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Abstract: Conventional heat pipes (CHPs) with capillary wicks are fundamental in various
engineering applications due to their exceptional heat transfer efficiency and minimal
temperature gradients. Despite the recent advancements in heat pipe modeling, existing
reviews predominantly emphasize loop or pulsating heat pipes, neglecting the extensive
application and design challenges associated with CHPs. This review aims to address this
lack by providing a comprehensive analysis of existing modeling techniques for CHPs, with
a specific focus on their methodological innovations, validation strategies, and limitations,
in order to outline a structured classification of models and provide useful suggestions
for future research. The main findings of this work reveal a predominance of numerical
lumped parameter models, which balance simplicity and computational efficiency, but often
oversimplify complex phenomena. In fact, although numerical 2D and 3D models could
offer greater accuracy at higher computational costs, they often share similar limitations
with lumped parameter models. Additionally, some crucial aspects, including gravitational
effects, real gas behavior in vapor modeling, activation effects, and operating limits, remain
underexplored. Therefore, future research should address these gaps, to enhance the
applicability of CHPs across different fields and operating conditions. In particular, an
integrated approach is recommended, combining physics-based models with data-driven
techniques, and supported by a robust and systematic experimental validation strategy, to
ensure the reliability and generality of the developed models. Such modeling efforts are
expected to guide the development of more effective and reliable heat pipe designs.

Keywords: heat pipe; heat transfer; capillary wick; analytical modeling; lumped parameter
modeling; numerical simulation

1. Introduction
Management and optimization of heat transfer are fundamental aspects in vari-

ous engineering applications [1]. In this context, heat pipes (HPs) represent a funda-
mental technology, as they are highly efficient passive heat transfer devices [2] char-
acterized by an extremely high equivalent thermal conductivity, that can range from
103 to 105 W/(m · K) depending on the HP geometry and operating conditions. This fea-
ture enables efficient heat transfer with minimal temperature differences, making HPs
suitable for many applications [3]. In fact, HPs are largely used for electronics cooling [4–6]
and in the aerospace field [7,8], but also for biomedical devices [9], energy storage [10–13],
heat recovery [14–18], solar collectors [19–21], electrical machines [22,23], cryogenic
applications [24–26], data center cooling [27], battery thermal management [28–31], and
geothermal energy extraction [32].
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In particular, as electronic devices are becoming more and more compact, the need for
efficient heat dissipation has become increasingly important in recent years. In this context,
HPs appeared to be a good solution due to their high efficiency and to their relatively low
cost [33]. Similarly, in the aerospace field, HPs offer an ideal solution for thermal regulation
in satellites and other types of spacecraft due to their low weight and high reliability [34].

The most traditional type of HP is the capillary-structured one, shown in Figure 1.
It typically consists of a sealed container, a porous wick that contains a working fluid in
the liquid phase, and a vapor core that contains the working fluid in the vapor phase [35].
These HPs can be divided along their length into three sections: the evaporator, which
is the hot end where the working fluid evaporates due to a heat source; the condenser,
which forms the cold end where the vapor condenses in the presence of a heat sink; and
the adiabatic section, situated between the evaporator and condenser, where heat exchange
with the external environment is negligible [36].

Figure 1. Schematic of a heat pipe with capillary structure.

During the operation of these HPs, the working fluid in the liquid phase is initially
found inside the evaporator section of the wick, where it is heated by the heat source and
begins to evaporate [37]. The resulting vapor then exits the wick and, flowing through the
vapor core, moves toward the condenser section, where it is cooled by the heat sink and
subsequently condenses. Finally, the liquid returns to the evaporator section, driven by the
capillary action of the wick [38].

As previously mentioned, these HPs are the most established in many engineering
fields. However, in recent years, various HP structures have been investigated, with the
aim to enhance the cooling effectiveness and to extend the application of these devices to
different fields.

2. Types of Heat Pipes
Since there are several types of HPs, and each of them is more or less suitable for a

specific application due to its peculiar shape and size [39], the main types of HPs are briefly
described in the following.

Conventional heat pipes (CHPs) are composed of a cylindrical or flattened container
with a wick structure and a central vapor core [40]. In this type of HP, the capillary action in
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the wick ensures the continuous return of the working fluid, allowing efficient heat transfer
also against gravity [41,42]. A schematic example of the structure of a CHP is shown in
Figure 1.

Vapor chamber heat pipes (VCHPs), shown in Figure 2, consist of two flat plates with
a wick structure, and the vapor core between the two plates [43]. This design is particularly
useful for applications that require spreading thermal power from a localized heat source
in multiple directions, as the evaporator is usually much smaller than the condenser [44].

Figure 2. Schematic of a vapor chamber heat pipe.

Loop heat pipes (LHPs), shown in Figure 3, are usually composed of a compensation
chamber and an evaporator that contain the wick, a wickless condenser, and two separate
liquid and vapor lines [45]. Their working principle is similar to that of conventional
HPs [46], but the reduced dimensions of the wick lead to lower pressure losses along their
structure, and thus higher heat transfer efficiency [47]. Furthermore, LHPs can cover longer
heat transport distances and are less sensitive to orientation than conventional HPs [48].

Pulsating heat pipes (PHPs), also called oscillating heat pipes and shown in Figure 4,
consist of a wickless serpentine tube partially filled with a working fluid that is naturally
distributed in the form of a liquid slug–vapor plug system [49]. The operation of PHPs relies
on the oscillation or pulsation of liquid slugs and vapor plugs driven by the temperature
differences between the evaporator and condenser sections [50]. This pulsating flow is
induced by the internal pressure fluctuations caused by the phase changes in the working
fluid [25]. The main advantages of this type of HP are its low cost and ease of manufacturing
due to the absence of a wick structure [51], but also its high heat transfer capability and
flexibility [52].

Rotating heat pipes (RHPs), shown in Figure 5, are wickless HPs in which the liquid
return is caused by the hydrostatic pressure gradient due to the centrifugal force generated
by the HP rotation [53,54]. These devices are mainly used for thermal management in
rotating systems [55].
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Figure 3. Schematic of a loop heat pipe.

Figure 4. Schematic of a pulsating heat pipe.
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Figure 5. Schematic of a rotating heat pipe.

Micro heat pipes (MHPs), shown in Figure 6, are very small HPs particularly suitable
for electronic cooling, but also photovoltaic cells, aerospace applications, biomedical devices,
and nuclear reactors [56,57]. This type of HP is usually composed of a wickless tube with a
diameter ranging between 10 and 500 µm [4], within which the return of the liquid is caused
by capillary forces generated in sharp edges of the non-circular channel cross sections [58].

Figure 6. Schematic of a micro heat pipe.
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Thermosyphon heat pipes (THPs), shown in Figure 7, are wickless HPs in which the
return of the working fluid is due to the gravitational force [59]. Therefore, this type of HP
is not suitable for applications against gravity [60], but it is widely used in many fields
because of its simple structure and low necessity of maintenance [61].

Figure 7. Schematic of a thermosyphon heat pipe.

These types of HPs differ significantly in terms of geometry, working principles, and in-
ternal components. As a consequence, they require different modeling approaches, adapted
to the specific mechanisms that dominate each configuration. For example, modeling PHPs
often involves complex flow regimes and two-phase flow instabilities, while LHPs require
detailed descriptions of the capillary pumping mechanism and the fluidic network. THPs,
on the other hand, are driven by gravitational effects and typically rely on single-phase or
phase-change modeling in vertical configurations.

Despite the development and investigation of various HP types in recent years, CHPs
with capillary wicks remain the most widely used due to several key factors. In particular,
their well-established design, reliable performance, and broad applicability across multiple
sectors make them a preferred choice for thermal management challenges [62]. In fact,
as previously mentioned, CHPs provide a cost-effective and efficient solution, offering
high thermal conductivity, passive operation, and the ability to transfer heat over long
distances with minimal temperature gradients [63]. Additionally, the extensive research and
operational experience accumulated over decades has resulted in mature manufacturing
processes, standardized testing methods, and the availability of empirical data supporting
their reliability and ease of integration into many different systems. Finally, their versatility
in handling various working fluids and operating conditions also contributes to their
popularity [64].

As a result, even with the rise in advanced HP configurations such as LHPs and
PHPs, CHPs with capillary wicks continue to be the preferred solution for a wide range
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of applications requiring efficient and reliable thermal management. Consequently, the
modeling of this type of HP will be the main focus of this review work.

3. Previous Review Works and Motivation
In the last fifteen years, several review works about HPs have been conducted by

many research groups all over the world. However, as HPs have been widely studied and
used for decades, it is almost impossible to find a review work that describes all aspects
concerning every possible type of HP. Therefore, most of the reviews are focused either on a
particular type of HPs, mainly LHPs [65,66] and PHPs [67–72], or on a specific application
of these devices, such as improving the performance of HPs using nanofluids [73–78],
evaluating the influence of the design parameters on the HP performance [79], or using
HPs for energy saving in buildings [80] and for solar desalination [81].

A key issue in the design of HPs is the modeling of their thermal behavior and
performance. As a result, many review works are partially or completely focused on
this topic.

Buschmann [82] dedicated a section of their review work to the modeling of the
behavior of nanofluids in HPs. In this part of the study, it is stated that the vast majority of
the analyzed models can capture the main features of nanofluids in HPs, but the results are
strongly dependent on the model’s assumptions.

Siedel et al. [83] published a literature review on steady-state modeling of LHPs. In
this study, the authors affirm that many steady-state models for LHPs have been developed,
with a vast majority of numerical models based on nodal networks or finite difference meth-
ods. On the other hand, 3D models are spreading in recent years due to the improvement
of computational resources.

Faghri and Bergman [84] dedicated a book chapter to review the analytical and nu-
merical models for different types of HPs. In this work, the authors state that, despite the
complexity of modeling multiphase phenomena and conjugate heat transfer among differ-
ent regions, simulations are able to accurately predict the steady and transient behavior
of HPs.

Mueller and Tsvetkov [85] reviewed the possible modeling and simulation approaches
for HPs in nuclear systems design. In particular, they described the advantages and
disadvantages of different types of models and suggested a new method to perform
accurate simulations while minimizing their computational cost. This approach consists of
changing the model while the simulation is running, thus using highly accurate models
when the flow conditions are close to the operational limits of the HP, and using simplified
models far away from the characteristic limits. Consequently, the use of this method should
allow one to choose the least computationally expensive model in every condition without
sacrificing accuracy.

Ahmadi et al. [86] published a review work about modeling different types of HPs
through machine learning (ML) methods. In this study, the authors analyzed different
models, mainly based on the artificial neural network (ANN) method, and found that ML
can be used to model HPs with quite high accuracy. However, the models analyzed in this
work are only suitable for LHPs, PHPs, and THPs, so ML methods should be extended
to the modeling of other types of HPs. Moreover, the outputs of these types of models
are strongly dependent on the inputs, so a sensitivity analysis should be performed to
understand the impact of each input on the final result.

Nikolayev [87] reviewed the physical phenomena in PHPs and their modeling, partic-
ularly focusing on 1D models, but also mentioning some 2D and 3D models. According to
this study, the main advantage of using 1D models is the extremely low computational cost
compared to 2D and 3D models, considering that the latter also lack reliability. However,
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it would be necessary to acquire more experimental data on PHPs to validate complex
models for which analytical expressions are not available.

Maghrabie et al. [88] published a literature review about numerical simulations of
various types of HPs for different applications. In this work, the authors highlight that
the majority of the studies are focused on LHPs and PHPs, the most common software to
perform simulations is Ansys Fluent, and nearly all numerical studies have been validated
through comparison with experimental results. Moreover, it is stated that the main aim of
performing numerical simulation is the optimization of the design parameters in order to
guarantee the best thermal performance with the lowest possible cost.

Olabi et al. [89] reviewed the applications of Artificial Intelligence (AI) in the modeling
and control of HPs. In this work, the authors affirm that AI methods are mainly used for
modeling PHPs, as the numerical simulation of this type of HP is quite difficult due to
the chaotic nature of the flow inside these devices. Furthermore, ANN is the most used
method for modeling HPs, and particularly multilayer perceptron neural networks are
able to achieve the best accuracy in predicting the HP behavior compared to other similar
models. However, further work is necessary to improve the hybridization of AI models with
optimization algorithms and to extend the applications of very promising state-of-the-art
AI models.

Núñez et al. [90] published a review work about the use of ML techniques to model
PHPs. In this study, the authors analyzed different types of ML-based models and con-
cluded that despite ML techniques being successfully used to model the behavior and
performance of PHPs, they still present some limitations. In particular, the development
of this type of model relies on large datasets, that are usually quite difficult to obtain.
Moreover, it could be hard to extrapolate data that are out of the training range. For these
reasons, the authors suggest integrating physical and ML models so that they can address
each other’s issues.

Therefore, the literature analysis confirmed that although some review works are
partially or entirely dedicated to HP modeling, most of them focus exclusively on either
LHPs or PHPs or address specific applications of HPs in general. Consequently, a compre-
hensive review of the modeling of CHPs with capillary wicks is still lacking, despite their
widespread use across various fields.

For these reasons, the aim of this review work is to provide an in-depth characterization
of the models developed for predicting the behavior and performance of CHPs with
capillary wicks. In particular, the innovations and limitations of each model are highlighted,
particularly focusing on the critical points in CHP design and modeling. Finally, possible
future directions in this field are presented.

4. Critical Points in Conventional Heat Pipe Design and Modeling
The design and modeling of CHPs with capillary wicks involves addressing several

critical points that determine the performance, reliability, and applicability of these devices.
In particular, the choice of the wick properties and understanding the characteristic limits
that govern fluid flow and phase change within the HP are of paramount importance [91].
Additionally, it is crucial to take into account the effects of the HP activation in the design
and modeling phase.

In this section, each of these critical points will be discussed in detail, highlighting
their impact on the overall design and modeling of CHPs. Furthermore, the interaction
among these critical points will be summarized at the end of the section.
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4.1. The Wick

Capillary wicks are fundamental components in CHPs, as they play a crucial role in
the transport of the working fluid and the efficiency of heat transfer [92,93]. Their design
and modeling are influenced by several factors that determine the overall performance of
the HP. These factors can be broadly categorized into wick capillary performance, wick
material and working fluid properties, and type of wick structure [94,95].

4.1.1. Wick Capillary Performance

Capillary pressure and permeability are the most important parameters for evaluating
the wick performance [96]. In fact, capillary pressure is the driving force moving fluid from
the condenser to the evaporator zone, while permeability measures the ease of fluid flow
through the wick [97]. Therefore, in the design of a wick structure, it is fundamental to take
into account these parameters, in order to optimize the HP performance.

A common method to evaluate the capillary and hydraulic properties of the wick is
the measurement of the capillary rise velocity, namely the rate of rise of the liquid through
the wick. This quantity can be estimated by measuring the height of rise of the liquid over
time or the weight of the liquid absorbed over time by the analyzed wick [98].

Recently, additive manufacturing techniques have emerged as promising solutions
to overcome the geometric and performance limitations of traditional wick fabrication
methods. In particular, the possibility of creating porous structures with graded pore sizes
allows for a more effective trade-off between capillary pressure and permeability. This
approach enables better control of the wick structure and may improve the performance of
CHPs [99,100].

4.1.2. Wick Material and Working Fluid Properties

The choice of wick material is crucial as it must be compatible with the working
fluid and ensure good thermal conductivity [96]. Additionally, the material porosity, pore
size, and pore distribution directly affect the permeability and capillary pressure of the
wick [101].

In the same way, the choice of a suitable working fluid is also critical, as it must be
selected based on the operating temperature range, and it should present suitable thermo-
physical properties [96]. In fact, surface tension, viscosity, and latent heat of vaporization
of the working fluid directly affect the capillary pumping ability and heat transport of the
wick [102]. Finally, the wettability of the wick material with respect to the selected working
fluid should also be considered.

Therefore, an appropriate modeling of all three involved phases (solid, liquid, and
vapor) is fundamental in the design process. Such modeling is typically based on porous
media behavior models, as correlations between porosity and permeability or equivalent
thermal conductivity, and on fluid phase equilibrium for real substances, using tables or
equations of state.

4.1.3. Type of Wick Structure

Wick structures can be classified as either single structures, such as grooved, mesh,
and sintered wicks, or composite structures that combine two or more single structures [97].
The geometry of the wick, including the shape and dimensions of channels or pores,
directly impacts the flow resistance and capillary pumping ability of the working fluid in
the liquid phase [103]. For instance, dual-height superhydrophilic micropost wicks have
been developed to enhance the heat transfer coefficient through a thin evaporative film,
with a reported 300% increase compared to single-height micropost wicks [104].



Energies 2025, 18, 2213 10 of 38

Furthermore, the pore size and the distribution of the pores are also key factors, as
smaller pores can generate higher capillary pressure but might reduce permeability [97].
In addition, the surface roughness of the wick impacts wetting properties, fluid flow, and
bubble nucleation [96]. Moreover, the wick thickness is also important because it influences
the cross-section available for liquid flow and the axial and radial thermal resistances. In
fact, an optimal thickness balances efficient fluid supply to the evaporator with manageable
thermal resistance [103].

As a consequence, in order to accurately model a wick, it is necessary to use a numerical
3D model able to capture the asymmetries and the peculiarities of each structure [105]. In
fact, simplified models cannot provide a detailed representation of the physical phenomena
occurring in the wick, but only the overall effects.

Additionally, it is worth mentioning that, in recent years, many innovations have
been introduced in the wick design thanks to the new possibilities offered by additive
manufacturing [42]. In particular, composite wicks and wicks with microstructures and
nanostructures are becoming increasingly popular, thus requiring special attention in the
design and modeling phases.

Composite Wicks

Composite wicks offer a solution to the limitations of traditional homogeneous
wicks [106]. In fact, homogeneous wicks with a single pore size struggle to balance the
need for high capillary pressure (provided by small pores) and high liquid permeability
(facilitated by large pores) [107]. Composite wicks, on the other hand, can simultaneously
achieve high capillary pressure and high liquid permeability by more easily incorporating
both small and large pores [106]. This combination of properties allows for increased
liquid flow and enhanced evaporation, ultimately leading to higher heat transfer rates and
improved thermal performance [106].

The use of composite wicks is also driven by the need for efficient thermal man-
agement in increasingly compact electronic devices [108]. In fact, ultra-thin HPs, with
thicknesses of 1mm or less, require wick structures that can provide sufficient capillary
pressure within a limited space [109]. In this context, composite wicks, with their ability
to balance capillary pressure and permeability, have emerged as promising solutions for
ultra-thin HPs [110]. Therefore, different composite wick designs, such as sintered–grooved
wicks, mesh-grooved wicks, and multilayer mesh wicks, have been proposed and tested
to enhance the thermal performance of ultra-thin HPs [108]. These designs often combine
different materials, such as copper powder and copper mesh, to create a biporous structure
with both fine and coarse pores [111,112]. This design strategy aims to optimize both
liquid flow and evaporation heat transfer, leading to improved performance compared to
conventional designs [106].

Wicks with Microstructures and Nanostructures

Micro and nanostructures in wicks are gaining popularity due to their ability to
significantly enhance the performance of the entire HP [113]. In fact, these structures are
crucial for optimizing heat transfer by increasing surface area, improving capillary action,
and promoting efficient fluid transport [114].

In particular, microstructures offer several advantages, such as an increased surface
area for liquid–solid contact and heat exchange, improved capillary forces that enable
fluid movement within the wick, and enhanced fluid transport through interconnected
pathways [115]. On the other hand, nanostructures add another layer of optimization by
enhancing surface wettability, which improves liquid spreading within the wick [116], and
they also promote thin-film evaporation, which is a key mechanism for enhanced heat
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transfer [113]. Additionally, they provide nucleation sites for vapor formation, improving
the vaporization process and maximizing heat dissipation [114].

The combination of micro and nanostructures results in materials with superior prop-
erties. For instance, multiscale microstructures, including superhydrophilic nanosheets
and microparticles, prepared on copper meshes, enhance capillary properties [117]. Fur-
thermore, nanostructured wicks can increase the capillary performance by increasing
permeability and decreasing effective capillary radius [116]. However, the increase in
porosity makes the effective capillary radius dominate the competition for permeability,
which can decrease the capillary performance [116].

These advances are supported by sophisticated characterization methods, such as
X-ray microtomography, which allows for detailed 3D analysis of wick structures, or direct
numerical simulations, which are used to model the complex transport phenomena in these
materials [118]. These tools help researchers understand the impact of various parameters,
such as particle size, necking ratio, and porosity on the performance of wicks [118].

Therefore, it can be concluded that the growing popularity of micro and nanostructures
in wick materials is due to their ability to optimize heat transfer through improved surface
properties, fluid transport, and overall wick performance [116].

4.2. The Characteristic Limits

As previously mentioned, in addition to the wick properties, there are several charac-
teristic limits that define the operational boundaries of a CHP. These limits are critical to
ensure that the HP operates efficiently and safely under varying operating conditions.

A summary of simplified models and correlations to consider the working limits can
be found in [91].

4.2.1. Circulation or Capillary Limit

The circulation or capillary limit is associated with the fundamental principle that
governs the operation of CHPs, namely the development of capillary pressure differences
across the sinterface. In fact, the circulation of the working fluid within the HP is driven by
the capillary pressure difference, which must exceed the total pressure losses throughout
the system [91].

The capillary limit is reached when the capillary forces generated at the interface
between the liquid and the vapor are unable to overcome pressure losses due to friction
and, in case of unfavorable orientation, to gravity. As a result, the evaporator wick will
experience dry-out [91].

4.2.2. Viscous Limit

At low working temperatures, the saturation pressure available in the evaporator
zone can be quite low, potentially matching the pressure gradient required to transport
vapor from the evaporator to the condenser. In such cases, the total vapor pressure within
the vapor region is counterbalanced by opposing viscous forces in the vapor channel.
Consequently, the available vapor pressure may not be sufficient to sustain a higher flow
rate [91]. This condition is known as the viscous limit, and it typically occurs when the
vapor pressure is extremely low.

The viscous limit is most commonly encountered in long HPs, especially during frozen
startup conditions or in any case when the working fluid is close to its melting temperature,
as the saturation pressure of the fluid remains low [91].

4.2.3. Sonic Limit

The sonic limit is most commonly encountered in liquid metal HPs during startup or
low-temperature operation, where vapor densities are extremely low. In fact, under these
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conditions, the vapor flow may reach sonic speed, thus becoming choked. For most HPs
operating at room or cryogenic temperatures, the sonic limit is generally not a concern,
except in cases involving very small vapor channel diameters [91].

It is worth mentioning that the sonic limit represents an upper boundary for axial
heat transport capacity rather than an immediate cause of evaporator wick dry-out or HP
failure. Nonetheless, exceeding this limit results in rising evaporator temperatures and an
increasing axial temperature gradient, further compromising the isothermal characteristics
typically observed in the vapor region [91].

4.2.4. Entrainment Limit

In a CHP, the liquid and vapor phases flow in opposite directions. This counter-flow
generates shear forces at the liquid–vapor interface, which can hinder the return of liquid
to the evaporator. Under certain conditions, interfacial waves may form, and if the shear
stress overcomes the surface tension of the liquid, droplets can be entrained into the vapor
stream. This liquid carryover toward the condenser reduces the amount of working fluid
available in the wick, potentially disrupting the operation of the HP [91].

4.2.5. Boiling Limit

When the heat flux in the evaporator becomes too high, the liquid inside the wick can
reach its boiling point. This phenomenon leads to the formation of vapor bubbles within
the porous structure, which may block the capillary pathways and reduce liquid circulation.
As a result, the capillary action is weakened or interrupted, significantly limiting the ability
of the HP to transfer heat effectively [91].

4.3. Activation Effects

Activation is another crucial factor in the design and modeling of HPs. In fact, the
startup process is influenced by many complex phenomena, such as the heating power, the
inclination angle, the convective heat transfer coefficient, and the HP characteristics [119].
As a consequence, the activation effects are particularly complex to model, as they are
strongly dependent on the type of HPs and the operating conditions.

It is worth mentioning that the startup process is of paramount importance in HP-
cooled reactors, as these devices rely on the transition of the working fluid from a frozen
state to a continuous vapor flow, thus necessitating an accurate modeling of the activation
phase to ensure the device safety [120].

4.4. Interactions Among the Critical Points in Conventional Heat Pipe Design and Modeling

The three critical points previously discussed, namely the wick, the characteristic
limits, and the activation effects are strongly dependent from one another. In fact, under a
fixed heat load, the wick capillary performance, its material and working fluid properties,
as well as its geometry and structure, directly influence both the characteristic limits of the
HP and its ability to activate. Moreover, characteristic limits and activation effects are also
interconnected in a bidirectional way. In fact, on the one hand, if the HP fails to activate
properly, it may never reach the operating conditions in which its limits are defined. On
the other hand, the proximity to one or more characteristic limits can itself hinder or delay
the activation process.

A schematic diagram of the interactions among the critical points in CHP design and
modeling is illustrated in Figure 8.
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Figure 8. Schematic diagram of the interactions among the critical points in CHP design and modeling.

5. Modeling of Conventional Heat Pipes with Capillary Wicks
In this section, the main models to predict the behavior and performance of

CHPs with capillary wicks are reviewed, with a particular focus on the critical points
previously discussed.

The models are classified according to their type. In particular, a distinction is high-
lighted among: analytical models, numerical lumped parameter models, numerical 2D
models, numerical 3D models, and other types of models.

The references presented in this section were found through an accurate research
based on keywords in the main databases available online.

5.1. Analytical Models

One of the first analytical models for CHPs was developed by Lips and Lefèvre [121],
which extended the analytical model previously developed by Lefèvre and Lallemand [122]
for VCHPs to different geometries, including CHPs. In particular, three configurations
were analyzed:

1. A copper–water VCHP with a porous wick on both the top and bottom plates.
2. A copper–water VCHP with a porous wick only on the top plate.
3. A copper–water screen-mesh wick CHP.

The thermal model adopted in this study relies on the understanding that, in both
VCHPs and CHPs, heat transfer occurs through conduction in the wall and phase change
at the interface between the vapor and the capillary structure. Additionally, the body of the
HP and its wick are generally either cylindrical or rectangular in shape. This geometric
regularity allows for analytical solutions to the thermal problem using Fourier series,
assuming a periodic domain. This periodicity may arise naturally, such as along the
circumferential direction of a cylindrical HP, or it can be imposed by adiabatic boundary
conditions. In fact, a domain with adiabatic boundaries is equivalent to a larger periodic
domain, which can be modeled by introducing additional fictitious domains that are
symmetrical to the original one with respect to the adiabatic lines. Therefore, proper
boundary conditions were applied to each of the analyzed configurations.

On the contrary, the hydrodynamic model employed in this study is grounded in
Darcy’s law. Specifically, the equations for the liquid phase are solved within a periodic
domain suited for Fourier series analysis, whereas the domain geometry for the vapor
phase depends on the particular configuration of the HP.
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The equations of the model were validated by comparison with previously acquired
experimental data [122] for configuration 2. Moreover, the results obtained using these
equations also showed good agreement with those obtained through the transient 3D
numerical model of Sonan et al. [123], the same as configuration 2. After validation, the
model was used to predict the thermal and hydrodynamic performance of a CHP to predict
the properties of the capillary structure from experimental data and to derive analytical
expressions for the HP operating limits.

The main innovations of this work are the use of the Fourier transformation to model
the HP behavior, which allows to obtain an exact analytical solution, and the derivation
of the analytical expressions for the characteristic limits. However, the accuracy of the
results may be influenced by the simplifying assumptions required to derive the analytical
solution. In fact, since the boundary conditions must be homogeneous to solve the heat
transfer equation analytically, the heat sinks are modeled using an imposed heat flux, which
represents a limitation of the model. Additionally, the model is steady-state, so it does not
take into account the effects of the HP activation and the possibility of a time-varying heat
load. Finally, the model was validated only for a copper–water VCHP with a porous wick
on the top plate, so its applicability to different types of HPs is uncertain.

Solomon et al. [124] derived an analytical expression for the thermal conductivity of
CHPs, which was estimated by equating the heat transport limit to the heat conducted
through the pipe.

The heat transport limit is primarily determined by the capillary pressure generated
within the wick and the pressure losses associated with phase change, along with frictional
losses in both the vapor and liquid flows. In order to prevent dry-out in the evaporator
due to insufficient liquid return, the net capillary pressure between the evaporator and
condenser must be greater than the combined pressure losses in the vapor and liquid phases.
Therefore, the capillary limit is determined by setting the capillary pressure equal to the
total pressure losses, while the capillary pressure is determined by assuming the following:

1. The vapor viscous pressure losses are considered, while the inertial effects are neglected.
2. The transition losses of the vapor are not considered.
3. The vapor flow is 1D along the HP length.

Consequently, the HP thermal conductivity can be determined based on the
above assumptions.

The analytical expression for the HP thermal conductivity was validated by compari-
son with experimental results for a copper–water screen-mesh wick CHP subject to different
heat loads. The validation results were quite satisfactory for the maximum thermal power
tested (300 W), but for lower heat loads the discrepancy was not negligible.

Therefore, this model can be used to make a preliminary estimation of the HP thermal
conductivity to be used in more complex models involving other physical aspects. In fact,
the HP activation and the characteristic limits, except for the capillary limit, are not taken
into account. Additionally, the model was validated only for a copper–water screen-mesh
wick CHP, so its applicability to other types of CHPs is uncertain.

The analytical models previously described are summarized in Table 1.
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Table 1. Summary of the analytical models for CHPs with capillary wicks.

Papers Reference Data
for Validation

Case Study
for Validation Innovations Possible Limitations

Lips and Lefèvre
(2014) [121]

Experimental data
previously acquired by
the authors [122] and

numerical results from
the literature [123]

A copper–water VCHP
with a porous wick on

the top plate

The use of the Fourier
transformation to

model the HP behavior
and the derivation of

the analytical
expressions for the
characteristic limits

The heat sinks are
modeled using an

imposed heat flux, the
steady-state

formulation does not
allow to consider the

effects of the HP
activation and of
time-varying heat

loads, and the model
was validated only for
a VCHP with a porous
wick on the top plate

Solomon et al.
(2016) [124]

Experimental data
acquired by the

authors [124]

A copper–water
screen-mesh wick CHP

The idea of using an
analytical expression to

make a preliminary
estimation of the HP
equivalent thermal

conductivity

The temperature and
pressure fields along

the HP cannot be
estimated, the effects of

the HP activation are
neglected, the

characteristic limits,
except for the capillary
one, are not considered,

and the model was
validated only for a

copper–water
screen-mesh wick CHP

5.2. Numerical Lumped Parameter Models

Zuo and Faghri [125] were the first to model the HP structure as a thermal net-
work, associating a thermal resistance with each of the eight processes that underly the
HP operation:

1. Radial heat conduction within the wall thickness of the evaporator.
2. Radial heat conduction within the wick thickness of the evaporator.
3. Vapor flow in the vapor channel which involves heat convection.
4. Axial heat conduction along the wall length of the adiabatic zone.
5. Axial heat conduction along the wick length of the adiabatic zone.
6. Liquid flow through the wick which involves heat convection.
7. Radial heat conduction within the wall thickness of the condenser.
8. Radial heat conduction within the wick thickness of the condenser.

Therefore, the processes can be divided into two categories: those involving pure heat
transfer or heat conduction (1, 2, 4, 5, 7, and 8) and those involving heat and mass transfer
or heat convection (3 and 6).

All the processes are described by a set of linear, first-order, Partial Differential Equa-
tions, which can be solved through the fourth-order Runge–Kutta method (RK4), and allow
to obtain the temperatures of the nodal points of the HP. After calculating these tempera-
tures, other parameters of interest, such as thermal fluxes and temperature gradients, can
be easily obtained.

After developing the previously described transient network model, the working
fluid circulation is analyzed in the temperature-entropy diagram and a new dimensionless
parameter, Ψ, is introduced. This factor is defined as the ratio between two other parameters,
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that are: Φ, which is a group of geometric dimensions of the HP, and Θ, which is a group
of thermophysical properties of the working fluid and of the solid material.

The main innovation of this work is establishing that Ψ must be greater than one
to ensure circulation of the working fluid, so the geometry of the HP, the solid material,
and the working fluid must be compatible. Additionally, the idea of modeling an HP as a
thermal network will be the basis for many of the models developed in subsequent years.

The model was validated against the experimental data of El-Genk and Huang [126] for
a copper–water screen-mesh wick CHP. The validation results showed that the predictions
of the model tend to overestimate the vapor temperature, and the predicted HP transient
was slightly faster than the measured one. However, the maximum difference between
numerical and experimental data was lower than 5% for the vapor temperature, so the
results obtained through the model can be considered quite satisfactory. Finally, another
validation was performed by comparison with a more detailed 2D numerical model [127]
and a lumped model [128]. The results showed that the agreement between the network
model and the more detailed 2D model was excellent, and the computational cost of the
network model was much lower, while the lumped model tended to overestimate the
vapor temperature.

However, despite the previously discussed advantages of this network model, there are
also some limitations to consider. In fact, the model takes into account only the circulation
limit, but the other characteristic limits and the effects of the HP activation are neglected.
Furthermore, the model was validated only for a copper–water screen-mesh wick CHP, so
its suitability for different types of HPs is uncertain.

Ferrandi et al. [129,130] developed a lumped parameter numerical model able to
predict the steady and transient behavior of CHPs. In this model, the solid and fluid
domains are discretized into a finite number of control volumes (referred to as “nodes” or
“lumps”), each defined by a particular thermodynamic state. These nodes are interconnected
through resistive, capacitive, and inductive elements (using the electrical analogy) that
represent different physical processes.

The behavior of each node is described by an Ordinary Differential Equation (ODE).
Therefore, the HP behavior is described by a set of twentyone ODEs: six for the solid
network, ten for the fluidic network, four for the solid/fluid coupling, and one for the
liquid/vapor coupling. All these equations are discretized through the finite difference
method (FDM) and solved numerically using the LU decomposition with partial pivoting.

The model was validated by comparison with the numerical results of Tournier and El-
Genk [131], the experimental data of Huang et al. [132], and the analytical results of Zhu and
Vafai [133], for a copper–water-sintered CHP. The validation showed that the discrepancy
between the numerical results obtained through the model and the experimental data
in [132] was always lower than 15%, and, in general, the agreement with all the data
reported in [131–133] was good for both steady and transient operation of the HP.

After validation, the model was employed to evaluate the effect of some parameters on
the HP behavior. In particular, the effects of changing the wick thickness, wick porosity, and
grain radius were studied. The results of these analyses showed that there is an optimum
wick thickness which minimizes the HP thermal resistance, thus improving its performance,
and this value is almost independent on the heating power. Furthermore, reducing the
wick porosity increases the possibility of dry-out. Finally, the effect of the grain radius on
the HP thermal resistance was not significant.

The main innovation of this work lies in applying the lumped parameter approach to
both steady and transient regimes. Nevertheless, some physical aspects are not taken into
account in the model development, thus leading to a possible reduction in the accuracy of
the results. In fact, an ideal gas assumption is applied to the vapor phase, thus neglecting
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the possible real gas effects, the contribution of the gravitational force is not considered,
the effects of the HP activation are neglected, and also the operating limits, except for the
entrainment limit, are not considered. Moreover, the verification was performed only for a
copper–water-sintered CHP, so the model validity for different types of HPs is uncertain.

Tak and Lee [134] built a transient lumped parameter model, based on that devel-
oped by Ferrandi et al. [129,130], for design and performance analysis of CHPs for space
nuclear reactors.

In this model, it is assumed that the HP structure can be modeled as an electrical
network composed of six nodes for the external solid wall and the wick and of two nodes
for the vapor region. The nodes are connected through conductive and convective thermal
resistances, and it is assumed that the temperature of the liquid flowing in the wick is
always equal to the temperature of the solid part of the wick. Moreover, the vapor is treated
as an ideal gas assuming that it reaches thermal equilibrium in a very short time and the
effects of gravity are neglected.

The model was validated by comparing the numerical results with literature ex-
perimental data for a stainless steel-sodium screen-mesh wick CHP for a space nuclear
reactor [135], and this analysis also included the evaluation of all the HP characteristic
limits. The validation results showed a very good agreement for both the evaporator and
condenser regions in high temperature zones, while the discrepancy was higher in low
temperature regions, probably due to the assumption of small vapor temperature gradients
along the HP.

The main innovation of this work is the idea of using a simple and fast tool able to
estimate the solid and working fluid temperatures along the HP. However, modeling the
vapor as an ideal gas with small temperature differences along the HP may not be accurate
in some cases. Additionally, neglecting the effects of gravity and those of the HP activation
may cause a loss of accuracy in some applications. Finally, the model was validated only
for a stainless steel–sodium screen-mesh wick CHP, so its suitability for other types of HPs
is uncertain. This model builds on the same principles as those discussed previously. In
fact, the idea is again to divide the HP Kolliyil et al. [136] developed a lumped parameter
transient numerical model for CHPs, which also includes the Marangoni effect, into nodes
connected to each other through resistive, capacitive, and inductive elements, in order to
form a thermal network. However, in this case the basic model is improved by the inclusion
of the Marangoni effect, namely of the mass transfer across the interface between the liquid
phase and the vapor due to the surface tension gradient.

As in previous models, the operation of the HP is described by a set of linear ODEs,
which can be solved using Euler’s explicit or implicit method.

The validation was performed by comparing the numerical results obtained using
the model with the experimental data of Huang et al. [132] for a copper–water screen-
mesh wick CHP. This analysis showed a quite good agreement between numerical and
experimental results, with a maximum discrepancy around 3.3%.

After validation, a sensitivity analysis about the dependence of the HP performance
on the most common design parameters was performed. In particular, it was found that
the overall HP thermal resistance increases when the wick thickness and the effective
wick porosity increase, while it decreases when the heat input increases. However, at
high heat inputs, the size of the HP must increase, as the minimum diameter to avoid
dry-out is greater. Moreover, it was found that using self-rewetting fluids as working fluids
significantly improves the HP performance compared to using water.

The main innovation of this work is the consideration of the Marangoni effect in the
HP modeling. However, this model presents the previously discussed limitations which
affect almost all the presented lumped parameter models. In fact, the vapor phase is
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approximated using the ideal gas law, the effects of gravity are neglected, and the effects of
the HP activation and its operating limits are not considered. Additionally, the model was
validated only for a copper–water screen-mesh wick CHP, so its applicability to different
HPs is uncertain.

Hu et al. [137] developed a lumped parameter transient numerical model, based on
those of Ferrandi et al. [129,130] and Kolliyil et al. [136], particularly focusing on ultra-long
lithium HPs with ultra-high working temperature for HP-cooled reactors.

The idea behind this model is again to divide the HP into nodes forming a thermal
network, but in this case, the Marangoni effect, bending effect, and different vapor flow
patterns and Mach numbers are taken into account.

Also, in this case, the HP operation is described by a set of linear ODEs, which are
discretized using the FDM.

The model was validated by comparison with two literature models of Tournier and
El-Genk [138] for an ultra-long and ultra-high temperature molybdenum-lithium CHP, and
the results showed a very good agreement, with a maximum discrepancy below 1%.

After validation, the performance of the same HP used for validation was analyzed
under different heat loads, to understand the influence of the bending structure, Marangoni
flow, and adiabatic section length on the HP operation. The results of this analysis showed
that the vapor pressure loss due to bending is approximately 22–23% of the total pressure
drop, while bending does not significantly affect the liquid pressure drop. Moreover, the
Marangoni effect can have a significant influence on the liquid flow and the capillary limit
of the HP, but this effect is reduced when the working temperature increases. Finally, when
the adiabatic section length and the vapor temperature are not sufficiently high, bending
has a greater influence on the HP pressure loss.

The main innovation of this work is the consideration of the effects of bending on the
performance of ultra-long HPs. Nevertheless, also this model assumes ideal gas properties
for the vapor, neglects the effects of gravity and those of the HP activation, and takes into
account only the capillary limit. Additionally, as this model was targeted and validated
only for ultra-long and ultra-high temperature molybdenum-lithium CHPs, its suitability
for other types of HPs is uncertain.

Caruana et al. [139] developed a multi-node lumped parameter model able to predict
the steady and transient behavior of CHPs. Based on the works of Ferrandi et al. [129,130],
this model includes real gas effects and accounts for gravity by considering the impact of
orientation on HP performance.

As in previous models, the HP is divided into nodes with distinct thermophysical
properties. The nodes are interconnected by means of resistive, capacitive, and inductive
components, constituting a thermal network. Therefore, in this case, the behavior of the
HP is also described by a set of ODEs, which are discretized using the forward FDM and
iteratively solved.

The model was validated by comparison with experimental data acquired by the
authors, for a copper–water sintered CHP subject to seven cycles of thermal charge and dis-
charge. The comparison showed that the discrepancy between numerical and experimental
results was acceptable in the last three cycles, with a maximum error of around 5.3% for
both the evaporator and condenser wall temperatures. On the contrary, the difference was
greater in the first four cycles, as this model does not take into account the effects of the
HP activation.

After validation, the model was used to evaluate whether modeling the vapor as a real
gas rather than an ideal gas leads to significant differences in the values of the parameters of
interest. Therefore, four HPs using different working fluids were simulated, both with the
real and ideal gas vapor models. The results of this analysis showed that when using water
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and ammonia as working fluids, the difference between the ideal and real gas modeling
is negligible, both in terms of vapor temperatures and pressures. However, when using
acetone and HFC134a refrigerant, there is a significant difference in the vapor pressures
between the ideal and real gas models.

The main innovations of this work are the considerations of the effects of gravity
(orientation angle) on the HP performance and the real gas vapor model. However, as
previously mentioned, the effects of the HP activation are neglected and the operating
limits are not evaluated, thus possibly reducing the reliability of the numerical results. Ad-
ditionally, the model was validated only for a copper–water-sintered CHP, so its suitability
for other applications is uncertain.

The numerical lumped parameter models previously described are summarized in
Table 2.

Table 2. Summary of the numerical lumped parameter models for CHPs with capillary wicks.

Papers Reference Data
for Validation

Case Study
for Validation Innovations Possible Limitations

Zuo and Faghri
(1998) [125]

Experimental
data [126] and

numerical
results [127,128]

from the literature

A copper–water
screen-mesh wick CHP

The idea of modeling
an HP as a thermal

network and the
definition of the
parameter Ψ to

evaluate the
circulation limit

The effects of the HP
activation are
neglected, the

characteristic limits,
except for the

circulation one, are not
considered, and the

model was validated
only for a copper–water
screen-mesh wick CHP

Ferrandi et al.
(2010–2013) [129,130]

Experimental
data [132], numerical

results [131], and
analytical results [133]

from the literature

A
copper–water-sintered

CHP

The idea of using the
lumped parameter
approach to model
both the steady and

transient operations of
an HP

The vapor is modeled
as an ideal gas, the

effects of gravity are
neglected, the effects of

the HP activation are
neglected, the

characteristic limits,
except for the

entrainment one, are
not considered, and the

model was validated
only for a

copper–water-sintered
CHP

Tak and Lee
(2020) [134]

Experimental data from
the literature [135]

A stainless
steel–sodium

screen-mesh wick CHP

The idea of using a
simple and fast tool to
estimate the solid and

working fluid
temperatures along

the HP

The vapor is modeled
as an ideal gas, the

effects of gravity are
neglected, the effects of

the HP activation are
neglected, and the

model was validated
only for a stainless

steel–sodium
screen-mesh wick CHP
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Table 2. Cont.

Papers Reference Data
for Validation

Case Study
for Validation Innovations Possible Limitations

Kolliyil et al.
(2021) [136]

Experimental data from
the literature [132]

A copper–water
screen-mesh wick CHP

The consideration of
the Marangoni effect in

the HP modeling

The vapor is modeled
as an ideal gas, the

effects of gravity are
neglected, the effects of

the HP activation are
neglected, none of the
characteristic limits is
considered, and the

model was validated
only for a copper–water
screen-mesh wick CHP

Hu et al. (2021) [137] Numerical results from
the literature [138]

An ultra-long and
ultra-high temperature
molybdenum-lithium

CHP

The consideration of
the effects of bending
on the performance of

ultra-long HPs

The vapor is modeled
as an ideal gas, the

effects of gravity are
neglected, the effects of

the HP activation are
neglected, the

characteristic limits,
except for the capillary
one, are not considered,

and the model is
designed and validated
only for ultra-long and
ultra-high temperature
molybdenum-lithium

CHPs

Caruana et al.
(2022) [139]

Experimental data
acquired by the

authors [139]

A
copper–water-sintered

CHP

The considerations of
the effects of gravity

(orientation angle) and
the real gas

vapor model

The effects of the HP
activation are

neglected, none of the
characteristic limits is
considered, and the

model was validated
only for a

copper–water-sintered
CHP

5.3. Numerical 2D Models

Mahjoub and Mahtabroshan [140] developed a numerical Computational Fluid Dy-
namics (CFD) model for the heat transfer analysis of CHPs, based on the Finite Volume
Method (FVM). This model can be used for the design and performance prediction of CHPs
with cylindrical external structure as the mass, momentum, and energy conservation equa-
tions are written in cylindrical coordinates. Moreover, the flow inside the HP is assumed to
be 2D, steady-state, incompressible, and laminar.

The validation was performed by comparison with the experimental data of
Faghri [141] and the numerical results of Nouri-Borujerdi and Layeghi [142] for two copper–
water screen-mesh wick CHPs, showing a quite satisfactory agreement for both geometries.

After validating the model and assessing mesh independence, the effect of changing
some of the HP geometrical and structural parameters on its performance was evaluated,
showing that the HP thermal resistance increases when increasing the wick porosity, while
it decreases when the thermal conductivity of the wall and the radius of the HP increase.

The most important innovation of this work is the use of a CFD model for predicting
the thermal behavior and performance of an HP. However, the described model is not
suitable for non-cylindrical geometries, 3D effects on the HP behavior are not considered,
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the steady-state assumption does not allow to take into account the effects of the HP
activation and the possibility of time-varying heat loads, and none of the HP characteristic
limits is considered. Additionally, the model was validated only for copper–water screen-
mesh wick CHPs, so its applicability to different devices is uncertain.

Thuchayapong et al. [143] developed a steady-state 2D numerical model to evaluate
the thermal performance of CHPs. In this model, the HP system is divided into four regions:
the vapor core, the wick, the external wall, and the heat sink. Thermal power is uniformly
applied to the evaporator using a tape heater, while the condenser is cooled by water.

The model is based on the following assumptions:

1. Both the liquid and vapor flows are incompressible and laminar.
2. The HP operation has reached a steady state.
3. The wick is entirely filled with liquid, and its porosity and permeability are uniform.
4. The working fluid is Newtonian and its thermophysical properties are calculated at

the operating temperature, which is considered constant.
5. The gravitational effects are neglected.

The model is based on the mass, momentum, and energy conservation equations,
which are discretized using the Finite Element Method (FEM) and then solved numerically.

The validation was performed by comparison with the numerical results of Tournier
and El-Genk [131] and the experimental data of Huang et al. [132] for a copper–water
screen-mesh wick CHP, showing that the standard deviations of vapor and wall temperature
with respect to the results in [131] were 0.64 ◦C and 2.59 ◦C, respectively, while those with
respect to the data in [132] were 0.48 ◦C and 1.78 ◦C, respectively.

The main innovation of this work lies in modeling the capillary radius as a linear
function along the length of the HP. Specifically, the radius is set equal to the effective pore
radius of the wick at the evaporator, and to the vapor core radius at the condenser. However,
the assumptions of constant operating temperature and negligible gravitational effects can
reduce the reliability of the results. Furthermore, as the model only takes into account
the steady-state operation of the HP, the effects of the HP activation and the possibility of
time-varying heat loads are not considered. Additionally, 3D effects on the HP behavior
are neglected and none of the characteristic limits is mentioned in this work. Finally, the
model was validated only for a copper–water screen-mesh wick CHP, so its suitability for
other types of HPs is uncertain.

Mahdavi et al. [144,145] developed a numerical CFD model based on the FVM to
analyze the behavior of a high-temperature HP with complex geometry, taking into account
also compressibility of the working fluid and viscous dissipation.

The model is based on the following assumptions:

1. The HP is modeled as a 2D axisymmetric system.
2. Vapor and liquid flows are laminar and stationary.
3. Gravitational forces are negligible.
4. The wick is entirely filled with liquid, its porosity and permeability are uniform, and

it is considered homogeneous and isotropic.
5. Evaporation and condensation occur only at the liquid–vapor interface.
6. The energy equation for the vapor phase includes pressure work and viscous dissipa-

tion effects.
7. The saturation temperature at the liquid–vapor interface is determined as a function

of pressure using the Clausius–Clapeyron equation.
8. Density variations in the vapor phase are included using the ideal gas model.
9. All other properties of the working fluid are constant and they are evaluated at the

HP operating temperature.
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As the system is assumed to be axisymmetric, the governing equations of the model
are written in cylindrical coordinates and they are solved through the Algebraic Multigrid
Methods, with the diffusion and convection terms discretized using central difference and
second-order upwind schemes, respectively.

The model was validated by comparison with the experimental results of
Ivanovskii et al. [146] and with the numerical predictions of Chen and Faghri [147] for
a stainless steel–sodium screen-mesh wick CHP. These analyses showed that the model
results present a good agreement with the experimental data of Ivanovskii et al. in the evap-
orator and in the adiabatic zone, and they present a good agreement with the numerical
predictions of Chen and Faghri in the condenser section.

After validation, the model was applied to the same HP used for validation. All the
heat transfer limitations associated with the HP geometry, working fluid, wick structure,
and operating temperature were taken into account, and the results indicated that the
thermal resistance decreases as the operating temperature and vapor core radius increase
and as the heat input decreases.

The main innovation of this work is the consideration of the compressibility of the
working fluid and viscous dissipation. Nevertheless, the 2D steady-state modeling does not
take into account the 3D effects, the HP activation, and time-varying heat loads. Moreover,
the vapor phase is approximated using the ideal gas law, and the effect of gravity is
neglected. Finally, the model verification was performed only for a stainless steel–sodium
screen-mesh wick CHP, so its validity for different types of HPs is uncertain.

Hussain and Janajreh [148] developed a numerical CFD model based on the FEM
to analyze the performance of cylindrical CHPs. This 2D axisymmetric stationary model
is based on the mass, momentum, and energy conservation equations and it employs a
single-phase approach, so that in the vapor core there is only vapor flow, and in the wick,
there is only liquid flow. Taking into account these simplifications, the model can be used
to calculate the overall HP thermal resistance, as well as the temperature profiles in the
external wall region of the HP.

In order to solve the equations, the solver applies Newton–Rhapson iterations to the
initial guess, until reaching a convergence of the solution, which is considered achieved
when the relative error between two consecutive iterations is lower than 10−4.

The model validation was obtained by comparison with the experimental results of
Faghri [149] for a copper–water sintered HP, showing a very good agreement between
numerical predictions and experimental data for the external wall temperature profile.

After validation, a sensitivity analysis on the main design parameters was performed,
and the results showed that as porosity increased, the absolute thermal resistance also rose
due to reduced conductivity in the liquid–wick region. Moreover, the thermal resistance de-
creased with an increase in internal radius due to the greater cross-sectional area enhancing
heat transfer, while it did not change when modifying the heat load.

Therefore, assuming ideal operating conditions and taking into account all the in-
troduced simplifications, this model can be considered quite reliable for preliminary HP
design. However, the 2D steady-state formulation does not allow us to consider the 3D
effects, the HP activation, and the possibly time-varying heat loads. Moreover, the model is
suitable only for cylindrical geometries and none of the HP characteristic limits is consid-
ered in these analyses. Finally, the model was validated only for a copper–water-sintered
CHP, so its suitability for other types of HPs is uncertain.

The numerical 2D models previously described are summarized in Table 3.
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Table 3. Summary of the numerical 2D models for CHPs with capillary wicks.

Papers Reference Data
for Validation

Case Study
for Validation Innovations Possible Limitations

Mahjoub and
Mahtabroshan

(2008) [140]

Experimental data
[141] and numerical

results [142]
from the literature

Two copper–water
screen-mesh wick

CHPs

The use of a CFD
model to predict the

thermal behavior and
performance of an HP

The model is not
suitable for

non-cylindrical
geometries, 3D effects
are not considered, the

steady-state
formulation does not
allow to consider the

effects of the HP
activation and of
time-varying heat
loads, none of the

characteristic limits is
considered, and the

model was validated
only for copper–water

screen-mesh wick
CHPs

Thuchayapong et al.
(2012) [143]

Experimental data
[132] and numerical

results [131]
from the literature

A copper–water
screen-mesh wick CHP

The idea of modeling
the capillary radius of

an HP as a linear
function

The operating
temperature is

assumed to be constant,
the effects of gravity are

neglected, 3D effects
are not considered, the

steady-state
formulation does not
allow to consider the

effects of the HP
activation and of
time-varying heat
loads, none of the

characteristic limits is
considered, and the

model was validated
only for a copper–water
screen-mesh wick CHP

Mahdavi et al.
(2015) [144,145]

Experimental data
[146] and numerical

results [147]
from the literature

A stainless
steel–sodium

screen-mesh wick CHP

The consideration of
the compressibility of
the working fluid and

viscous dissipation

The vapor is modeled
as an ideal gas, the

effects of gravity are
neglected, 3D effects

are not considered, the
steady-state

formulation does not
allow to consider the

effects of the HP
activation and of
time-varying heat

loads, and the model
was validated only for

a stainless
steel–sodium

screen-mesh wick CHP
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Table 3. Cont.

Papers Reference Data
for Validation

Case Study
for Validation Innovations Possible Limitations

Hussain and Janajreh
(2016) [148]

Experimental data from
the literature [149]

A
copper–water-sintered

CHP

The use of a CFD
model to perform an
extensive sensitivity
analysis on the main

HP design parameters

The model is not
suitable for

non-cylindrical
geometries, 3D effects
are not considered, the

steady-state
formulation does not
allow to consider the

effects of the HP
activation and of
time-varying heat
loads, none of the

characteristic limits is
considered, and the

model was validated
only for a

copper–water-sintered
CHP

5.4. Numerical 3D Models

Kaya and Goldak [150] developed a 3D numerical model, which is able to predict the
thermal performance of a CHP and is based on the following assumptions:

1. The process has reached a steady state.
2. Radiative heat exchanges, gravitational effects, and the possibility of boiling the liquid

are neglected.
3. The working fluid is Newtonian and incompressible, but density variations due to

temperature changes in the vapor are considered.
4. The vapor phase is approximated using the ideal gas law.
5. The wick is completely filled with liquid.

In this model, the conservation equations are discretized using the FEM, which allows
us to calculate the wall temperature, the vapor pressure, and the vapor velocity profile.

The validation was firstly performed by comparison with the experimental data and
numerical results of Schmalhofer and Faghri [151] for a copper–water screen-mesh wick
HP subject to uniform and non-uniform heat loads. In particular, when the heat load was
uniform, the results of outer wall temperature were satisfactory, except for some small
discrepancies at both ends of the HP, while for the case of non-uniform heat loads, the
discrepancies were more evident, especially in the evaporator zone.

However, in [151], the experimental data for the outer wall temperature in the evap-
orator zone are not provided, so the validation in this region was performed only by
comparison with numerical results. Therefore, the model developed in this work was also
validated by comparison with experimental results acquired by the authors, again using a
copper–water screen-mesh wick HP subject to different operating conditions.

The results of this second validation showed that, in the case of natural convection
cooling, the agreement between numerical and experimental results for the outer wall
temperature was satisfactory, except for the condenser region, while in the case of liquid
cooling, the agreement was good along all the HP length.

Finally, after validation, the vapor pressure, the axial vapor velocity, and the capillary
limit were also evaluated.

The main innovations of this work are as follows: the 3D formulation, which allows us
to study HPs subject to non-uniform heat loads; the calculation of the vapor temperature
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from the energy equation, which allows us to model also high-temperature HPs; the
modeling of the liquid flow inside the wick, which allows us to evaluate the capillary limit
and leads to a better estimation of the temperature field.

Nevertheless, the steady-state formulation does not allow for to study of the effects
of the HP activation, as well as the behavior of an HP subject to a time-varying heat
load. Moreover, modeling the vapor as an ideal gas and neglecting the effects of gravity
may lead to a loss of accuracy when using some working fluids in particular conditions.
Additionally, all the characteristic limits, except for the capillary one, are not considered in
the model formulation. Finally, the model validation was performed only for copper–water
screen-mesh wick CHPs, so its applicability to different devices is uncertain.

Huang and Chen [152] developed a 3D transient numerical model for fast simulations
of CHPs, which is based on treating the vapor using a single-node lumped parameter
approach and solving the liquid flow and the conduction in the solid regions using a Lattice
Boltzmann Method (LBM). Consequently, in this model, the vapor is not directly simulated,
but only the accumulative mass and energy equations are solved, and a single saturated
state property is used to describe the whole vapor.

This approach was chosen because it allows us to significantly reduces the computa-
tional cost of the numerical simulations, as the vapor core could represent a significant part
of the total HP volume, thus its simulation would require a notable increase in the number
of cells. Additionally, incorporating an algorithm for non-uniform meshes [153] avoids
the issues due to large aspect-ratio cells, and using parallel computing allowed further
reduction in the computational time, leading it to be 50 times lower than that required by
the complete vapor simulation.

The model validation was performed by comparison with the numerical predictions
and experimental data of Mistry et al. [154] for a stainless steel–water screen-mesh wick
CHP, and with the experimental results of Huang et al. [132] for a copper–water screen-
mesh wick CHP, showing a quite satisfactory agreement also for time-varying heat loads.

Nevertheless, despite this model being a good compromise between accuracy and
computational cost, it is worth mentioning that it does not take into account the HP
activation effects and its characteristic limits. Additionally, the model validation was
performed only for a copper–water and a stainless steel–water screen-mesh wick CHPs, so
its suitability for different types of HPs is uncertain.

The numerical 3D models previously described are summarized in Table 4.

Table 4. Summary of the numerical 3D models for CHPs with capillary wicks.

Papers Reference Data
for Validation

Case Study
for Validation Innovations Possible Limitations

Kaya and Goldak
(2007) [150]

Experimental data and
numerical results from
the literature [151], and

experimental data
acquired by the

authors [150]

Two
copper–water

screen-mesh wick
CHPs

The 3D formulation, the
direct calculation of the
vapor temperature from
the energy equation, and

the modeling of the
liquid flow inside the

wick

The steady-state formulation
does not allow to consider the

effects of the HP activation and
of time-varying heat loads, the
effects of gravity are neglected,

the vapor is modeled as an
ideal gas, the characteristic

limits, except for the capillary
one, are not considered, and the
model was validated only for

copper–water screen-mesh
wick CHPs
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Table 4. Cont.

Papers Reference Data
for Validation

Case Study
for Validation Innovations Possible Limitations

Huang and Chen
(2017) [152]

Experimental data [132]
and numerical

results [154]
from the literature

A copper–water
and a stainless

steel–water
screen-mesh wick

CHPs

The idea of simulating
only the liquid and solid

regions, modeling the
vapor using a

single-node lumped
parameter approach, to

reduce the
computational cost

The effects of the HP activation
are neglected, none of the

characteristic limits is
considered, and the model was

validated only for a
copper–water and a stainless

steel–water screen-mesh
wick CHPs

5.5. Other Types of Models

Zimmermann et al. [155] developed an advanced conduction-based thermal model
for CHPs, that addresses the limitations of conventional approaches by incorporating
critical aspects of vapor phase dynamics. This model focuses on accurately representing
the behavior of the vapor core by taking into account the velocity components perpendic-
ular to the main vapor flow. Moreover, it also accounts for the temperature-dependent
effective thermal conductivity of the vapor core, which is determined using the local vapor
temperature, in order to dynamically evaluate the thermophysical properties.

In practice, an analytical expression for calculating the axial pressure gradient within
the vapor core was initially developed, and it was validated using detailed 2D CFD
simulations for various HP sizes and Reynolds numbers. Next, under the assumption of
saturation conditions, this pressure drop analytical expression was employed to determine
the temperature gradient, which was then used to derive an expression for the effective
thermal conductivity of the vapor core. Finally, this result was integrated into a thermal
HP model previously developed by the same authors [156], which also incorporates the
thermal resistance associated with evaporation from the porous wick structure.

The model was calibrated and validated against the experimental data from
Prasher [157] for a copper–water-sintered CHP, and it was further compared to Prasher’s
conduction-based model [157]. The comparison between the present model and that
of Prasher revealed substantial improvements in the accuracy of the numerical predic-
tions with respect to the experimental results, particularly in capturing the effects of
non-Poiseuille flow and temperature gradients within the vapor core.

The main innovation of this work is the inclusion of the phase change thermal resis-
tance at the liquid–vapor interface, based on a detailed dataset characterizing sintered wick
structures. Nevertheless, also this model presents some limitations that may affect the accu-
racy of the results. In fact, it relies on calibration parameters obtained through experimental
data, thus resulting in a possible loss of generality. Moreover, an ideal gas assumption is
applied to the vapor phase, thus leading to a loss of accuracy when using some particular
working fluids. Additionally, the effects of the HP activation and its characteristic limits
are not considered. Finally, the validation was performed only for a copper–water-sintered
CHP, so the model suitability for different applications is uncertain.

Guo et al. [158] presented a simplified transient numerical model to explore the
startup performance of high-temperature HPs, with a particular focus on their application
in HP-cooled reactors. In fact, high-temperature HPs are fundamental in such systems,
as they provide a reliable mechanism for transferring heat away from the reactor core. In
particular, during the startup phase, the working fluid faces a transition from a frozen
state to a molten and vaporized state. Therefore, understanding the heat and mass transfer
processes involved is crucial for the modeling of this type of reactor.
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For this reason, the authors proposed a model which combines the two-zone and
network approaches. In particular, the two-zone model divides the HP into distinct hot
and cold regions, accounting for the differences in temperature, phase change, and flow
behavior, while the network model simplifies the heat conduction by breaking the HP
into discrete nodes and calculating the heat transport across them. By integrating these
two methods, the proposed model is able to predict the vapor flow, pressure drop, and
temperature drop in the vapor core. Additionally, all the characteristic limits are evaluated,
and the fundamental requirements for successful activation of the HP are stated, defining a
lower and an upper limit of the heating power.

The validation was achieved by comparing the numerical results with experimental
data acquired by the authors for a high-temperature stainless steel–potassium screen-mesh
wick CHP at different heating powers. The comparison of simulated and experimental
results showed good agreement in predicting wall temperature distributions, vapor flow,
and phase change processes.

The main innovation of this work is the decoupling of vapor flow, phase change,
and heat conduction processes, which allows for efficient simulation without sacrificing
accuracy. Furthermore, this approach enables the prediction of critical conditions for
successful activation, such as the minimum heating power required to transition the
HP from the frozen state to stable operation. However, this model also presents some
limitations. In fact, it assumes 1D laminar vapor flow, thus leading to a possible loss of
accuracy in specific scenarios. Additionally, as the model is designed for high-temperature
systems and it was validated only for a stainless steel–potassium screen-mesh wick CHP,
its applicability to different types of HPs is uncertain.

Huaqi et al. [159] developed a set of transient models for the thermal analysis of high-
temperature HPs, consolidating and improving the previously existing literature models,
with a particular focus on applications in HP-cooled microreactors. In fact, these reactors
typically employ high-temperature HPs with alkali metals as working fluids, in order to
efficiently remove heat and ensure safe operation under different operating conditions,
including startup, shutdown, and accident scenarios. In particular, this study emphasizes
the importance of accurately simulating the startup process from a frozen state, as this type
of working fluid solidifies at room temperature.

In order to address the complexity of the startup process, the authors developed the
previously mentioned improved set of models, which includes three stages of transient
behavior: the free molecular flow regime, the transitional flow regime, and the continuous
flow regime. In particular, the free molecular model focuses on 1D heat conduction during
the initial stage when vapor density and convective effects are negligible; the intermediate
transition flow model builds on the flat-front model of Cao and Faghri [127], coupling it
with the HP operating limits to account for scenarios where heat input exceeds the HP
capacity; and the continuous flow model employs a 2D thermal resistance network to
simulate the stable heat transfer processes during normal operation. Consequently, these
models aim to achieve a balance between computational efficiency and physical accuracy,
making them suitable for system-level analysis.

The validation of these models was performed by comparison with the experimental
data of Faghri [149] and of Ponnappan [160] for a high-temperature stainless steel–sodium
screen-mesh wick CHP, and the numerical results showed a very good agreement with
the experimental data, with deviations lower than 3%. Furthermore, the models were
applied to the Kilopower space reactor system tested by Poston et al. [161], demonstrating
their ability to predict startup characteristics, transient responses to load changes, and
reactivity insertions. In fact, the simulated results showed a very good agreement with the
experimental data, with errors below 2%.
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The main innovation of this work is the integration of detailed transient heat transfer
processes into a computationally efficient framework. In fact, by addressing the limitations
of previous models, such as neglecting the HP operating limits or oversimplifying the
flow regimes, the authors provide a robust tool for analyzing the dynamic behavior of
high-temperature HPs in microreactor systems. However, these models were developed
for high-temperature HPs and they were validated only for a stainless steel–sodium screen-
mesh wick CHP, so their applicability to different types of systems is uncertain.

Scigliano et al. [162] developed a numerical tool for the simulation of the behavior and
performance of CHPs, which could be easily integrated into a conceptual design activity
flow. In order to achieve this objective, a numerical ANSYS Parametric Design Language
(APDL) code [163] was used. In particular, the APDL tool employs a lumped parameter
model based on the electrical analogy to model the HP performance, representing thermal
resistances, capacitances, and inductances within a network framework. This approach
simplifies the transient thermal analysis while ensuring computational efficiency.

The validation of the model was performed by testing two different case studies
for aerospace applications. The first one involved the use of high-temperature nickel–
potassium sintered HPs for cooling the leading-edge region of a hypersonic aircraft, while
the second one involved the use of a copper–water sintered HP for managing thermal loads
in a small low Earth orbit satellite.

In particular, for the hypersonic aircraft application, the study examines the
STRATOFLY MR3 [164], a high-speed civil passenger aircraft designed to cruise at Mach 8.
In fact, the leading-edge areas of the air intake experience extreme aerodynamic heating
due to their small radii, necessitating highly efficient cooling systems. Therefore, a dual-
channel high-temperature nickel–potassium-sintered CHP configuration integrated into
the leading-edge structure of the aircraft is proposed. In particular, in this case study, the
numerical subtractive heat fluxes results obtained using the APDL code were compared
with those obtained through parametric FEM analyses, showing a quite good agreement.

The second case study addresses the thermal challenges of a 2U CubeSat. In fact, due
to their compact size, limited surface area, and increasing power densities, CubeSats face
significant thermal management issues, particularly in dissipating heat from printed circuit
boards. Therefore, using HPs for their thermal control seems to be a good solution. In
particular, in this case study, the numerical temperature results obtained using the ADPL
code were compared with experimental data acquired by the authors, which reproduced a
literature experiment of a copper–water-sintered HP integrated into a 2U CubeSat structure
and tested in a thermally controlled environment with a heat source able to generate thermal
power [165]. Also, in this case, the numerical results showed quite a good agreement with
respect to the experimental data, with a maximum discrepancy of around 8%.

It is worth noticing that the effects of the HP activation are considered in the first case
study, and the HP characteristic limits are taken into account in the second application,
thus addressing the most common issues of the previously analyzed models. Additionally,
this model was tested on two very different HP configurations, thus showing its suitability
for a wide range of applications.

The main innovation of this work is the use of a very versatile numerical code capable
of predicting the behavior and performance of different CHP configurations when they
are integrated into more complex systems. However, at this stage, the use of this code
requires some expertise, resulting in it being very difficult to employ for those who have
not received specific training.

The other types of models previously described are summarized in Table 5.
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Table 5. Summary of the other types of models for CHPs with capillary wicks.

Papers Reference Data
for Validation

Case Study
for Validation Innovations Possible Limitations

Zimmermann
et al. (2021) [155]

Experimental data
and numerical results

from the
literature [157]

A copper–water-
sintered CHP

The inclusion of the phase
change thermal resistance

at the liquid–vapor
interface

The model relies on calibration
parameters obtained through

experimental data, the vapor is
modeled as an ideal gas, the

effects of the HP activation are
neglected, none of the
characteristic limits is

considered, and the model was
validated only for a

copper–water-sintered CHP

Guo et al.
(2021) [158]

Experimental data
acquired by the

authors [158]

A high-temperature
stainless

steel–potassium
screen-mesh wick

CHP

The decoupling of vapor
flow, phase change, and

heat conduction
processes, and the

capability to predict
critical conditions for
successful activation

The vapor flow is assumed to
be 1D and laminar, the model

was designed only for
high-temperature applications
and it was validated only for
a stainless steel–potassium

screen-mesh wick CHP

Huaqi et al.
(2022) [159]

Experimental data
from the literature

[149,160]

A high-temperature
stainless

steel–sodium
screen-mesh
wick CHP

The integration of
detailed transient heat

transfer processes into a
computationally

efficient framework

The models were designed only
for ultra-high temperature
applications and they were

validated only for a stainless
steel–sodium screen-mesh

wick CHP

Scigliano et al.
(2024) [162]

Experimental data
and numerical results

acquired by the
authors [162]

A high-temperature
nickel–potassium

and a copper–water-
sintered CHPs

The use of a very versatile
numerical code capable of

predicting the behavior
and performance of

different CHP
configurations, also when

they are integrated into
more complex systems

The use of the code requires a
specific training and a

good expertise

6. Discussion
In this work, different modeling approaches employed to predict the thermal behavior

and performance of CHPs with capillary wicks were presented, identifying the strengths
and limitations of each model, with a particular focus on the critical points in CHP design
and modeling.

This study highlighted that analytical models are able to provide closed-form solu-
tions, but they rely on many simplifying assumptions on the HP geometry and structure
which limit their use to very specific cases. Conversely, numerical lumped parameter
models are ideal for parametric studies and for the preliminary design phase, as they excel
in computational efficiency. In fact, these models are based on dividing the HP into a
few nodes or tens of nodes and solving the governing equations on each node. There-
fore, due to the small number of nodes, lumped parameter models can predict the HP
behavior in a relatively short time, which can range from minutes to hours depending on
the application, the discretization method, the software, and the hardware used for the
numerical calculations. However, in these models, steady-state behavior of the HP, ideal
gas vapor modeling, and negligible gravitational forces are often assumed. Additionally,
the operating limits are taken into account only in a limited number of cases. On the other
hand, even if many numerical 2D and 3D models share similar limitations with lumped
parameter models, their main advantage is that they do not capture only the overall HP
behavior, but they are able to describe the detailed physical phenomena occurring inside
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the system, such as the complex processes taking place in the wick structure. Nevertheless,
their high computational costs and complexity often prevent their widespread adoption in
practical engineering applications. In fact, these models rely on dividing the computational
domain into cells and solving the governing equations on each cell. Depending on the
application and the required simulation accuracy, the number of cells can range from
tens of thousands for very simplified applications to millions for extremely accurate CFD
simulations. Therefore, numerical 2D and 3D models can take days or weeks to predict the
behavior of an HP. Moreover, extensive validation is required for these models due to their
dependence on empirical correlations and assumptions about boundary conditions. Finally,
other types of models that combine different approaches have been developed, but they are
usually suitable for very specific applications and require good expertise to be employed.

Therefore, despite some significant advancements that have been made in this field,
many challenges remain. In particular, capturing the transient behavior of CHPs during
activation and under varying operating conditions is an area that demands further research.
Similarly, addressing 3D effects such as non-uniform heat loads and complex geometries
requires advanced modeling techniques that necessitate a balance between accuracy and
computational feasibility. Additionally, many models oversimplify thermophysical proper-
ties and boundary conditions, highlighting the need for experimental data to refine these
parameters and improve the model’s accuracy. Therefore, the complex interaction between
liquid and vapor under varying heat fluxes and orientations could be more effectively ad-
dressed using hybrid models that combine analytical and numerical techniques, supported
by extensive experimental validation.

Additionally, it is worth mentioning that emerging applications, such as space ex-
ploration and electronics cooling, further emphasize the importance of robust numeri-
cal models capable of accommodating different operating conditions and configurations.
Therefore, the idea of integrating multi-physics approaches, while exploiting ML and
AI techniques, offers promising opportunities for the development of this field. In fact,
data-driven techniques can complement physics-based models by uncovering patterns and
correlations that traditional methods may overlook. However, ensuring data quality and
robust validation protocols is critical for reliable predictions. Moreover, scaling models
from laboratory experiments to industrial applications remains a challenge due to factors
such as manufacturing tolerances, environmental fluctuations, and dynamic thermal loads.

Finally, the development of increasingly accurate models should primarily support the
design of innovative HPs capable of overcoming current technological limitations. For this
reason, future research should focus on how to address the most critical aspects affecting
HP performance rather than simply refining existing modeling approaches.

7. Conclusions and Future Directions
In this review, a detailed analysis of the modeling approaches for CHPs with capillary

wicks has been provided, particularly focusing on the innovations, validation methods,
and limitations of the presented models. The key findings can be summarized as follows:

• Numerical lumped parameter models remain the most widely used due to their
simplicity and efficiency, even if they often rely on significant assumptions that limit
their accuracy.

• Numerical 2D and 3D models could offer a more accurate representation of CHP
behavior, but they require a much higher computational effort.

• The most common limitations in existing models are the accurate modeling of the
vapor behavior, gravitational effects, transient conditions, and operating limits.

Therefore, in order to address the current literature gaps, future research should focus
on developing comprehensive models that
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• Treat the vapor as a real gas rather than as an ideal gas.
• Take into account the gravitational force, in order to consider the effects of the orienta-

tion angle on the HP performance.
• Consider the HP transient behavior, particularly during the activation phase.
• Take into account all the HP characteristic limits.

These models should be validated across a broad spectrum of conditions to ensure
their robustness and applicability.

Additionally, the integration of AI and ML techniques holds significant potential to
enhance predictive capabilities and streamline the modeling process. In fact, by training on
experimental datasets, these methods can identify complex patterns and offer insights that
physics-based models alone cannot achieve.

Finally, improving the scalability of CHP models to industrial applications is funda-
mental. Therefore, future efforts should prioritize incorporating real-world factors such
as manufacturing variations, environmental changes, and dynamic thermal loads. In
particular, the adoption of hybrid modeling frameworks that combine analytical and nu-
merical approaches, incorporating experimental validation, is recommended to bridge the
existing knowledge gaps and advance the reliability and performance of CHPs in various
engineering fields.
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CFD Computational Fluid Dynamics
CHP Conventional Heat Pipe
FDM Finite Difference Method
FEM Finite Element Method
FVM Finite Volume Method
HP Heat Pipe
LBM Lattice Boltzmann Method
LHP Loop Heat Pipe
MHP Micro Heat Pipe
ML Machine Learning
ODE Ordinary Differential Equation
PHP Pulsating Heat Pipe
RHP Rotating Heat Pipe
RK4 Fourth-order Runge–Kutta method
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