (3,1,1)

213 set(gca ," XGrid","off","YGrid","on")

214 subplot (3,1,2)

215 set(gca ," XGrid","off","YGrid","on")

216 subplot (3,1,3)

217 set(gca ," XGrid","off","YGrid","on")

218

219 %%

220 % Bio VS THP Compairsion

221

222 heatpipes = {’Bio’, ’THP’}; % Updated to include only MHP

and THP

223 values = {R_values(:, [1, 2]), h_values(:, [1, 2]),

Q_values(:, [1, 2])};

224 parameters = {’R ( C /W) ’, ’h (W/m^2- C ) ’, ’Q (W) ’};

225

226 % Create the first figure for Resistance (R)

227 figure;

228 for j = 1:3

229 subplot(3, 1, j);

230 bar(values {1}(j, :), ’BarWidth ’, 0.6); % Set the

’BarWidth ’ property to 0.6

231 ylabel(parameters2 {1});

232 title([ parameters {1} ’-’ temperatures{j}]);

233 set(gca , ’XTickLabel ’, heatpipes);

234 % grid on;

235

236 end

237 sgtitle(’Heat Pipe Resistance ’);

238

239 % Create the second figure for Heat Transfer Coefficient (h)

240 figure;

241 for j = 1:3

242 subplot(3, 1, j);

243 bar(values {2}(j, :), ’BarWidth ’, 0.6); % Set the

’BarWidth ’ property to 0.6

244 ylabel(parameters2 {2});

245 title([ parameters {2} ’-’ temperatures{j}]);

246 % set(gca , ’XTickLabel ’, heatpipes);
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247 % grid on;

248

249 end

250 sgtitle(’Heat Pipe Heat Transfer Coefficient ’);

251

252 % Create the third figure for Heat Flux (Q)

253 figure;

254 for j = 1:3

255 subplot(3, 1, j);

256 bar(values {3}(j, :), ’BarWidth ’, 0.6); % Set the

’BarWidth ’ property to 0.6

257 ylabel(parameters2 {3});

258 title([ parameters {3} ’-’ temperatures{j}]);

259 set(gca , ’XTickLabel ’, heatpipes);

260 % grid on;

261

262 end

263 sgtitle(’Heat Pipe Heat Flux’);

264

265

266 hold off

267

268 %%

269 % Pressure calcualtions

270

271 % % Constants

272 rho1 = 958; % Density of liquid (kg/m^3)

273 g = 9.81; % Acceleration due to gravity (m/s^2)

274 phi = 90; % Angle of heat pipe relative to

horizontal (degrees)

275 mu1 = 0.282e-3; % Dynamic viscosity of liquid (Pa s)

276 L = 2.26e6; % Latent heat (J/kg)

277 A_w = 1.32e-4; % Cross -sectional area of wick (m^2)

278 K = 5.14e-9; % Wick permeability (m^2)

279 dotQ = [22.79; 159.4; 378.56]; % Heat transfer values for

THP (W)

280 dotQ2 = [50.39; 121.1; 463.7]; % Heat transfer values for

BioHP (W)

281 l_a = 0.054; % Length of adiabatic section (m)

282 l_e = 0.038; % Length of evaporator section (m)

283 r_v = d_a/2; % radius of adiabatic section (m)

284 rho_v = 0.597; % Density of vapor (kg/m^3)

285 mu_v = 0.282e-3; % Dynamic viscosity of vapor (Pa s)

286 dotm=dotQ/L
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287 dotm2=dotQ2/L

288 % Calculate pressure differences

289 % Gravitational pressure difference (Pa)

290 deltaP_g = rho1 * g * l_a * sind(phi) % Gravitational

pressure difference (Pa)

291 % Flow cross -section of wick (m^2)

292 A_f = pi * (r_v^2) * (1 - 0.05);

293 l_eff = l_a + (l_e / 2); % Effective length (m)

294 % Pressure drop through the wick (Pa)

295 deltaP_1 = (mu1 * dotQ * l_eff) / (rho1 * L * A_w * K)

296 %Total pressure difference in vapor section (Pa)

297 deltaP_v = ((8 * mu_v * dotm) / (pi * rho_v *

(r_v^4)))*l_eff % Total pressure difference in vapor

section (Pa)

298

299

300

301 A_f = pi * (r_v^2) * (1 - 0.05); % Flow cross -section of

wick (m^2)

302

303 l_eff = l_a + (l_e / 2); % Effective length (m)

304 % Pressure drop through the wick (Pa)

305 deltaP_1_bio = (mu1 * dotQ2 * l_eff) / (rho1 * L * A_w * K)

% Pressure drop through the wick (Pa)

306 % Total pressure difference in vapor section (Pa)

307 deltaP_v_bio = ((8 * mu_v * dotm2) / (pi * rho_v *

(r_v^4)))*l_eff

308

309

310 dP_total_bio=deltaP_v_bio+deltaP_1_bio+deltaP_g

311

312 dP_total=deltaP_v+deltaP_1+deltaP_g

313 %

314 %

315 %%

316 % Q_out Flow evaluation

317

318 rho_a =1.196; %Density of Air

319 A=0.00516128; %area of the duct in m^2

320 V=1.5;%(m/s) Velocity of the air

321 m_dot=rho_a*A*V;%kg/s mass flow rate of the air in duct

322 Cp =1.006 %kJ/kgK

323 T_fan_bio =19.88

324 T_duct_bio =52.17
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325 T_fan_thp =18.24

326 T_duct_thp =40.2

327

328 Q_out_Bio =(T_duct_bio -T_fan_bio)*Cp*m_dot *1000

329

330 Q_out_THP =(T_duct_thp -T_fan_thp)*Cp*m_dot *1000

331

332 %%

333 % Limitation Analysis

334

335 innerDiameter = 0.55 * 0.0254; % inches to meters

336 Length = 6 * 0.0254; % inches to meters

337 wickThickness = .0009; % inches to meters

338 R=461.5 %Specific gas constant of water

339 % Heat Pipe Temperature Range

340

341 t_w=wickThickness *3;

342 % Material Properties

343 sigma = 0.059; % Surface tension (N/m)

344 rho_1 = 997; % Liquid density (kg/m^3)

345 L = 2258e3%(kJ/kg)

346 mu_1 = 8.90e-4; % Liquid viscosity (N-s/m^2)

347 k_e = 401; % Effective thermal conductivity of the

liquid -saturated wick (W/m-K)

348 gamma_v = 1.33; % Specific heat ratio for vapor side

349 poreRadius = 0.00197 * 0.0254; % inches to meters

350 k = 6.0e-10; % Permeability (m^2)

351 r_c = poreRadius; % Effective capillary radius (m)

352 A_v = pi * (innerDiameter / 2)^2; % Cross -sectional area of

vapor space (m^2)

353 z=.036e-3; %characteristic dimension of

354 ps=5e-6;

355 d=.014;%m diameter of the tube

356 d_a=d-t_w %diameter of adiabatic zone

357 Aa=pi*(d_a /2) ^2;%area of adiabatic zone

358 Av=pi*((d/2)-t_w)^2

359 Atot=pi*(d/2)^2

360 q_crit =0.012*(L)*((rho_1 -rho_v)/rho_v)^0.6

361 Q_b=( q_crit)*A_v

362 V_s =477.5%speed of sound in water

363

364 q_s = (rho_v*(L*1e-3)*V_s) / (sqrt ((2 * (gamma_v + 1))));

365 Q_s=q_s.*A_v

366
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367 Cp =1.996;%(kJ/kgK)

368 Cv =1.440%(kJ/kgK)

369 k=Cp/Cv;

370 lamda=t_w+ps

371 %%

372 % %pg48 of book Entrainment limitation of grav asisted HP

373

374 Q_entmax=Aa*(L*1e-3) *((( rho_v/Atot)*...

375 ((2*pi*k/lamda)+(rho_1 *9.81* d_a))))^(0.5)

376

377 qee=Aa*L*sqrt ((2*pi*rho_v*sigma)/0.036e-3)

378

379

380 %%

381 % Low Temperature Gradients

382

383 Bio_low =[42.06 ,38.95 ,36.32 ,33.2];

384 x=[3, 45.33 , 84.66 , 126.99];

385 THP_low =[38.73 36.68 36.04 35.53]

386 x1=[3, 45.33, 84.66, 126.99];

387 plot(x,Bio_low ,LineWidth =2)

388 hold on

389 plot(x1,THP_low ,LineWidth =2)

390 hold on % To keep the plot and add scatter points

391 scatter(x, Bio_low , ’ro’, ’filled ’)

392 % plot(x1,THP_low ,LineWidth =2)

393 hold on % To keep the plot and add scatter points

394 scatter(x1 , THP_low , ’ro’, ’filled ’)

395 grid on

396 xlabel(’Distance (mm)’)

397 ylabel(’Temperature (C)’)

398 legend(’Biomimetic HP’,’Traditional

HP’,’Location ’,’best’,’FontSize ’ ,18)

399 set(gca ,’Color’,’none’)

400 hold off

401 %%

402 % Middle Temperature Gradients

403

404 Bio_mid =[57.258 47.69 42.88 40.477];

405 x=[3, 45.33 , 84.66 , 126.99];

406 THP_mid =[61.137 56.80948 56.80539 55.71921]

407 x1=[3, 45.33, 84.66, 126.99];

408 plot(x,Bio_mid ,LineWidth =2)

409 hold on
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410 plot(x1,THP_mid ,LineWidth =2)

411

412 hold on % To keep the plot and add scatter points

413 scatter(x, Bio_mid , ’ro’, ’filled ’)

414 hold on

415 scatter(x1 , THP_mid , ’ro’, ’filled ’)

416 % xlim ([0 155])

417 % ylim ([40 50])

418 % labels = {’Evaporator ’, ’Node 1’, ’Node 2’, ’Condenser ’};

419 % offset = 2; % Adjust the offset value as needed

420 % for i = 1: length(x1)

421 % text(x1(i) + offset , THP_low(i), labels{i},

’VerticalAlignment ’, ’bottom ’, ’HorizontalAlignment ’,

’left ’)

422 % end

423 grid on

424 xlabel(’Distance (mm)’)

425 ylabel(’Temperature (C)’)

426 legend(’Biomimetic HP’,’Traditional

HP’,’Location ’,’best’,’FontSize ’ ,18)

427 hold off

428

429 %%

430 % High Temperature Gradients

431

432 Bio_high =[151.82 ,144.8 ,138.16 ,137.34];

433 x=[3, 45.33 , 84.66 , 126.99];

434 THP_high =[146.03 143.16 134.59 128.47];

435 x1=[3, 45.33, 84.66, 126.99];

436 plot(x,Bio_high ,LineWidth =2)

437 hold on

438 plot(x1,THP_high ,LineWidth =2)

439

440 hold on % To keep the plot and add scatter points

441 scatter(x, Bio_high , ’ro’, ’filled ’)

442 hold on

443 scatter(x1 , THP_high , ’ro’, ’filled ’)

444 % xlim ([0 155])

445 % ylim ([40 50])

446 % labels = {’Evaporator ’, ’Node 1’, ’Node 2’, ’Condenser ’};

447 % offset = 2; % Adjust the offset value as needed

448 % for i = 1: length(x1)

449 % text(x1(i) + offset , THP_low(i), labels{i},

’VerticalAlignment ’, ’bottom ’, ’HorizontalAlignment ’,
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’left ’)

450 % end

451 grid on

452 xlabel(’Distance (mm)’)

453 ylabel(’Temperature (C)’)

454 legend(’Biomimetic HP’,’Traditional

HP’,’Location ’,’best’,’FontSize ’ ,18)

455 hold off

456

457 %%

458 % Max_Q Calculations

459

460 sig =58.9e-3; %surface tension of water

461 L=2.258 e6; %Latent heat of water

462 rho1 =958;%density of liquid water

463 rho2 =.5974; %density of vapor water

464 l=.16;%total length of pipe

465 mu=.282e-3;

466 % numoflayers1 =2

467 % numoflayers2 =1

468 w_d1 =0.0045% cm

469 w_d2 =0.0025;

470 la =.092;

471 le =.034;

472 lc =.034;

473 leff=la+((lc+le)/2)

474 D1=1;

475 D2=0.7;

476 d=.014;%m diameter of the tube

477 t_1w =.0002;% Wick thickness

478 ps=5e-6;%poresize

479 e=0.05;%Porosity

480 layers =3%Number of layers of copper mesh

481 t_w=t_1w*layers%Total thickness of wick

482 d_a=d-t_w %diameter of adiabatic zone

483 rt =0.018/2%total radius submerged in oil

484 r_manu_t =0.09/2;%radius of manufatured HP

485 h=0.04;%Height submerged in tube

486 Aw=t_w*pi*d;%cross -sectional area of wick.

487 h_cyl =0.02;

488 At=(2*pi*rt^2) +(2*pi*rt*le)%surface area of tube submerged

in oil

489 A_cone =00.0002448;%area of cone section of MHP

490 A_manu_t =(2*pi*r_manu_t ^2) +(2*pi*r_manu_t*h_cyl)+A_cone;
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491 Aa=pi*(d_a /2)^2%area of adiabatic zone

492

493 %%

494 % Calculations from page 102 and 103 of the book

495

496 ho =4100;%w/(m^2K) Thermal conductivity of Silicone Oil

497 K=(t_1w ^2*(1 -e)^3) /(66.6*(e)^2)

498 % K=(t_w^2*(1 -e^3))/(122*(1 -e)^2)

499 k2=20e-7;

500 rc1 =0.0005;%thickness of mesh

501 % rc2 =0.0001;% th=leff =0.13;% effective length of heat pip=

502 g=9.81;%(m/s^2)

503 m_max =(( rho1*K*Aw)/mu*leff)*(((2* sig)/rc1) -...

504 (rho1*g*leff*sin(-1)))

505 q_max=m_max*L

506 q_manu_max =150; %max heat flux of manufatured HP

507 dT=q_max /(At*ho)

508 dT_manu=q_manu_max /( A_manu_t*ho)

509 T_hotplate=dT+20.5%temperature the hotplate needs to be at

for maxQ

510 T_hotplate_manu=dT_manu +21.5%temperature the hotplate needs

to be at for maxQ

A.2 All Matlab Outputs

1

2 w_d1 =

3

4 0.0045

5

6

7 leff =

8

9 0.1260

10

11

12 layers =

13

14 3

15

16

17 t_w =
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18

19 6.0000e-04

20

21

22 d_a =

23

24 0.0134

25

26

27 rt =

28

29 0.0090

30

31

32 Q_bio_low =

33

34 22.7862

35

36

37 Q_thp_low =

38

39 50.3948

40

41

42 Q_mhp_low =

43

44 43.7639

45

46

47 R_low =

48

49 0.3467

50 0.0549

51 0.1040

52

53

54 h_low =

55

56 1.0e+03 *

57

58 0.9809

59 6.1924

60 3.2710

61

81



62

63 Q_bio_mid =

64

65 159.3826

66

67

68 Q_thp_mid =

69

70 121.1405

71

72

73 Q_mhp_mid =

74

75 113.5692

76

77

78 R_mid =

79

80 0.1061

81 0.0368

82 0.0593

83

84

85 h_mid =

86

87 1.0e+03 *

88

89 3.2053

90 9.2390

91 5.7303

92

93

94 Q_bio_high =

95

96 378.5639

97

98

99 Q_thp_high =

100

101 463.6805

102

103

104 Q_mhp_high =

105
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106 336.3673

107

108

109 R_high =

110

111 0.0452

112 0.0309

113 0.0881

114

115

116 h_high =

117

118 1.0e+04 *

119

120 0.7529

121 1.1019

122 0.3428

123

124

125 Q_low =

126

127 22.7862 50.3948 43.7639

128

129

130 Q_mid =

131

132 159.3826 121.1405 113.5692

133

134

135 Q_high =

136

137 378.5639 463.6805 336.3673

138

139

140 R_values =

141

142 0.3467 0.0549 0.1040

143 0.1061 0.0368 0.0593

144 0.0452 0.0309 0.0881

145

146

147 h_values =

148

149 1.0e+04 *
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150

151 0.0981 0.6192 0.3271

152 0.3205 0.9239 0.5730

153 0.7529 1.1019 0.3428

154

155

156 Q_values =

157

158 22.7862 50.3948 43.7639

159 159.3826 121.1405 113.5692

160 378.5639 463.6805 336.3673

161

162

163 dotm =

164

165 1.0e-03 *

166

167 0.0101

168 0.0705

169 0.1675

170

171

172 dotm2 =

173

174 1.0e-03 *

175

176 0.0223

177 0.0536

178 0.2052

179

180

181 deltaP_g =

182

183 507.4909

184

185

186 deltaP_1 =

187

188 0.3194

189 2.2338

190 5.3051

191

192

193 deltaP_v =
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194

195 0.4394

196 3.0734

197 7.2990

198

199

200 deltaP_1_bio =

201

202 0.7062

203 1.6971

204 6.4983

205

206

207 deltaP_v_bio =

208

209 0.9716

210 2.3349

211 8.9406

212

213

214 dP_total_bio =

215

216 509.1687

217 511.5229

218 522.9298

219

220

221 dP_total =

222

223 508.2497

224 512.7981

225 520.0951

226

227

228 Cp =

229

230 1.0060

231

232

233 T_fan_bio =

234

235 19.8800

236

237
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238 T_duct_bio =

239

240 52.1700

241

242

243 T_fan_thp =

244

245 18.2400

246

247

248 T_duct_thp =

249

250 40.2000

251

252

253 Q_out_Bio =

254

255 300.7779

256

257

258 Q_out_THP =

259

260 204.5550

261

262

263 R =

264

265 461.5000

266

267

268 L =

269

270 2258000

271

272

273 d_a =

274

275 0.0113

276

277

278 Av =

279

280 5.8088e-05

281
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282

283 Atot =

284

285 1.5394e-04

286

287

288 q_crit =

289

290 2.3248e+06

291

292

293 Q_b =

294

295 356.3398

296

297

298 V_s =

299

300 477.5000

301

302

303 Q_s =

304

305 45.7048

306

307

308 Cv =

309

310 1.4400

311

312

313 lamda =

314

315 0.0027

316

317

318 Q_entmax =

319

320 814.48

321

322

323 THP_low =

324

325 38.7300 36.6800 36.0400 35.5300
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326

327

328 THP_mid =

329

330 61.1370 56.8095 56.8054 55.7192

331

332

333 w_d1 =

334

335 0.0045

336

337

338 leff =

339

340 0.1260

341

342

343 layers =

344

345 3

346

347

348 t_w =

349

350 6.0000e-04

351

352

353 d_a =

354

355 0.0134

356

357

358 rt =

359

360 0.0090

361

362

363 At =

364

365 0.0028

366

367

368 Aa =

369
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370 1.32e-04

371

372

373 K =

374

375 5.14e-9

376

377

378 m_max =

379

380 1.31e-5

381

382

383 q_max =

384

385 161.36

A.3 All Figures From Matlab Code

Figure A.1: Matlab Gradient Graph - Low
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Figure A.2: Matlab Gradient Graph - Mid

Figure A.3: Matlab Gradient Graph - High
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APPENDIX B

SUPPORTIVE BIOMIMETIC HEAT PIPE DOCUMENTATION

B.1 BIOMIMETIC CONCEPT FOR THE DESIGN OF NASA’S DEEP SPACE
FLIGHT RADIATORS

Proceedings of the 17th International Heat Transfer Conference,
IHTC-17 14-18 August 2023, Cape Town, South Africa
This paper provides additional context to the research as well as more com-

prehensive images that are referenced in the body of the thesis.
TITLE: A BIOMIMETIC CONCEPT FOR THE DESIGN OF NASA’S DEEP

SPACE-FLIGHT RADIATORS
Ashok Kumar Ghosh1*, Owen Telford2

1Associate Professor in Mechanical Engineering, New Mexico Tech, Socorro,
NM 87801, USA

2Graduate Student in Mechanical Engineering, New Mexico Tech, Socorro,
NM 87801, USA

ABSTRACT
Traditionally, NASA has relied primarily on pumped, single-phase liquid

systems to collect, transport, and reject heat via single-phase radiators. The heat-
rejection system used on the space shuttle orbiters consists of over 250 small, one-
dimensional tubes embedded within a honeycomb structure. Heat is transferred
by convection to the tube walls, conduction through the honey-comb structure,
and finally, radiation to space. NASA is currently developing nuclear electric
propulsion engines to power next generation spacecrafts to transit to Mars and
beyond, and these spacecrafts need heat rejection systems with performance ca-
pabilities significantly better than those provided by current systems.

The origins of a heat pipe go back over 60 years, but there is still room
for new ideas to grow. While a traditional heat pipe consists of an open adia-
batic zone, with a mesh wick lining the inside of the tube wall to aid in trans-
portation of condensed liquid from the condenser side to the evaporator side. A
biomimetic, multi-function composite developed at New Mexico Tech (NMT) has
an architecture consisting of interconnected pores graded radially as well as lon-
gitudinally to allow heated fluid to flow radially as well as longitudinally. This
configuration promotes fast convection of the heat from evaporator end to the
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tube walls and dissipate heat more evenly throughout the radiator lateral surface
to space by radiation.

Past experiments done at NMT using samples with biomimetic design demon-
strated that upon localized heating, there can be an induced convective transport
of thermal energy as fluid passes through a closed-loop porous layer. The goal of
on-going investigation is to highlight how biomimetic architecture of heat pipes
within a radiator panel may provide the required thermal performance simulta-
neously reducing heat rejection system mass.

KEY WORDS: Biomimetic Design, Heat Pipe, Deep Space, Wick Layer,
INTRODUCTION
Traditionally, NASA has relied primarily on pumped, single-phase liquid

systems to collect, transport, and reject heat via single-phase radiators. The heat-
rejection system used on the space shuttle orbiters consists of over 250 small, one-
dimensional tubes embedded within a honeycomb structure. Heat is transferred
from the coolant by convection to the tube walls, conduction through the honey-
comb structure, and finally, by radiation to space. NASA is currently developing
nuclear fusion engines to power the next generation of spacecrafts to transit to
Mars and beyond, and these spacecrafts need heat rejection systems with perfor-
mance capabilities significantly better than those provided by current systems.
Designing innovative radiators is critical to advancing future deep space travel.
Figure 1 shows various components of a Nuclear Electric Propulsion (NEP). Radi-
ator manifold carries waste heat from the nuclear reactor to the heat pipe radiator
to be rejected into the atmosphere.

Figure B.1: (left) Schematic of Power Subsystem for NEP [taken from figure 1.6
of [1]]; (middle) Waste Heat transport from radiator manifold to heat pipe radia-
tor; (right) Cross-section of a classical (copper/water) heat pipe showing heated
region on left and transfer region on right.

Literature Research on Heat Pipe Technology
Heat pipes (HP) were first created as a concept in the early 40’s [2], but the

theory was not intensely investigated until the late 60’s. The first published pa-
per on design of a traditional two-phase heat pipe was shown in “Theory of Heat
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Pipes” by a T.P. Cotter- A Los Alamos scientist Cotter [2]. Around decade later
now, there are over 1000 references to his paper and there had been two interna-
tional heat pipe conferences [2]. Since then, there has been a heat pipe conference
every few years. Cotter’s publication is the foundation of this large field of study.
Heat pipes efficiently dissipate heat passively, reject heat without any external
source needed to function properly, i.e. no external power source is required.

There are 4 main areas of the HP, the evaporator side, the condenser side,
the adiabatic zone, and the wick. Heat enters the evaporator section typically
through conduction. The working fluid in the evaporator absorbs the heat and
the fluid changes from a liquid to a vapor. As it becomes a vapor, the fluid is
transported through the adiabatic section to the condenser section. On the con-
denser side, the pipe is much cooler relative to the opposite side. When enough
vapor is moved to this side, the vapor changes back into a liquid [3]. The wick
then transports the condensed liquid back to the evaporator side. This occurs due
to capillary action and pressure differences. A cyclic process will start and will
continue to dissipate as long as the heat flux being added to the system is within
the specifications of the HP’s design. The Heat pipe process is considered adia-
batic due to the liquid/vapor being fully contained within the HP. Depending on
the fluid type, shape/material of the housing, type/material of wick used, and
the internal structural architecture, functioning of HP requirements will change
accordingly.

Wick of the Heat Pipe
A wick is a type of porous media that is designed to match the length of the

tube it is used in, and is responsible for transporting fluid in a single direction.
They are typically placed around the outer circumference of the heat pipe, and
are directly attached to the casing. Homogeneous wicks, which are composed of
various materials, all share a uniform structure throughout. On the other hand,
non-homogeneous wicks have varying geometries that depend on the pore size
and layering. Furthermore, heat transfer can also affect the wick in several ways.
Recent research has revealed that the type of mesh used and the surface finish
can significantly impact critical heat flux.

Convection at Micro-gravity
On Earth, convection is dominated by buoyancy due to gravity, and the re-

sultant energy transport reduces the overall thermal stress upon the structure. In
low gravity space environments, buoyance effects will diminish but the surface
tension driven “Marangoni Effect” may play an important role in generating sim-
ilar convective flow inside the porous structure. In the Japanese experiment mod-
ule “Kibo”, a series of experiments were performed on board International Space
Station (ISS) and demonstrated the spatio-temporal flow structure in Marangoni
convection. They generated Marangoni convection by applying temperature dif-
ferential between the ends of a large liquid bridge. As the temperature differential
is increased, the initial steady state planer flow turned to oscillatory.

State of the Art (SOA)
Traditionally, copper/water heat pipes are used in advanced spacecraft ra-
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Figure B.2: “Kibo” Experiment on board ISS [4].

diator systems as shown in figure 1(right). Copper is used as the envelop next to
a wick layer. Water as the working fluid at temperatures below 150oC. Classical/
Traditional copper/water heat pipe transfers heat with no temperature change
from end to end (isothermally). The heat pipe makes use of the phase change
features of the fluid as it flows from evaporating end to the condensation end.

Deficiency of the SOA Design
In a traditional heat pipe, the inner face of the wick layer may be permeable

or impermeable to the operating fluid in the heat pipe. When it is impermeable,
operating fluid cannot flow radially to reach the wall. Thus, lateral surface does
not participate directly towards heat rejection to environment through radiation.
If the wick face is permeable, then the longitudinal flow will try to reach the wall
radially through the wick thickness. This will give rise to two cross currents at
90o to each other. Again, heat rejection amount will decrease.

Hypothesis and the Rationale
Lesson learned from the Kibo program combined with our own experience

is implemented in the design and development of the proposed biomimetic ra-
diator system. By filling the inner volume of the heat pipe with open-cell inter-
connected porous structure will allow both the longitudinal as well as the radial
movement of the operating fluid. This will allow the complete lateral surface to
be effective.

PROPOSED BIOMIMETIC DESIGN
A biomimetic, multi-function composite is developed at New Mexico Tech

(NMT) that has an architecture consisting of interconnected pores graded radially
to dissipate heat as fluid travels through it. Past experiments demonstrated that
upon localized heating, there can be an induced convective transport of thermal
energy as fluid passes through a closed-loop porous layer. Figure 3 shows the
longitudinal cross section of both the designs.

Prior Investigation
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Figure B.3: Longitudinal cross-section of both the designs

Thermal management characteristics of a fluid filled porous composite (FFPC)
developed for space application is studied experimentally to determine the adapt-
ability of the composite when exposed to high thermal load. Localized heating
will generate an out-flow of fluid in the interstitial pores from the hot region to
cooler surroundings, resulting in dissipation of thermal energy and eventually
providing a good thermal management capability to the composite. FFPC being
a heterogeneous material, there exist no ASTM standards for such material. A
new test method is successfully designed, developed and tested to determine the
thermal management characteristics of the FFPC.

The objectives of this past study are to experimentally demonstrate the ther-
mal management characteristics of the fluid filled porous composite (FFPC) de-
veloped for space application. The objectives also include to development of
an acceptable test method for testing such heterogeneous material. Experimen-
tal results are presented and published in the Proceedings of the 23rd National
Heat and Mass Transfer Conference and 1st International ISHMT-ASTFE heat and
Mass Transfer Conference, IHMTC2015, 17-20 December, 2015, Thiruvanthapu-
ram, India (paper No 2233) [5].

Current Investigation
In current analysis, there will be two types of heat pipes that will be ana-

lyzed, a classic wicked heat pipe and a biomimetic heat pipe. The former has the
geometry of a traditional heat pipe. There is a wick that is lining the interior walls
of the heat pipe throughout. The vapor travels through an open adiabatic zone
to the condenser. As its phases change into a liquid, capillary pressure forces the
liquid into the wick and brings it to the evaporator zone.

The biomimetic design has a similar geometry in the wick, but the adiabatic
zone has changed to a porous media for the vapor to travel through. Instead
of heat only being rejected in the condenser section, the heat pipe can dissipate
laterally throughout the length of the pipe. This, along with a sectioned wick
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Figure B.4: Front View of the Biomimetic Heat Pipe

structure and fin attachments along the length of the pipe is hypothesized to
help with heat dissipation throughout the entire heat pipe. As the vapor trav-
els through the modified adiabatic zone, the vapor can interact with the lattice
structure. Collisions between vapor molecules and the structure will cause en-
ergy transfer between them. This heat can be absorbed through conduction and
if enough collisions occur, the vapor will change back into a liquid and condense
on the structure. Figure 4 shows a front view of the biomimetic heat pipe. The
porous media in the wick has a low porosity, while the one in the adiabatic zone
has a large porosity. Materials used in their respective meshes are shown. It
also shows a 16 fins to promote heat dissipation along with a cut wick design to
increase internal surface area. The following analysis will consider each zone's
geometry and calculate the maximum heat transport of each design.

The two heat pipe designs will be analyzed using water as the working fluid.
The heat pipes are assumed to be operating at a temperature of 100 °c, with a
length of 0.3m and a diameter of 0.01m. There will be two meshes that are ana-
lyzed. The mesh in the wick is two layers of Oxidized Nickle [6] and the adiabatic
porous media will have 10 layers of a Nickle fiber [6]. The first selection is made
based on the pore radius, which is an average size. The latter selection was cho-
sen because it has the largest permeability in the reference, this ensures that the
fluid can flow through the media with ease. Both heat pipes are also assumed to
be horizontal.

The maximum heat transport can be found by using a pressure balance equa-
tion for a heat pipe.

∆Pc,max = ∆Pv + ∆Pg + ∆P1 (B.1)

Where ∆Pc is the capillary pressure difference of the heat pipe, ∆Pv is the
pressure difference of the vapor in the heat pipe, ∆P1 is the pressure difference
of the wick section and ∆Pg is the pressure difference due to gravity. The three
pressures add up to the total capillary pressure change. If the inequality is true,
a cycle occurs. It is also assumed that since the adiabatic zone is at the saturation
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temperature, the phase of the fluid can change in the adiabatic zone before it
reaches the condenser. This would cause the fluid to be pulled into the wick
lining the wall. Each pressure can be broken down further and is shown below.

∆Pc,max =
2σcosθ

rc
(B.2)

Where σ is the value for the surface tension of water (N/m), θ is the degree
of wetting of the wick (in radians), and rc is the pore radius of the larger mesh.

The value for ∆Pv can be neglected, because, for low temperature (0-227°c),
the value becomes negligible [7]. The equation for effect due to gravity is shown
below in equation 3.

∆Pg = ρ1glsin(ϕ) (B.3)

Where rho1 is the density of the liquid, g is the acceleration due to gravity, l is
the length of the pipe, and ϕ is the incline of the heat pipe. Since the assumption
that the heat pipe is horizontal, ϕ = 1 and thus, ∆Pg = 0. The equation for ∆P1 is
shown in equation 4.

∆P1 =
µ · Q̇ · l

ρ1 · L · Aw · K1
(B.4)

Where µ is the dynamic viscosity of the fluid (Ns/m2), Q is the heat transport
of the heat pipe (W), rho1 is the density of the liquid (kg/m3), L is the latent heat
of water (J/kg). Aw1 is the area of the wick (m2), and K1 is the permeability of the
mesh (m). Since both ∆Pg and ∆Pv approx 0, equation (1) can now be rewritten.

2σcosθ

rc
=

µQ̇l
ρ1LAwK1

(B.5)

Since the maximum heat transport needs to be found, Q can be solved for in
equation 5 and the maximum heat transport can be found. Equation 6 shows the
newly solved equation.

Q̇ =
2σcosθ

rc1
∗ ρ1L AwK1

µl
(B.6)

This is used to find the maximum heat transport of the traditional heat pipe.
For the biomimetic heat pipe, the equations need to be considered differently to
account for the additional mesh material.

The cross-sectional area can be calculated using equation 7.

Aw,a = (2N)DwπDs (B.7)
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Where N is the number of layers of the mesh, Dw is the diameter of the wire
of the mesh, and Ds is the diameter of the section being analyzed.

When accounting for the addition of the porous material an additional pres-
sure difference needs to be accounted for. It is assumed that if the vapor in the
adiabatic zone partially changes to a liquid, this pressure accounts for. This will
be denoted as ∆P2 the equation for this looks similar to equation 4 but needs to
be changed based on the area of the mesh, the permeability, and the density. It is
assumed that if the vapor in the adiabatic zone partially changes to a liquid, ∆P2
accounts for it. This is shown in equation 8.

∆P2 =
µQ̇l

ρvL AaK2
(B.8)

Where rhov is the density of the vapor, Aa is the area of the adiabatic zone,
and K2 is the permeability of the second mesh. Now going back to our pressure
balance equation, we need to account for this additional pressure difference.

2σcosθ

rc2sa
=

µQ̇l
ρ1L AwK1

+
µQ̇l

ρvL AaK2
(B.9)

By factoring and solving for Q, we obtain equation 10.

Q̇ =
2σcosθ

rc2
∗
(

ρ1L AwK1 + ρvL AaK2

µl

)
(B.10)

Dynamic viscosity is assumed to be constant for this calculation because the
operation is at the saturation temperature of the fluid, there can be areas in which
the adiabatic section is areas in which the water becomes liquid. This would
cause the liquid portions to be pulled into the wick and transported back to the
evaporator section. Now that equation 10 has been obtained, the maximum heat
transport will be calculated for each of the cases and then compared.

Results
The constant values for each of the variables are shown in table 1. The rc

measurement was taken by taking a cross section of the biomimetic geometry
and averaging the pore size of the cross section. The number of layers for the
wick and the biomimetic structure are assumed to be two and one respectively
[2,6,7,8].
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Table B.1: Calculation Parameters
Parameter Value Unit
σ 0.0589 N/m
θ 1 -
µ .00283 (Ns/m2)
l 0.3 m
ρ1 958 kg/m3

ρv 0.597 kg/m3

Aw 5.7 × 10 −6 m2

Aa 11 × 10 −6 m2

K1 .302 × 10 −10 m2

K2 20 × 10 −6 m2

rc1 2 × 10 −5 m
rc2 1 × 10 −4 m

The degree of wetting on both meshes are assumed to be perfectly wetted. In
this case, Equation 6 is used to find the maximum heat transport of the standard
heat pipe using the values that are shown above. Equation 9 finds the maximum
heat transport for the biomimetic heat pipe. To distinctly compare the two heat
pipes, Q is assumed to be a function of the length of the heat pipe and is itera-
tively calculated. The heat pipe (l) length is increased to 1 m and incrementally
reduced to the target length of 0.3 cm. A MATLAB code was created for this anal-
ysis to calculate the iterated heat transport values. Figure 5 shows this analysis.
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Figure B.5: Q values for each Heat Pipe as it reaches the target length.

The maximum value for the traditional heat pipe is 25.72 W and the biomimetic
heat pipe has a maximum heat transport value of 65.1 W.

Discussion and Conclusion
This analysis reveals that the biomimetic heat pipe exhibits enhanced heat

transport capabilities as the length of the heat pipe is reduced. This suggests that
if the biomimetic heat pipe were to be shortened by half of its targeted length, it
would still dissipate heat equivalent to that of a conventional heat pipe operating
at its current length. This show, the biomimetic heat pipe achieves this without
sacrificing its lightweight design, despite the additional material introduced into
the system. It is worth noting that this analysis does not account for lateral dissi-
pation arising from the incorporation of the wick and fins. Further investigation
are underway to fully validate the efficacy of the biomimetic design, including
utilization of simulation software to compare results and physical testing. A com-
prehensive testing procedure will be conducted, and all relevant results will be
presented in the final presentation. It is important to note that the mesh quantities
and geometry constants used in this analysis are subject to further optimization.
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APPENDIX C

RAW DATA FIGURES

C.1 Real-time Temperature Readings From Pico Data Logger

Figure C.1: BioHP Low Test 1
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Figure C.2: BioHP Low Test2

Figure C.3: BioHP Low Test 3
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Figure C.4: BioHP Mid Test 4

Figure C.5: BioHP Mid Test 5
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Figure C.6: BioHP Mid Test 6

Figure C.7: BioHP Mid Test 7
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Figure C.8: BioHP High Test 8

Figure C.9: MHP Low Test 1
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Figure C.10: MHP Low Test 2

Figure C.11: MHP Low Test 3

Figure C.12: MHP Mid Test 4
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Figure C.13: MHP Mid Test 5

Figure C.14: MHP High Test 6
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Figure C.15: THP Low Test 1

Figure C.16: THP Low Test 2
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Figure C.17: THP Low Test 3

Figure C.18: THP Mid Test 4
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Figure C.19: THP Low Test 5

Figure C.20: THP High Test 6
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Figure C.21: THP High Test 8

Figure C.22: MHP High Test 7
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Figure C.23: BioHP High Level Fan Data

Figure C.24: THP High Level Fan Data
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