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With the increasing trend of electronics miniaturization and increased heat fluxes in 

applications such as phones, laptops and electronic chips, electronic device thermal 

management faces challenges to dissipate the required heat with conventional cooling 

methods like air cooling and liquid cooling. Conventional cooling methods are widely used 

in different applications, but their limitations in compact and high-heat flux environments 

have led to the use of two-phase cooling methods. This Bachelor thesis explores 

conventional cooling methods and two-phase cooling methods and their use in electronics, 

with the main focus on a two-phase cooling method known as a vapor chamber. This 

Bachelor thesis is used to assess the main challenges in electronic cooling applications and 

get a deep insight to the operation principles of vapor chambers and some key design 

parameters and components that influence their thermal management performance. 

Additionally, recent developments such as ultra-thin, wickless and flexible vapor chamber 

structures are discussed.  Literature studies identify vapor chambers capabilities to provide 

efficient heat spreading and low thermal resistance even under compact, high-heat flux 

conditions in electronic devices. In addition, performance of vapor chambers was shown to 

be afflicted by many design factors such as wick structure, working fluid properties, and 

structural geometry.  

Overall, vapor chambers are regarded as a promising thermal management method for 

modern electronic devices. Still, challenges like long-term reliability, manufacturability, and 

operation under rising heat fluxes remain, thus future research is expected to focus on 



 

 

improving structural components such as wick structures, advanced manufacturing methods, 

and potential usages in hybrid cooling systems.    
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Tämä opinnäytetyö tarkastelee perinteisiä jäähdytysmenetelmiä ja kaksifaasisia 

jäähdytysmenetelmiä sekä niiden käyttöä elektroniikassa, keskittyen erityisesti 

höyrykammioksi kutsuttuun kaksifaasiseen jäähdytysmenetelmään. Tämän kandityön avulla 

arvioidaan elektroniikan jäähdytysjärjestelmien suurimpia haasteita, 

höyryjäähdytyskammioiden toimintaperiaatteita sekä keskeisiä suunnitteluparametreja ja 

komponentteja, jotka vaikuttavat niiden lämmönhallintakykyyn. Lisäksi tässä katsauksessa 

käsitellään viimeaikaisia kehityssuuntia, kuten erittäin ohuita, imuputkettomia ja joustavia 

höyrykammiorakenteita. Arvioidun kirjallisuuden perusteella höyrykammioilla on kyky 

tarjota tehokasta lämmön poistamista ja alhaista lämmönvastusta jopa elektronisten 

laitteiden kompakteissa, korkean lämpövirtauksen olosuhteissa. Lisäksi tutkimukset 

viittavat, että höyrykammioden suorituskykyyn vaikuttavat monet suunnittelutekijät, kuten 

imuputken rakenne, käyttönesteen ominaisuudet ja rakenteellinen geometria.   

Yleisesti ottaen höyrykammioita pidetään lupaavana lämmönhallintamenetelmänä 

moderneissa elektroniikkalaitteissa. Haasteita, kuten pitkäaikainen luotettavuus, 

valmistettavuus ja toimivuus kasvavien lämpövirtojen olosuhteissa, on kuitenkin edelleen 

jäljellä, joten tulevan tutkimuksen odotetaan keskittyvän rakenteellisten komponenttien, 

kuten imurakenteiden kehittämiseen, edistyneisiin valmistusmenetelmiin sekä mahdollisiin 

käyttökohteisiin hybridijäähdytysjärjestelmissä.  

 

  



 

 

SYMBOLS AND ABBREVIATIONS  

   

Roman characters  

 

p  pressure    bar, Pa  

T  temperature   ºC, K  

Q  heat load    𝑊  

𝑅𝑡𝑜𝑡   thermal resistance  °𝐶/𝑊  

𝜎   surface tension  𝑚𝑁/𝑚  

𝜃   contact angle   °  

𝑟𝑐𝑎𝑝   effective capillary radius    

𝐴   heat source area  𝑐𝑚2  

∆Hvap  enthalpy of vaporization  𝑘𝐽/𝑘𝑔  

 𝜂   Viscosity    mPa s  

P  vapor pressure  kPa  

𝜌  

  

density    𝑘𝑔/𝑚3  

Abbreviations  

AM  Additive manufacturing  

CHF   Critical heat flux  

HP  Heat pipe  

PCM  Phase-change material  

SEM  Scanning electron 

microscope TU  Temperature uniformity  

UTVC  Ultra-thin vapor chamber  

VC  Vapor chamber   
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1  Introduction 

 

Modern electronic devices like phones, computers, charging stations and other devices get 

more powerful by the advancements made in electronic components. The growing trend of 

electronics miniaturisation and demand for high performances has led us to problems 

managing the increases in power densities in electronic devices (Ghadim et al., 2025). The 

biggest problem of rising power densities is thermal management. Thermal management is 

the key in controlling the temperature produced by the device ensuring its performance, 

reliability and longevity of its components.   

Efficient thermal management prevents device failures, which are mostly caused by the heat 

exceeding the limit for the device’s optimal operation. As illustrated in Figure 1., 

temperature related issues in electronics cause the most failures, which shows the big 

importance of improving thermal management in the future of new technologies.  

 

 

 

 

 

  

Figure 1 .   Major causes of failures in electronics 

  
  ( Modified from  Khattak and Ali, 2019)   
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Earlier research done on electronics thermal management has examined different cooling 

methods such as liquid, air, gas, hybrid, phase-change, and two-phase cooling methods.   

Conventional cooling methods like air cooling and liquid cooling have been used widely in 

different applications for their simple operating principles (Xu et al., 2026).  Air cooling has 

been shown to be effective in many low-power density applications, and in contrast, liquid 

cooling has been shown to better handle higher power density applications. However, the 

growing trend of electronics miniaturization, for example mobile phones, laptops and data 

centers, and liquid cooling application on a smaller scale becomes limited due to its complex 

design and need of space. (Amer and Abbas, 2025)   

In addition to conventional cooling methods, research has also focused on two phase cooling 

components, particularly heat pipes (HPs) and vapor chambers (VCs) which utilize 

vaporization and condensation of a fluid inside these systems to spread the heat produced by 

the electronics. Heat pipes have been widely used in electronic applications due to their 

applicability to most electronic devices for various power levels (Bose et al., 2017). 

However, when applied in compact, heat pipe’s tubular geometry limits their ability to be 

used in ultra-thin or compact systems (Zhou et al., 2023).  For solving these limitations of 

conventional cooling methods for small and high-power electronic applications, vapor 

chambers have emerged as a promising solution (Chang et al., 2025; Zhou et al., 2023).   

  

Despite the growing interest in vapor chamber technology, previous research has found 

challenges and unanswered questions about improving this technology. Previous studies 

have indicated that vapor chamber performance is dependent on its several components such 

as wick structure, working fluid selection, geometry and material choice but the optimal 

combination of these parameters for different electronic applications has not been fully 

solved (Lim and Lee, 2021). A more recent study by Yang et al., (2025)) studied that vapor 

chamber performance is also strongly influenced by structural aspects such as filling ratio, 

and the geometrical relationship between the heat source and the vapor chamber plate. Yang 

also highlights that the literature done on vapor chambers lacks design methods for 

determining their optimal configuration, and the long-term mechanical reliability of vapor 

chambers under high heat fluxes remains insufficiently studied by recent studies.  

The main objective of this thesis is to:  



 

 

• Review existing literature made on advanced vapor chamber technology for thermal 

management in electronic devices.   

• Analyze operating principles, design features and the performance characteristics of 

vapor chamber technology  

• Identify the key parameters that influence their performance in high power applications 

in electronic devices.   

• Highlight the current limitations and research gaps and discuss the future of vapor 

chamber technology.  

The thesis will consist of introduction on conventional cooling types as background to 

methods for electronic cooling (Chapter 2). Chapter 3 presents heat pipes and phase change 

materials (PCM). Chapter 4 focuses on the vapor chambers, covering their structure, 

operating principles, design parameters, performance metrics and recent advancements. The 

future perspectives of vapor chamber technology are discussed in Chapter 5, and conclusion 

of this work is summarized in Chapter 6.  

 

 

2  Conventional cooling methods 

Conventional cooling methods including air cooling and liquid cooling are widely used in 

electronic cooling systems due to their simplicity, relatively low operating costs and wide 

applicability. This chapter will shortly cover the basics of air and liquid cooling and shortly 

compare them.  

Air cooling is a widely used cooling method used in various applications like PC’s, battery 

systems, laptops and servers. In air cooling, heat generated by the heat source is removed by 

transferring it to the surrounding air by convection. Air cooling systems are divided into 

natural (passive) and forced (active) methods, which are dependent on how the air is brought 

to the system.  



 

 

2.1  Natural 

Natural air cooling, otherwise known as passive air-cooling works by buoyancy forces which 

develop by the temperature differences in the system. When cool air makes contact with the 

heat generating component, it absorbs the heat causing a reduction in air density and as a 

result the hotter air rises from the component and gets replaced by cooler air. This creates a 

natural circulation which removes heat by natural convection.  

Due to the simplicity, low cost and reliability of passive air-cooling systems they are used in 

some low-powered electronics like TV’s (Zhang et al., 2021). However, the applicability of 

natural air-cooling systems becomes restricted in high performance electric systems because 

of their limit in heat dissipation. Natural air-cooling systems are typically suitable for 

dissipating 10-15 W of heat until they are prone to overheat. (Sajid Hossain and Shabani,  

2015)  

2.2  Forced 

Forced air cooling, otherwise known as active air cooling, is the other type of air cooling 

where the air is forced into the system by electricity, whereas natural air cooling doesn’t use 

any energy for its cooling which is the main difference between these cooling techniques. 

Examples of forced air-cooling systems are fans and blowers to generate the airflow into the 

system. (The operating principle and illustration of a) axial and b) centrifugal blower in 

Figure 2.). They are used for a wide range of applications such as PC’s, laptops, servers 

(Amer and Abbas, 2025).  

 

 

 

 

 



 

 

Figure 2. Operation principle based on pressure differences and illustration of a) axial fan and b) 

centrifugal blower (Amer and Abbas, 2025) 

 

Forced air cooling compared to natural air cooling provides more air into the system, which 

results in a higher air velocity therefore higher heat dissipation capability. However, forced 

air cooling has also its limitations and disadvantages such as noise, higher power 

consumption and insufficient adaptability into compact high heat flux conditions. (Amer and 

Abbas, 2025)  

 

2.3  Liquid cooling 

As the power levels of electronics rise, air cooling’s heat dissipation ability becomes 

insufficient which has resulted in the use of liquid cooling widely in high powered electronic 

applications (Kandlikar and Hayner, 2009).   

In liquid cooling, a pump driven coolant flows through a cold plate which is directly 

connected into a heat generating component. The coolant flows through a cold plate and by 

convective heat transfer the heat generated by the component is absorbed to the circulating 

coolant and removed from the heat source. (Kandlikar and Hayner, 2009)   

Liquid cooling offers much higher heat dissipation ability when compared to air cooling, 

making it more suitable for high powered electronic applications. However, its systems 

complexity with many components leads to the need of space and possible leakage issues 

can be a problem in some applications. In compact electronics this need of space can be a 

limiting factor in the usage using liquid cooling. (Amer and Abbas, 2025; Kandlikar and 

Hayner, 2009).  

 

 

 



 

 

2.4  Comparison of conventional cooling methods 

Both, air cooling and liquid cooling have their own advantages and disadvantages.  Some of 

them are listed below in Table 1.    

 

Table 1. Comparative table of conventional cooling methods by heat dissipation ability, complexity, 

cost and applications. 

Cooling 

method 

Heat 

dissipation 

ability 

Complexity Cost Applications Source 

Air cooling 

(Forced) 

Moderate: 

Suitable for 

moderately 

powered 

applications 

Moderate: 

Requires fans 

or blowers  

High cost Moderate, to 

high powered 

electronics 

(PC’s, Servers) 

(Amer and Abbas, 

2025) 

Air cooling 

(Natural) 

Low: Suitable 

for low 

powered 

applications 

Low: Requires 

minimal 

amounts of 

components 

Low cost Low powered 

electronics 

(Portable 

devices) 

(Amer and Abbas, 

2025; Sajid Hossain 

and Shabani, 2015) 

Liquid 

cooling 

High: Suitable 

for high 

powered 

applications 

High: Requires 

a pump, 

coolant, liquid 

channel and a 

cold plate 

Higher cost 

compared to 

air cooling 

High powered 

electronics 

(PC’s, battery 

systems, 

servers) 

(Amer and Abbas, 

2025; Kandlikar 

and Hayner, 2009) 

 

 

As shown in the comparative table (Table 1.) and discussed in chapters 2.1-2.3 air cooling 

overall offers low to moderate heat dissipation ability, with low-/ and high-cost options and 

a wide range of applications. Liquid cooling offers us with a more suitable option for high 

 

powered electronic systems than air cooling, although the cost and complexity is increased 

its very suitable for a wide range of electronics cooling applications. Although air cooling 

and liquid cooling have their advantages, their limitations imply the need for alternative 

cooling solutions especially in compact high heat flux systems. 



 

 

3  Two-phase cooling systems 

Two-phase cooling systems utilize evaporation and condensation of the working fluid to 

absorb the heat generated by an electronic component (Virmani and Chatterjee, 2025). By 

evaporation, the working fluid inside the two-phase cooling system absorbs the heat, 

ultimately releasing it by condensation in the cooler part of the cooling system moved there 

by a pump or capillary forces. (Hoang et al., 2021; Lim and Lee, 2021)  

These systems can be divided into active and passive systems, where the passive system 

relies on geometrical design of the surface inside the system which moves the condensed 

working fluid by capillary forces from the cooler area, back to the evaporation area creating 

a cycle. The active system requires an external force, for example a pump which utilizes 

electricity to move the working fluid inside the system. Active methods have been shown to 

improve the heat dissipation ability in contrast to the passive one but, the requirement of 

external force makes it less cost-effective, which is why passive method is more commonly 

used. (Hoang et al., 2021)  

When compared to conventional cooling methods such as air, and single-phase liquid 

cooling, two-phase cooling systems have been shown to have a higher effective heat transfer 

coefficient (HTC) implying a better heat dissipation ability as demonstrated in Figure 3.   

 

 

 

 

 

 

 

Figure 3. A comparison of effective heat transfer coefficient for various studies (Hoang, et al.,2021) 

 



 

 

3.1  Heat pipes 

Heat pipes are the most popular two-phase cooling systems and are regarded as most efficient 

passive cooling systems. They are relatively cheap and simple, making them very cost 

effective and they are applied in various electronic applications from CPU and GPU cooling 

to automotive and solar thermal applications and are suitable for low – / and high temperature 

applications and depending on the applications. (Amer and Abbas, 2025; Jouhara et al., 

2017).    

 

3.1.1  Structure and principles 

Heat pipes basic components consist of the working fluid, wick and the container itself.  

The main functional parts of the heat pipe are the evaporator and the condenser as illustrated 

in Figure 4. The evaporator directly is connected to the heat source where the heat reaches a 

temperature above the working fluids boiling point, thus causing it to evaporate. The 

evaporated fluid travels to the condenser due to pressure differences between these points 

where it finally condenses back to its liquid form and travels back to the evaporator trough 

the wick structure by capillary forces. (Chan et al., 2015)   

  

  

 

Figure 4. Conventional heat pipe working operation (Gibbons et al., 2021) 

 



 

 

3.1.2  Limitations 

Although conventional heat pipes offer great heat transfer capabilities in many settings, their 

3D tubular geometries limit their performances and application capabilities in compact and 

high-powered electronic systems. These limitations have motivated engineers and 

researchers to develop the flat plate heat pipe, also known as vapor chamber. 

 

3.2  Phase change Materials (PCMs) 

Although PCMs do not operate in the same way as a conventional heat pipe does, they are 

included in this section due to their ability to utilize phase-change for thermal management. 

Phase change materials (PCMs) are thermal management materials that efficiently store and 

release heat by a solid-liquid phase change process. When in contact with a heat generating 

component, latent heat produced in the process of PCM’s phase change is absorbed by the 

material maintaining the temperature difference low and storing up to 94,55% of the 

produced heat (Ghadim et al., 2025). During the cooling process of PCM, this heat is 

eventually released in the surrounding space allowing the material to freeze back to its solid 

state.   

3.2.1  PCM based heat sinks 

In electronic applications PCM’s are mostly implemented in compact electronic systems for 

compact high heat flux electronic chips, due to its ability to store high amounts of thermal 

energy and keeping the temperature difference between the PCM and heat source low. (Song 

et al., 2026)  PCM based heat sinks are essentially heat sink structures incorporated with this 

PCM material, where the PCM material helps with managing potential hotspots in high heat 

flux conditions. The biggest problem with PCM’s is their low thermal conductivity, which 

limits the heat dissipation capability of the heat sink, which is why there has been a lot of 

research regarding improving these systems by different heat sink geometries like fin 

structures, and materials like foam metal materials to enhance the thermal conductivity of 



 

 

the PCM. (Baby and Balaji, 2012; Hua et al., 2021) A schematic of a PCM thermal control 

module illustrated in Figure. 5 where a) Illustrates the PCM based heat sink configuration,  

b) the PCM layer, c) finned heat sink cover plate, d) the assembly of the parts (b) and (c).  

 

 

Figure 5. Schematic of PCM based thermal control module (Desai et al., 2020) 

 

3.2.2  PCM Hybrid systems 

Although PCM based heatsinks offer a great temperature control abilities, the performance 

of this kind of heatsinks is usually limited by low thermal conductivity challenges regarding 

the PCM material. When the PCM material fully melts, it loses its ability to store more latent 

heat which can then lead to overheating in the heat producing component if the heat input is 

longer than the melting period of the PCM material (Kalbasi, 2021). To overcome these 

challenges, PCM hybrid cooling systems have been an active area of research where the 

primary objective of these hybrid configurations is to improve the overall thermal 

performance during the melting and freezing phase by introducing other cooling methods to 

provide supporting heat transfer.  

For example a very recent study by (Kumar et al., 2026) experimentally investigated four 

different configurations of a PCM based heat sink: 1. PCM filled heat sink (PHS), 2. PCM 

filled finned heat sink (PFHS), 3. PCM filled finned heat sink integrated with a heat pipe 

(PFHSHP) and 4. PCM filled finned heat sink integrated with a finned heat pipe (PFHSFHP). 

The results showed that (PFHSFHP) was the most effective cooling solutionat a wide range 



 

 

of operating conditions and proved that the additional fins and heat pipe affected the thermal 

control positively. The (PFHSFHP) configuration increased the PCM material’s melting 

time by 35% compared to a basic PCM filled heat sink indicating an improved and longer 

utilization of the latent heat. At the same time the freezing time shortened by 30% indicating 

a substantially faster recovery rate between phase change cycles. These improvements are 

substantial according to Kumar et al.,2026, and highlight importance of hybrid systems in 

solving current limitations of PCM based heat sinks.  

 

4  Vapor chambers 

Vapor chambers (VCs) are flat two-phase heat spreaders which utilize the same two-phase 

heat transfer method as previously discussed heat pipes. The difference between vapor 

chambers and conventional heat pipes is the dimension they spread heat in. Conventional 

heat pipes are typically cylindrical and spread heat linearly (1D) along its length, but vapor 

chambers operate in 2D dimension due to their flat shape, which allows them to distribute 

heat evenly throughout its surface eliminating possible hotspots. This flat plate shape also 

allows vapor chambers to be applied to tight spaces making them suitable and easily applied 

to miniaturized electronic applications (Bose et al., 2017; Lim and Lee, 2021).  

This section will provide a deep understanding of the structures, working principles, vapor 

design parameters, performance characteristics and recent developments of vapor chambers.  

 

4.1  Structure and operating principle 

A vapor chamber structure, and operating principle is illustrated in Figure 6. It’s composed 

of i) The external wall, also known as the ‘envelope’ and ‘external shell’ which is usually 

made of a highly thermally conductive material like copper or aluminium. ii)  the wick 

structure, including the condenser wick and evaporator wick, iii) working fluid and iv) vapor 

space.  



 

 

 

 

 

 

 

 

Figure 6. The basic structure and operation principle of vapor chambers (Jiang et al., 2024) 

 

The envelope plays an important role in sealing the inside chamber structure disallowing any 

leakages of the fluid, at the same time providing mechanical support to the structure 

preventing any deformations. The optimal material should be able to thermally conduct the 

heat efficiently to the chamber thus copper and aluminium are mostly used due to their great 

thermal conductivity (Bulut et al., 2019).  

The wick structure, which is attached to the inside walls of the vapor chamber, has a critical 

hand in fluid transportation from the condensation section to the evaporation zone enabling 

the two-phase cycle to work constantly. Various wick geometries and materials have been 

experimented and studied in literature in hopes to improve liquid transportation and 

evaporation, which will be covered later in this section.   

The working fluid partially fills the chamber, and the type of fluid is selected typically 

depending on the temperature it operates in, materials used in the chamber, and physical 

properties like surface tension, wettability and latent heat. In the two-phase cycle, the 

working fluid is evaporated in the evaporation section due to the heat from the source. The 

evaporated fluid in a gas phase travels up due to pressure differences eventually reaching the 

top of the chamber where it condenses to the wick structure releasing the latent heat at the 

condenser surface where the heat dissipates.  



 

 

4.1.1  Wick structures 

Wick structure is considered as the most important component in the vapor chamber’s phase 

change mechanism. The wick structure’s role is to generate capillary pressures which drive 

the working fluid from the condensation area back to the evaporation area keeping the phase 

change cycle active. (Egbo, 2022)    

Many wick structures have been investigated in literature in order to improve the evaporation 

efficiency, liquid transport capability and uniform liquid distribution. Mesh, sintered, and 

grooved wick structures illustrated in Figure 7, are considered as the most common wick 

types (Egbo, 2022).   

 

 

Figure 7.  Illustrations of most common wick structures including sintered powder (a), wire/screen 

mesh (b) and groove wick (c) (Egbo, 2022) 

 

• Mesh wicks 

Mesh wick structures consist of single or multiple layers of fine metallic mesh screen 

attached to the inner surface of the chamber, where the most common mesh materials are 

copper or stainless steel (Vishwakarma et al., 2026).  Mesh structures consist of microscopic 

gaps, called pores which are essential to the transport of the working fluid within the wick 



 

 

structure. Research has proven that the sizes of these pores directly affect the fluid transport 

in the wick structure where smaller pores increase the capillary forces lowering the 

permeability and bigger pores increase the permeability lowering the capillary pressure, thus 

it’s important to find the balance between these  (Feng et al., 2024).    

(Chen et al., 2021) investigated the wicking performance of multilayer copper mesh wicks 

for ultrathin two-phase heat transfer devices by comparing two mesh wick configurations. 

The first configuration was a multilayer single micromesh wick (MSMW) Figure 8. (a),(b)., 

which consisted of multiple stacked layers of identical mesh size. The comparative 

configuration was a multilayer composite micro mesh wick (MCMW) Figure 8 (c). which 

combined coarse and fine copper mesh layers, which created different pore sizes to the 

wicking structure in hopes to improve the overall wicking capability.   

The study’s results showed that the composite structure MCMW achieved much higher 

wicking velocity, volumetric flowrate and overall wicking capability compared to the 

multilayer single micromesh wicks which was due to the combination of different pore sizes 

in the composite structure. The study demonstrated that combining different mesh sizes in a 

single wick is an effective method to improve the overall wicking efficiency of mesh wicks 

and were regarded as highly promising wick structures for ultra-thin heat transfer devices.  

 

 

Figure 8. SEM images of single layer mesh ( (a), (b)) and multilayer composite mesh (c) (Chen et 

al., 2021) 

• Sintered powder wick 



 

 

 

Sintered powder wicks are formed by bonding fine metal particles to create a highly porous 

material illustrated in Fig 7 (a), ideally copper due to its great thermal conductivity. Sintered 

powder wicks provide a high capillary pressure due to its small, interconnected pores, and 

they are therefore widely used in vapor chambers and heat pipes, including configurations 

where constraints such as thinness and bending are irrelevant (Egbo, 2022; Tang et al., 2024). 

In sintered powder wicks a trade-off exists between capillary pressure and permeability, by 

the pore size exactly like in mesh wick structures. Larger pores increase the fluids 

permeability and decrease the capillary pressure vice-versa. This tradeoff has motivated 

hybrid and composite wick configurations that include two or more wick types used as a 

hybrid configuration.(Luo et al., 2025)   

An experimental study by (Deng et al., 2013) investigated composite wicks consisting of a 

micro-grooved structures coated with sintered copper powder and compared their capillary 

performances against conventional sintered copper powder wick. The study results showed 

that the composite wick achieved a much higher capillary performance than the sintered 

powder one, due to the improved permeability caused by the micro-groove structure while 

also maintaining high capillary pressure by the sintered powder coating.  

Study reported that the capillary performance increased by 20% compared to the 

conventional sintered powder wick, highlighting the effectiveness of the composite 

configuration to solve the typical trade-off of permeability and capillary pressure.   

 

• Groove wicks 

 

Groove wicks are made by cutting linear or axial grooves directly into the inner surfaces of 

the vapor chamber envelope. These grooves act as channels guiding the working fluid back 

towards the evaporator and are commonly fabricated in U- shaped or V-shaped geometries 

(Egbo et al., 2026). Grooved wicks have a high permeability due to their relatively large 

liquid transport area but lack the same level of capillary pressure which powdered, and mesh 

wicks have.    

Groove wicks performances are mainly based on their geometry, such as groove width, 

depth, shape, network topology and spacing all having a direct influence on the capillary 



 

 

forces, permeability and evaporation behaviour. Previous studies have shown that sharp 

angled grooves such as V- shaped or trapezoidal grooves generate higher capillary pressures 

compared to more round or semicircular ones due to the stronger curvature of the liquid 

meniscus at the groove corners. (Deng et al., 2014; He et al., 2024.) However increased 

capillary pressures are often accompanied by low permeability which creates a question 

mark on efficient groove wick design.  

  

(Zheng et al., 2024) investigated this question by introducing a very unique pulmonary 

vascular shaped groove wick design to a vapor chamber, illustrated in Figure 9 which mimics 

the shape of blood vessels. This shape’s performance was compared to a conventional radial 

groove geometry and results showed that the bloodvessel-like shape significantly reduced 

the working fluid flow resistance also improving temperature uniformity. At a heat load of 

25W, the bloodvessel-like shape decreased thermal resistance by 21.21% and increased heat 

transfer coefficient of 25,86% compared to the radial shaped one, indicating overall 

improved performance compared to the conventional groove shape. 

 

 

 

Figure. 9. “Mimicked pulmonary vascular wick (a) Single-branch groove (b) Overall channel 

groove (c) Radially groove (d) Physical diagram of the channel end face” (Zheng et al., 2024) 

 

 

Table 2. Advantages and disadvantages of common vapor chamber wick structures 

Wick type  Advantages  Disadvantages  



 

 

Groove  Many design options, high permeability, 

relatively easy to manufacture  
Typically, low capillary pressure, 

performance highly depends on 

geometry  

Mesh  Simple structure, easy to manufacture, 

suitable for thin applications  

  

Typically, low capillary 

pressure, performance depends 

on pore size  

Sintered powder  

  

High capillary pressure  Low permeability, performance 

depends on pore size  

Composite  Able to balance permeability and capillary 

pressure, many design options  
More complex manufacturing  

 

As shown in Table 2, wicks have their own advantages and disadvantages. From these wick 

types, composite wicks show promising results in owning some of the advantages of the 

other wick types, while being able to solve the trade-off between permeability and capillary 

pressure due to their structure being combinations of different wicks.   

 

 

• Fabrication methods 

 

Various fabrication methods of wicks manufacturing have been employed and studied 

including micro-milling, wet etching, sintering, deep reactive iron etching, metal 3D printing 

and electrodeposition (Jiang et al., 2024). Among these methods sintering is the most used 

method having a capability of mass production, low technical requirements but having the 

highest uncertainty and worst precision out of all other methods. In contrast, deep reactive 

iron etching offers superior precision but is associated with high costs and limited material 

compatibility. Thus, the optimization of wick fabrication methods remains an active are of 

research. (Cheng et al., 2021)  

 

 

4.1.2  Working fluids 

The working fluid inside a vapor chamber act as the heat transferrer thus is crucial for the 

performance of the vapor chamber. The fluid absorbs the thermal energy from the heated 



 

 

electrical component eventually vaporizing it due to the heat getting higher than its boiling 

point. The vapor then spreads throughout the chamber space due to pressure differences 

finally condensing at the cooler parts of the chamber space (condenser), where its transported 

back to the evaporation zone trough the wick structure, completing the phase change cycle. 

The thermophysical properties of the working fluids therefore play a significant role in 

determining the heat transfer capability of the vapor chamber (Xie et al., 2021) .  

 

Working fluid selection is a crucial part of for achieving an efficient vapor chamber due to 

the thermophysical properties of the working fluid directly affecting the thermal 

performance and operational limits of the vapor chamber. According to a study on 

optimizing working fluid selection by (Patankar et al., 2017), the heat transfer performance 

and the behaviour of the chambers is strongly tied to the thermophysical properties of the 

working fluid. Especially fluid properties like latent heat of vaporization, viscosity, density, 

surface tension and vapor pressure significantly affect the capillary driven fluid circulation 

in the wick and pressure drop during liquid transport, which then affects the maximum power 

load that the vapor chamber can sustain (Xin et al., 2022). For example, a working fluid with 

a high latent heat of vaporization and high density results into the fluid being able to transport 

more heat, while a low liquid viscosity reduces the flow resistance in the wick lowering the 

pressure drop and increasing the capillary pressure, thus improving the fluid circulation 

(Baraya et al., 2019). Thus, the selection of the working fluid must consider these 

thermophysical properties to achieve a reliable and efficient vapor chamber operation. In 

electronic cooling applications, vapor chamber’s working fluid belongs usually to the normal 

temperature category with heat pipes where typical working fluid selections are water, 

ethanol, methanol, acetone and nanofluids (Du, 2023), which must be carefully selected 

depending also on the casing material used in the vapor chamber to prevent internal issues 

like corrosion. A comparative table of typical working fluid thermophysical properties is 

show in Table 3.  

 

 

 

 



 

 

Table 3. Comparison of typical working fuids thermophysical properties at 25℃ 

Type of fluid  Enthalpy 

vaporization 

∆𝑯𝒗𝒂𝒑   
(kJ/kg)  
25°𝑪  

  

  

of  

  

at  

Viscosity   
 𝜼 (𝒎𝑷𝒂 𝒔) 

at 25°𝑪  

 
Density 𝝆 ( 𝑘𝑔/

𝑚3)  

Surface  
tension  𝝈  

𝒎𝑵 
( ) at 25°𝑪    

𝒎 

Vapor  
pressure P 

(kPa)  
at 25°𝑪  

Water  2441.7   0.890  997.05  71.97  3.17  

Ethanol  919   1.07  785.3  21.97  7.87  

Methanol  1165   0.54  786.3  22.07  16.9  

Acetone  534  0.306  784.5  22.72  30.8  

 

Studies have also compared different working fluids performance in vapor chambers 

experimentally.  (Baruah et al., 2024) experimentally investigated aqueous alcohol solutions 

as working fluid in an ultra-thin vapor chamber (1.5 mm thick). The experiment used pure 

2-propanol, pure water and 2-propanol-water solutions at various concentrations and it 

compared their thermal performances. The results showed that a 4.2 M 2-propanol-water 

mixture boosted the evaporator heat transfer coefficient by 4.5 times when compared to pure 

water at similar operation conditions. This enhancement to the heat transfer coefficient was 

due to a Marangoni effect, where variations in temperature and fluid compositions cause 

fluid flow to the evaporator which improves surface wettability and stabilizes boiling 

(Baruah et al., 2024). These results demonstrate that modifying the fluid compositions can 

greatly influence the performance of vapor chambers.  

 

4.1.3  Capillary return mechanism 

To fully understand the working principle of the vapor chamber, it’s essential to examine the 

capillary return mechanism, which enables to the continuous two-phase cycle. Capillary 



 

 

return mechanism is based on the capillary pressure created within the wick structure, which 

constantly drives the working fluid trough the wick structure from the condenser to the 

evaporator. Capillary pressure is defined with Equation (1) (Bu et al., 2025):  

 

                                                          ∆𝑃𝑐𝑎𝑝 =
2𝜎𝑐𝑜𝑠𝜃

𝑟𝑐𝑎𝑝
  (1) 

 

where, 

𝜎    is the surface tension of the working fluid 

𝜃    is the contact angle between the wick and the working fluid 

𝑟𝑐𝑎𝑝  is the effective capillary radius of the wick structure 

 

 

For the capillary pressure to have an effect it needs to exceed the other pressure losses inside 

the vapor chamber (Bu et al., 2025), therefore it needs to follow Equation (2): 

 

∆𝑃𝑐𝑎𝑝 ≥  ∆𝑃𝑣 + ∆𝑃𝑙 ± ∆𝑃𝑔   (2) 

where, 

∆𝑃𝑣  is the vapor flow pressure drop 

∆𝑃𝑙  is the liquid flow pressure drop 

∆𝑃𝑔  it the gravitational pressure drop 

 

As discussed in the wick structure section 4.1.1, wick structure properties such as 

permeability and pore size heavily affect the capillary action inside the vapor chamber and 

have a trade-off between one another. Thus, the wick structure must be well designed and 

optimized to achieve good capillary pressures for efficient fluid circulation. In contrast if the 



 

 

capillary pressure is insufficient, it can lead to dry outs on the evaporator due to bad fluid 

circulation. 

 

4.2   Vapor chamber performance metrics 

For achieving efficient performance of a vapor chamber, there are a few metrics that are used 

to evaluate it. These metrics include thermal resistance, temperature uniformity and critical 

heat flux.  

Thermal resistance is the metric for how well the heat transfers from the heat source to the 

vapor chamber condenser. It’s defined as Equation (3) (Jiang et al., 2024): 

 𝑅𝑡𝑜𝑡 =
𝑇𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟−𝑇𝑐𝑜𝑛𝑑𝑒𝑛𝑐𝑒𝑟

𝑄
= (

°𝐶

𝑊
)  (3) 

where, 

𝑇𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟  average temperature on the surface of the evaporator (°𝐶) 

𝑇𝑐𝑜𝑛𝑑𝑒𝑛𝑐𝑒𝑟   average temperature on the surface of the condencer (°𝐶) 

𝑄                applied heat load (W) 

 

Lower the thermal resistance, better the heat transfer performance is throughout the vapor 

chamber. Therefore, thermal resistance is ideally low.  

Temperature uniformity is another important metric in heat spreading systems like vapor 

chambers. It’s defined as Equation (4) (Jiang et al., 2024): 

 𝑇𝑈 = (𝑇𝑐𝑜𝑛𝑑,𝑚𝑎𝑥 − 𝑇𝑐𝑜𝑛𝑑,𝑚𝑖𝑛)   (4) 

where,  

𝑇𝑐𝑜𝑛𝑑,𝑚𝑎𝑥   maximum measured temperature at the condenser surface 

𝑇𝑐𝑜𝑛𝑑,𝑚𝑖𝑛    minimum measures temperature at the condenser surface 

 



 

 

Good thermal uniformity throughout the condenser surface promotes efficient thermal 

dissipation and denotes any potential hotspots that can deteriorate the overall vapor chamber 

performance. Therefore, thermal uniformity is ideally low. 

Critical heat flux, which represents the maximum amount of heat flux the vapor chamber 

can sustain before performance degradation is defined as Equation (5) (Jiang et al., 2024): 

 

𝐶𝐻𝐹 =
𝑄𝑚𝑎𝑥

𝐴
                   (5) 

where, 

𝑄𝑚𝑎𝑥    the maximum heat input (W) 

𝐴          the heat source area 

 

It measures the maximum amount of heat that can be applied trough the heating area, and by 

exceeding the 𝐶𝐻𝐹 in a vapor chamber can lead the working fluid to evaporate too fast 

resulting in a dry-out where the VC can overheat.  

 

4.3  Key vapor chamber design parameters 

Vapor chamber performance is deeply influenced by many design parameters, which must 

be carefully considered during the designing process. While the essential parts of a vapor 

chamber include the working fluid, wick and envelope, the geometry, and operating 

conditions of these components determine the overall performance of the device. Parameters 

such as filling ratio, vapor space, effects of gravity/inclination, and heat source play a big 

role in determining it. 

This section will cover and review some of these influential vapor chamber design 

parameters listed. 

 

 



 

 

 

4.3.1  Filling ratio 

Filling ratio can be interpreted in two ways, 1. is the ratio of working fluid volume compared 

to the vapor chamber volume and 2. is the ratio of working fluid compared to the volume of 

the wick (Xie et al., 2021). In general, insufficient filling ratio may lead to dry outs caused 

by insufficient fluid flow to the evaporator leading it to heat up and failure of the vapor 

chamber. Excessive filling ratio can lead to insufficient vapor space and blockage of the 

evaporator by excessive liquid which can lead to a poor performance by the vapor chamber.  

Many studies have experimented and fabricated different results on the optimal filling ratios 

for different vapor chambers and conditions.  (Han et al., 2022) investigated the influence of 

working fluid filling ratio on the temperature homogenization in a vapor chamber using 

filling ratios 30%, 40% and 60% under heat fluxes from 100 𝑊/𝑐𝑚2 to 200 𝑊/𝑐𝑚2. The 

results showed that a 30% filling ratio produced the most even temperature distribution along 

the vapor chamber at a heat flux of 180 𝑊/𝑐𝑚2 but when tested at a 200 𝑊/𝑐𝑚2 heat flux, 

the vapor chamber suffered a partial dry-out. At 40% filling ratio the vapor chamber was 

able to sustain a heat flux of 200 𝑊/𝑐𝑚2  with even temperature distribution without partial 

dry outs or sudden temperature elevations. Similarly, (Chitnis et al., 2026) investigated the 

effects of filling ratio in vapor chamber thermal performance. The filling ratio in this study 

was interpreted as the ratio between the working fluid volume and the wick volume differing 

from the previous study. The experiment was conducted with filling ratios of 75%, 100%, 

125%, 150% and 175%. The results showed that 150% filling ratio attained the lowest 

thermal resistance across the full power range of 10-60W indicating an improved heat 

transfer capability, while the 125% filling ratio implemented the best temperature 

distribution across the power range. 

These findings demonstrate the importance of finding the optimal filling ratio of the working 

fluid which should be considered alongside the operating conditions and vapor chamber 

design.  



 

 

4.3.2  Heat source area and placement 

In real life electronic applications, heat loads, component placements and heating area 

placements vary which can impact the performance of vapor chambers. Thus, these factors 

need to be recognized when designing vapor chambers for different applications. Heat source 

size and placement have been shown to impact the performance of the VC in some 

experimental studies.  

The effect of heating area was demonstrated by (Varol et al., 2025) , who investigated the 

thermal performance of a 56 x 56 mm vapor chamber under partial heating sources with the 

sizes of 10 x 10mm and 20 x 20mm under a power range of 20-160 W. The results indicated 

that the smaller heating source produced a higher thermal resistance compared to the bigger 

heating source due to the higher power density. Both heating areas also showed a trend of 

decreasing thermal resistances when power inputs increased. The same study also compared 

the vapor chamber performance with a copper plate using the same dimensions and reported 

an 7% reduction in thermal resistance when the VC was used instead of the copper plate.  

(Li et al., 2024) similarly studied the effects of heat sources to VC performance but focused 

mainly on the heat source placement and its effects. They investigated the boiling 

characteristics of the evaporator surface with 3 different heating source sizes positioned 

either at the middle or on the right side of the VC as illustrated in Figure 11. The heating 

source sizes used were 25 x 30 x 2mm, 30 x 40 x 2mm, 50 x 60 x 2mm and heating power 

ranged from 0-160 W. Their results showed that when the heating source was placed in the 

middle, the boiling spread uniformly across the evaporator with all heating source sizes. On 

the other hand, when placed in the right side it caused the boiling to start at the right size 

eventually spreading throughout the evaporator, however the smallest heating source placed 

at the right side showed no spreading of boiling even at full heating of power. Also, the size 

of the heat source was proven to influence the thermal resistance when placed in the middle. 

The biggest heating source showed the smallest thermal resistance and in contrast the 

smallest one indicated highest thermal resistances.  

Reviewed studies greatly suggest that heat source area and placement influence vapor 

chamber performance. Smaller heating areas typically result in high power densities, which 

increases thermal resistance, while larger areas do the opposite. Placements differing from 

the centre can lead to uneven boiling at the evaporator leading to uneven temperatures on 



 

 

the evaporator surface. Thus, the placement of the heat source should be considered when 

applying vapor chambers as heat spreaders to electronic devices to ensure efficient 

performance. 

 

 

Figure 11. illustrates the heating source conditions used by (Li et al., 2024) 

 

4.3.3  Vapor space height 

In addition to parameters such as filling ratio, wick structure and working fluid which play 

a huge role inside the vapor chamber, vapor space height has been also shown to affect the 

performance of vapor chamber performance. Vapor space height is the height of the vapor 

chamber, where the evaporated working fluid (vapor) moves to the condensation wick.  

An experimental study from (Huang et al., 2012) studied the effects of vapor space height 

on the vapor chamber overall performance. The study conducted a study on 5 identical 

multilayer copper wicked vapor chambers with only differing factor being the vapor space. 

Vapor space heights analysed were 0.4, 0.6, 0.8, 1.0 and 1.2 mm in height and these heights 

influence on vapor chamber performance were tested in various power levels. Results 

showed that as the increase of vapor space height decreased vapor chambers thermal 

resistance as well improving the overall heat transfer from the heat source to the vapor 

chamber, mainly due to reduced vapor flow resistance inside the chamber. However, it’s 

important to note that a too large vapor space can lead to performance deterioration in vapor 

chambers as (Yao et al., 2018) analysed the thermal performance of a vapor chamber with 



 

 

vapor space heights of 2, 5 15 and 25 mm which resulted in an increased thermal resistance 

as the space height increased. Yao also pointed out that the decrease of space heights shortens 

the fluid circulation length between the condensator and the evaporator, thus reducing the 

circulation time leading to improved heat transfer efficiency. 

These reviewed studies suggest that vapor space height must be considered and carefully 

optimized, since insufficient vapor space may lead to restricted vapor flow, while on the 

other hand too large vapor space can lead to longer fluid circulation periods decreasing the 

overall heat transfer performance. 

4.3.4  Inclination 

Also, an important factor to consider when implementing vapor chambers into real life 

electronic devices is inclination. For example, 5G cell towers may operate in horizontal 

installations (Ng et al., 2025), while mobile devices such as smartphones and laptops 

frequently change their orientation during operation. Therefore, cooling solutions must be 

capable of maintaining efficient thermal performances regardless of device orientation thus 

the effect of inclination must be studied. 

(Ng et al., 2025) experimentally studied the effect of heat source size and inclination to the 

thermal performance of a wire mesh vapor chamber with a dimension of 56 mm x 56mm x 

3mm with heat source areas of 10mm, 16mm and 20mm across a power input range of 3-

60W and inclination range of 0°,30°, 45°, 90°. The results showed that across the power 

range, the vapor chamber maintained a fairly uniform temperature distributions across all 

tested orientations and heat source sizes. This was credited to the presence of working fluid 

in the wire mesh wick due to capillary forces which allows fluid circulation to continue even 

when the orientation changes. (Varol et al., 2025)  found similar results when investigating 

the effect of inclination on vapor chamber performance as their finding emphasized that 

inclination didn’t have a huge impact on the thermal performance or temperature distribution 

along the VC. 

However, the inclination may not always have a small effect. (Li et al., 2021) investigated 

the thermal performance of a grooved aluminium vapor chamber in a compound liquid 

cooling system for battery thermal management at different working fluid fill rates, and VC 



 

 

orientations. Authors reported that negative and positive tilting angles generally deteriorated 

the thermal resistance and temperature uniformity along the VC when compared with 

horizontal orientation. Results further indicated that under the optimal filling ratio (20-30 

%) the negative tilting angles on the vapor chamber performed worse than in positive angles. 

The study also showed that with increasing the filling ratio to 40% and 50% the difference 

of thermal uniformity between positive and negative tilting angles decreased, implying that 

the thermal resistance became less sensitive to the changes of varying tilting angles, although 

the best overall thermal performance was achieved with filling ratios of 20%-30% under the 

tested conditions.  

Overall, even though inclination doesn’t show major effects on the performance of vapor 

chambers, the reviewed studies suggest that the influence of inclination on vapor chamber 

performance is dependent on the internal fluid circulation and operating conditions such as 

filling ratio and wick structure.  

 

4.4  Recent developments in vapor chamber technology for electronic devices 

The fundamental vapor chamber principles, components and applications are now widely 

established in scientific literature due to the large amount of research conducted on two-

phase change cooling technologies. Due to the evolving of electronic devices towards more 

compact, powerful and increasing heat dissipation requirements, new challenges have 

emerged for thermal management. The recent research on vapor chamber technology has not 

only focused on refining, but also into developing new ideas to their structures and 

components to enhance their applicability to modern electronic devices. This section will 

introduce and showcase some of the most recent developments made on vapor chamber 

technology to address present the challenges of electronic cooling.  

 



 

 

4.4.1  Ultra-thin vapor chambers 

Ultra-thin vapor chambers (UTVCs) have recently become a hot research topic due to the 

growing trend of miniaturisation in electronic devices, UTVCs are classified as vapor 

chambers that are less than 2 mm in thickness and although ultra-thin vapor chambers are 

not considered as new research, they are worth mentioning. Modern laptops, mobile phones, 

tablets and foldable electronics need modern cooling solutions which can handle high heat 

fluxes in very tight spaces. For reference a typical mobile phone’s power consumption can 

range from 2 – 10W. (Gao et al., 2026a) notes that modern day electronic devices processing 

chip heat flux densities can build up to 300 𝑊/𝑐𝑚2 , while the electronic devices available 

thickness for thermal management options may be below 0.4 mm in some cases. Which 

highlights the need for research on ultra-thin vapor chambers. 

Several studies have demonstrated the compatibility of UTVCs for compact electronic 

cooling systems. (Huang et al., 2019) fabricated a 1.53 mm thick ultra-thin vapor chamber 

for miniaturized electronic devices which was able to dissipate 50W of heat in a horizontal 

orientation and achieved a 4.4 times lower thermal resistance when it was compared to a 1.5 

mm copper plate at the same setting. Even thinner (UTVCs) have been fabricated, for 

example (Chen et al., 2019) was able to fabricate a 0.4 mm thick vapor chamber as a cooling 

solution for high powered electronic devices. The fabricated 0.4mm (UTVC) was able to 

dissipate up to 4.5W from the heat source, with a temperature difference of 4.75°C along its 

surface.  Table 2. summarizes the recent research made on ultra-thin vapor chambers and 

their reported performance characteristics. The reviewed studies show that typical UTVC’s 

range from 0.6 to 0.3 mm in thickness, while common wick configurations include 

composite and mesh-type structures and maximum thermal power varies between studies 

from 5 up to 60 W.  

 

Table 2. Summary of recent UTVC studies and their performances 

Study Thickness 

(mm) 

Wick Maximum 

thermal power 

𝑄𝑚𝑎𝑥  (W) 

Minimum 

thermal 

resistance 𝑅 

(𝐶°/𝑊) 



 

 

(Zhang et al., 

2026) 

0.29 Composite 

wick 

6 0.85 

(Qiu et al., 

2026) 

0.5 Copper powder 6.5 0.2 

(Liu et al., 

2026) 

0.4 Spiral woven 

mesh + screen 

mesh 

5.5 0.097 

(Yu et al., 2025) 0.5 Copper mesh + 

spiral woven 

msh 

10.5 0.413 

(Yan et al., 

2023) 

0.5 Composite 

wick 

60 0.14 

(Yu et al., 2022) 0.4 Composite 

wick 

6 0.503 

(Li and Wong, 

2021) 

0.38–0.58 Copper mesh 14 0.25 

(Huang et al., 

2020) 

0.5 Composite 

mesh 

7.58 0.37 

 

Overall, recent studies demonstrate that ultra-thin vapor chambers can provide very effective 

heat spreading and heat dissipation capabilities even at under 1 mm thicknesses. However, 

reducing vapor chamber thickness has introduces new challenges especially regarding wick 

performance (Zhang et al., 2026) and structural stability, thus have motivated researchers to 

further study advanced wick structures and alternative vapor chamber configurations.  

4.4.2  Wickless vapor chambers 

Conventional vapor chambers rely on porous wick structures to circulate the working fluid 

inside the chamber, ensuring the continuous two-phase cycle between the evaporator and 

condenser. Composite wick-based vapor chambers have shown great performances 

especially in ultra-thin vapor chambers as discussed earlier however, their large-scale 

production and practical applicability is considered very expensive and complex (Tang et 



 

 

al., 2024). A relatively new research topic, where this conventional wick configuration is 

completely discarded has arised. This wickless vapor chamber concept has arised from 

typical issues regarding conventional wick structures including their structural complexity, 

limits of heat dissipation due to capillary limits, occurrence of dry-out, high priced and 

complex manufacturing methods and to allow vapor chambers become as thin as possible 

for modern electronic applications (Hu et al., 2024; Mukhopadhyay et al., n.d.). Instead of 

capillary pumping, which is the primary fluid circulation method in conventional wick vapor 

chamber, these wickless systems rely on different types of evaporator and condenser surface 

modifications which drive the fluid in the system. For example, (Mukhopadhyay et al., n.d.) 

developed a 5 mm thick wick free vapor chamber where the fluid circulation was achieved 

by wettability-engineered surfaces consisting of a superhydrophilic evaporator and a 

hydrophobic condencer. The superhyrdophilic evaporator surface allows the working fluid 

to spread along its surface to ensure even fluid evaporation, while the hydrophobic 

condencer, illustrated in Figure 12. promotes the vapor condensation where fluid droplets 

are guided back to the evaporator trough hydrophilic pathways. The experimental results 

showed that the wickless vapor chamber design reached a minimum thermal resistance of 

0.046 °C/W at a heat load of 14.5 W. 

 

Fig 12.  Components of the wickless vapor chamber conderser: (a) Patterned condenser surface 

consisting of the black coloured hydrophilic tracks on a hydrophobic background, (b) measurement 

of the contact angle of a water droplet on the hydrophobic surface, and (c) SEM image of the laser 

etched hydrophilic surface forming copper hydroxide nanostructures. (Mukhopadhyay et al., n.d.) 

 



 

 

Similarly, (Pal et al., 2025) characterized a wickless vapor chamber using a laser processed 

hydrophobic condenser and a superhydrophilic evaporator which were the main drivers for 

fluid circulation. The study developed a numerical model from the experimental wick free 

vapor chamber illustrated in Fig 13. Their analysis trough a numerical model predicted that 

an ultra-thin wickless vapor chamber with a thickness of just 0.5 mm could be able to handle 

heat fluxes up to 432 𝑊/𝑐𝑚2, demonstrating a strong potential for high heat flux electronic 

cooling applications.  

 

 

Fig 13. Overview of the wickless vapor chamber study: (A) Cross-sectional image of the of the 

experimental setup with thermocouple locations (T1-T6), (B) The prepared evaporator and 

condenser surfaces prior the assembly, and (C) SEM/EDS images of the evaporator and condenser 

surfaces  (Pal et al., 2025) 

 

(Hu et al., 2024) introduced a tesla valve design for wickless vapor chambers illustrated in 

Figure 14. In this configuration, the fluid circulation is driven by pressure differences 

between the evaporation and condensation zones, while the tesla valve configuration 

promoting unidirectional fluid circulation. The design was mainly designed to promote 

manufacturing simplicity and low cost. Their results showed that this structure was able to 



 

 

establish great heat transfer performance with a relatively low heat resistance values of 0.075 

°C/W - 0.105 °C/W across a heating power range of 50-100W.  

 

 

Fig 14. VC base plate structure and methods (Hu et al., 2024) 

 

Wickless vapor chamber structures based on reviewed literature show strong potential for 

overcoming key issues regarding conventional wick-based vapor chambers like structure 

complexity, high cost and complex manufacturing while also being able to perform in high 

heat flux conditions.  

 

4.4.3  Flexible vapor chamber technology 

Flexible vapor chamber configurations and fabrication methods have recently gotten some 

attention due to the rise of foldable electronic technology. Emerging designs of foldable 

phones like Huawei Mate XT, Galaxy Z Trifold and other bendable electronic systems have 

induced research on innovative designs and material choices for feasible applications of 

vapor chambers as their cooling methods. 

Earlier studies and literature on this topic have mainly composed of ultra-thin flexible heat 

pipes (Hsieh and Yang, 2013; Jung et al., 2020; Lee and Byon, 2018; Lewis et al., 2015), 



 

 

where the results have been widely differing regarding their bending ability. Recent literature 

on ultra-thin flexible vapor chambers tough have shown very promising performances 

regarding their bending ability and heat transfer performance. A very recent study by (Gao 

et al., 2026b) fabricated a 0.34 mm thick graphene film ultra-thin flexible vapor chamber 

(UTFVC) with a lattice wick structure using high precision 3D-printing illustrated in Figure 

15 and experimented its performance in different bending conditions at power levels ranging 

from 3-15W. The results of the (UTFVC) experimentation showed great thermal resistance 

capabilities of just 1.2 C/W and an effective thermal conductivity of 5800 
𝑊

𝑚∗𝐾
 at the full 

power range of 15W. During bending testing, it showed great thermal dissipation 

capabilities, and even after 100 bending cycles it showed only a minor decay in effective 

thermal conductivity lowering it to 5600
𝑊

𝑚∗𝐾
. An additional IR imaging was conducted by 

them during testing which further proved great heat distribution and thermal dissipation 

along the (UTFVC), supporting its potential to be used in flexible high-powered electronics, 

although the authors mentioned that the long-term reliability of the sealing method still 

requires further improvement, thus creating a scope for future work. 

 

   

Fig 15. SEM imaging of the wick lattice structure (d), visual representation of the graphene film (G-

UTFVC) (e) and schematic illustration of the vapor-liquid transport pathways inside the (UTFVC) 

(f) (Gao et al., 2026b) 



 

 

 

Overall, these recent advancements in vapor chamber technology demonstrate substantial 

progress on reducing the device thickness, structural complexity and all in all enabling new 

real-life application capabilities in emerging electronic devices. These developments 

showcase as promising solutions for improving thermal management for electronic device 

cooling systems that promote compactness and even mechanical flexibility, while being able 

to achieve stable operating conditions at high heat fluxes. And as electronic devices continue 

evolving further into more compact and high-performance forms, further research on 

advanced vapor chamber technology is needed. 

 

5  Challenges and the future of vapor chamber technology 

Despite the significant theoretical and practical progress made on vapor chamber 

technology, several technical challenges remain. One of the most critical issues that remain 

are the increasing heat fluxes especially in miniaturizing electronic devices, which can 

exceed up to 300 W/𝑐𝑚2 in high performance processors which can lead to typical vapor 

chamber problems like dry-outs, material deformations and electronic device failures.  

Additionally, another challenge is long term reliability and performance of vapor chambers 

under the constant two-phase cycle in high-heat flux conditions where material 

deformations, and leakages may occur. 

Another challenge is finding the right manufacturing methods to achieve precise structures 

for miniaturized vapor chambers. Recently additive manufacturing (AM) has emerged as a 

possible manufacturing approach especially for vapor chamber structures. Additive 

manufacturing has the ability to precisely fabricate complex geometries and monolithic 

vapor chamber structures required that conventional manufacturing methods struggle to 

achieve (Velardo et al., 2025). Though this technology is still at development due to 

challenges in limited material choices and the lack of long-time performance and 

compatibility studies.  



 

 

In the future, vapor chamber technology will remain a hot topic for high-heat flux electronic 

and is expected to develop even thinner, lighter and more integratable designs to match the 

cooling requirements of next generation electronic devices. Particularly the research on 

advanced wick designs will remain as one of the biggest fields on improving overall vapor 

chamber performance since the wick structure strongly determines capillary pressures, dry-

out limits and overall heat transfer limits. The discussed recent wick developments like 

advanced composite wicks and wick free designs may provide solutions for improving liquid 

return and overall performance limits in high heat flux conditions.  

Future developments may also include hybrid cooling systems combining vapor chambers 

with other cooling technologies like liquid cooling, air cooling or phase-chance materials 

(PCM’s) in hopes to further enhance thermal performance. 

In summary, vapor chamber technology research in the future will likely focus on improving 

smart manufacturability, reliability and overall heat transfer performance through new and 

advanced designs of vapor chamber components while enabling applications in ultra-thin, 

flexible and high heat flux electronic devices. This literature review was made in hopes to 

broaden the overall view on vapor chamber technology and to suggest the future perspectives 

of improving this technology. 

 

6  Conclusions 

The main basis of this thesis was to assess vapor chambers as an advanced thermal 

management option for electronic cooling applications due to the general problems induced 

by miniaturization and rising heat-fluxes in electronic components. This review started by 

assessing conventional cooling methods including air-/ and liquid cooling which were 

regarded as widely used in cooling applications but due to their limiting factors in compact 

and high-heat flux conditions their usage in modern electronic applications limited. Two 

phase cooling technologies were first introduced with heat pipes, highlighting their efficient 

thermal dissipation capabilities compared to conventional cooling methods. In addition, 

phase-change materials (PCMs) were reviewed as thermal energy storage solutions for 

cooling applications.  



 

 

Vapor chambers were later introduced and thoroughly investigated along their operating 

mechanisms, structure and key components including wick structure and the working fluid. 

Also vapor chamber design parameters such as filling ratio, heat source geometry and 

placement, vapor space height and inclination were assessed, and showed to influence vapor 

chamber performance. In addition, performance metrics including thermal resistance, 

temperature uniformity and critical heat-flux were discussed as key indicators for vapor 

chamber performance and efficiency.   

Lastly, recent developments including ultra-thin, wickless, and flexible vapor chambers were 

assessed and showed the ongoing improvements made on advanced vapor chamber 

technology for modern electronics cooling applications. Tough, challenges regarding 

manufacturability, rising heat-fluxes and long-term reliability remain as a subject in vapor 

chamber technology thus indicate the need for further research.   

Overall, the reviewed literature poses vapor chamber technology as a highly promising 

thermal management system for modern electronic cooling applications and the future seems 

bright in improving this technology to its maximum potential.  

 

7  Refrences  

Amer, M., Abbas, N., 2025. Advancements in electronics cooling techniques: focus on graphene’s 

prospects, challenges, and future directions. J. Therm. Anal. Calorim. 150, 2407–2457. 

https://doi.org/10.1007/s10973-024-13985-w 

Huang, G., Liu, W., Luo, Y., Li, Y., 2020. A novel ultra-thin vapor chamber for heat dissipation in ultra-thin 

portable electronic devices. Appl. Therm. Eng. 167. 

https://doi.org/10.1016/j.applthermaleng.2019.114726 

Kandlikar, S.G., Hayner, C.N., 2009. Liquid cooled cold plates for industrial high-power electronic devices 

thermal design and manufacturing considerations. Heat Transfer Engineering 30, 918–930. 

https://doi.org/10.1080/01457630902837343 

Li, Y.C., Wong, S.C., 2021. Effects of vapor duct thickness on the capillary blocking and thermal 

performance of ultra-thin vapor chambers under natural convection cooling. Appl. Therm. Eng. 195. 

https://doi.org/10.1016/j.applthermaleng.2021.117148 

Liu, T., Zhang, Y., Wang, S., Zhang, Q., Kang, H., 2026. Experimental research on the heat transfer 

performance of ultra-thin vapor chambers with composite wicks for electronics cooling. Int. J. Heat 

Fluid Flow 117. https://doi.org/10.1016/j.ijheatfluidflow.2025.110148 



 

 

Amer, M., Abbas, N., 2025. Advancements in electronics cooling techniques: focus on graphene’s 

prospects, challenges, and future directions. J. Therm. Anal. Calorim. 150, 2407–2457. 

https://doi.org/10.1007/s10973-024-13985-w 

Baby, R., Balaji, C., 2012. Thermal management of electronics using phase change material based pin fin 

heat sinks, in: Journal of Physics: Conference Series. Institute of Physics Publishing. 

https://doi.org/10.1088/1742-6596/395/1/012134 

Baraya, K., Weibel, J.A., Garimella, S. V., 2019. Simultaneous wick and fluid selection for the design of 

minimized-thermal-resistance vapor chambers under different operating conditions. Int. J. Heat 

Mass Transf. 136, 842–850. https://doi.org/10.1016/j.ijheatmasstransfer.2019.03.025 

Baruah, A., Mathew, J., Krishnan, S., 2024. Investigation of aqueous alcohol solutions as working fluids in 

an ultra-thin vapor chamber. Experimental Heat Transfer 37, 1186–1202. 

https://doi.org/10.1080/08916152.2023.2282438 

Bose, J.R., Ahammed, N., Asirvatham, L.G., 2017. Thermal performance of a vapor chamber for electronic 

cooling applications. Journal of Mechanical Science and Technology 31, 1995–2003. 

https://doi.org/10.1007/s12206-017-0349-0 

Bu, S., Li, H., Yang, X., Zhang, Y., Duan, K., Bai, H., Wei, J., 2025. A novel vapor chamber with gradient 

capillary wick and larger expansion area. Int. J. Heat Mass Transf. 246. 

https://doi.org/10.1016/j.ijheatmasstransfer.2025.127021 

Bulut, M., Kandlikar, S.G., Sozbir, N., 2019. A Review of Vapor Chambers. Heat Transfer Engineering 40, 

1551–1573. https://doi.org/10.1080/01457632.2018.1480868 

Chan, C.W., Siqueiros, E., Ling-Chin, J., Royapoor, M., Roskilly, A.P., 2015. Heat utilisation technologies: 

A critical review of heat pipes. Renewable and Sustainable Energy Reviews. 

https://doi.org/10.1016/j.rser.2015.05.028 

Chang, C., Fu, B., Liu, L., Jiang, Q., Guo, F., Su, F., Ji, Y., 2025. Fabrication and performance evaluation of 

a polymer-based vapor chamber via 3D printing technology. Int. J. Heat Mass Transf. 246. 

https://doi.org/10.1016/j.ijheatmasstransfer.2025.127095 

Chen, G., Fan, D., Zhang, S., Sun, Y., Zhong, G., Wang, Z., Wan, Z., Tang, Y., 2021. Wicking capability 

evaluation of multilayer composite micromesh wicks for ultrathin two-phase heat transfer devices. 

Renew. Energy 163, 921–929. https://doi.org/10.1016/j.renene.2020.08.150 

Chen, Z., Li, Y., Zhou, W., Deng, L., Yan, Y., 2019. Design, fabrication and thermal performance of a novel 

ultra-thin vapour chamber for cooling electronic devices. Energy Convers. Manag. 187, 221–231. 

https://doi.org/10.1016/j.enconman.2019.03.038 

Cheng, X., Yang, G., Wu, J., 2021. Recent advances in the optimization of evaporator wicks of vapor 

chambers: From mechanism to fabrication technologies. Appl. Therm. Eng. 188. 

https://doi.org/10.1016/j.applthermaleng.2021.116611 

Chitnis, S., Dayal, R., Arora, A., 2026. Experimental evaluation of reconfigurable and hermetically sealed 

vapour chambers. International Communications in Heat and Mass Transfer 173, 110848. 

https://doi.org/10.1016/j.icheatmasstransfer.2026.110848 



 

 

Deng, D., Tang, Y., Huang, G., Lu, L., Yuan, D., 2013. Characterization of capillary performance of 

composite wicks for two-phase heat transfer devices. Int. J. Heat Mass Transf. 56, 283–293. 

https://doi.org/10.1016/j.ijheatmasstransfer.2012.09.002 

Deng, D., Tang, Y., Zeng, J., Yang, S., Shao, H., 2014. Characterization of capillary rise dynamics in parallel 

micro V-grooves. Int. J. Heat Mass Transf. 77, 311–320. 

https://doi.org/10.1016/j.ijheatmasstransfer.2014.05.003 

Desai, A.N., Gunjal, A., Singh, V.K., 2020. Numerical investigations of fin efficacy for phase change 

material (PCM) based thermal control module. Int. J. Heat Mass Transf. 147. 

https://doi.org/10.1016/j.ijheatmasstransfer.2019.118855 

Du, Z., 2023. Research progress on heat dissipation technology of vapor chamber, in: E3S Web of 

Conferences. EDP Sciences. https://doi.org/10.1051/e3sconf/202338503032 

Egbo, M., 2022. A review of the thermal performance of vapor chambers and heat sinks: Critical heat 

flux, thermal resistances, and surface temperatures. Int. J. Heat Mass Transf. 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.122108 

Egbo, M., Borumand, M., Anuta, U., Hwang, G., 2026. A review of composite wicks for high heat flux heat 

pipes and vapor chambers. Appl. Therm. Eng. 

https://doi.org/10.1016/j.applthermaleng.2025.129171 

Feng, Y., Zhao, Z., Chen, X., Luo, C., 2024. Pore size optimization and fluid channel analysis of composite 

wick and anti-gravity study. Appl. Therm. Eng. 242. 

https://doi.org/10.1016/j.applthermaleng.2024.122517 

Gao, J., Zhang, J., Zong, K., Meng, J., Chen, J., Fan, W., Xue, Y., 2026a. High-precision additive 

manufacturing enabled ultra-thin flexible vapor chamber for adaptive and efficient electronic 

cooling. Int. J. Heat Mass Transf. 256. https://doi.org/10.1016/j.ijheatmasstransfer.2025.128044 

Gao, J., Zhang, J., Zong, K., Meng, J., Chen, J., Fan, W., Xue, Y., 2026b. High-precision additive 

manufacturing enabled ultra-thin flexible vapor chamber for adaptive and efficient electronic 

cooling. Int. J. Heat Mass Transf. 256. https://doi.org/10.1016/j.ijheatmasstransfer.2025.128044 

Ghadim, H.B., Godin, A., Veillere, A., Duquesne, M., Haillot, D., 2025. Review of thermal management of 

electronics and phase change materials. Renewable and Sustainable Energy Reviews. 

https://doi.org/10.1016/j.rser.2024.115039 

Gibbons, M.J., Marengo, M., Persoons, T., 2021. A review of heat pipe technology for foldable electronic 

devices. Appl. Therm. Eng. 194. https://doi.org/10.1016/j.applthermaleng.2021.117087 

Han, J., Bae, H., Joung, W., 2022. Effect of the Working Fluid Charge Ratio and Heat Flux on the 

Temperature Homogenization Characteristics of a Vapor Chamber-Type Heat Spreader. Int. J. 

Thermophys. 43. https://doi.org/10.1007/s10765-022-03088-9 

He, J., Wang, Y., Meng, T., Chu, W., Wang, Q., 2024. Visualized study and performance evaluation on a 

micro-grooved vapor chamber. Int. J. Heat Fluid Flow 107. 

https://doi.org/10.1016/j.ijheatfluidflow.2024.109416 

Hoang, C.H., Rangarajan, S., Manaserh, Y., Tradat, M., Mohsenian, G., Choobineh, L., Ortega, A., Schiffres, 

S., Sammakia, B., 2021. A Review of Recent Developments in Pumped Two-Phase Cooling 



 

 

Technologies for Electronic Devices. IEEE Trans. Compon. Packaging Manuf. Technol. 11, 1565–

1582. https://doi.org/10.1109/TCPMT.2021.3117572 

Hsieh, S.S., Yang, Y.R., 2013. Design, fabrication and performance tests for a polymer-based flexible flat 

heat pipe. Energy Convers. Manag. 70, 10–19. https://doi.org/10.1016/j.enconman.2013.02.011 

Hu, J., Xu, X., Chen, J., 2024. Visualization-assisted study of a new wickless pulsating vapor chamber. Appl. 

Therm. Eng. 239. https://doi.org/10.1016/j.applthermaleng.2023.122162 

Hua, W., Zhang, L., Zhang, X., 2021. Research on passive cooling of electronic chips based on PCM: A 

review. J. Mol. Liq. https://doi.org/10.1016/j.molliq.2021.117183 

Huang, C.K., Su, C.Y., Lee, K.Y., 2012. The effects of vapor space height on the vapor chamber 

performance. Experimental Heat Transfer 25, 1–11. 

https://doi.org/10.1080/08916152.2011.556310 

Huang, G., Liu, W., Luo, Y., Li, Y., 2020. A novel ultra-thin vapor chamber for heat dissipation in ultra-thin 

portable electronic devices. Appl. Therm. Eng. 167. 

https://doi.org/10.1016/j.applthermaleng.2019.114726 

Huang, G., Liu, W., Luo, Y., Li, Y., Chen, H., 2019. Fabrication and thermal performance of mesh-type ultra-

thin vapor chambers. Appl. Therm. Eng. 162. 

https://doi.org/10.1016/j.applthermaleng.2019.114263 

Jiang, H., Wang, X., Ding, C., Shan, D., Guo, B., Qi, H., Xu, J., 2024. A review of emerging design and 

theoretical progress on vapor chamber for efficient thermal performance. Int. J. Heat Mass Transf. 

https://doi.org/10.1016/j.ijheatmasstransfer.2024.125814 

Jouhara, H., Chauhan, A., Nannou, T., Almahmoud, S., Delpech, B., Wrobel, L.C., 2017. Heat pipe based 

systems - Advances and applications. Energy. https://doi.org/10.1016/j.energy.2017.04.028 

Jung, C., Lim, J., Kim, S.J., 2020. Fabrication and evaluation of a high-performance flexible pulsating heat 

pipe hermetically sealed with metal. Int. J. Heat Mass Transf. 149. 

https://doi.org/10.1016/j.ijheatmasstransfer.2019.119180 

Kalbasi, R., 2021. Introducing a novel heat sink comprising PCM and air - Adapted to electronic device 

thermal management. Int. J. Heat Mass Transf. 169. 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.120914 

Kandlikar, S.G., Hayner, C.N., 2009. Liquid cooled cold plates for industrial high-power electronic devices 

thermal design and manufacturing considerations. Heat Transfer Engineering 30, 918–930. 

https://doi.org/10.1080/01457630902837343 

Khattak, Z., Ali, H.M., 2019. Air cooled heat sink geometries subjected to forced flow: A critical review. 

Int. J. Heat Mass Transf. https://doi.org/10.1016/j.ijheatmasstransfer.2018.08.048 

Kumar, B., Naresh, Y., Banerjee, J., 2026. A PCM based finned heat sink coupled with a finned heat pipe 

is an efficient thermal management option for portable electronic gadgets. Energy Convers. Manag. 

352. https://doi.org/10.1016/j.enconman.2026.121118 

Lee, D., Byon, C., 2018. Fabrication and characterization of pure-metal-based submillimeter-thick flexible 

flat heat pipe with innovative wick structures. Int. J. Heat Mass Transf. 122, 306–314. 

https://doi.org/10.1016/j.ijheatmasstransfer.2018.01.135 



 

 

Lewis, R., Liew, L.A., Xu, S., Lee, Y.C., Yang, R., 2015. Microfabricated ultra-thin all-polymer thermal 

ground planes. Sci. Bull. (Beijing). 60, 701–706. https://doi.org/10.1007/s11434-015-0760-9 

Li, W., Li, L., Cui, W., Guo, M., 2021. Experimental investigation on the thermal performance of vapor 

chamber in a compound liquid cooling system. Int. J. Heat Mass Transf. 170. 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121026 

Li, Y., Yang, L., Han, S., Yu, J., Zhang, H., 2024. Visualization experimental study on the boiling 

characteristics of vapor chamber evaporator surface with different heat sources. Appl. Therm. Eng. 

257. https://doi.org/10.1016/j.applthermaleng.2024.124445 

Li, Y.C., Wong, S.C., 2021. Effects of vapor duct thickness on the capillary blocking and thermal 

performance of ultra-thin vapor chambers under natural convection cooling. Appl. Therm. Eng. 195. 

https://doi.org/10.1016/j.applthermaleng.2021.117148 

Lim, H., Lee, J., 2021. Flat plate two-phase heat spreader on the thermal management of high-power 

electronics: a review. Journal of Mechanical Science and Technology. 

https://doi.org/10.1007/s12206-021-1042-x 

Liu, T., Zhang, Y., Wang, S., Zhang, Q., Kang, H., 2026. Experimental research on the heat transfer 

performance of ultra-thin vapor chambers with composite wicks for electronics cooling. Int. J. Heat 

Fluid Flow 117. https://doi.org/10.1016/j.ijheatfluidflow.2025.110148 

Mukhopadhyay, A., Pal, A., Bao, C., Gukeh, M.J., Mazumder, S.K., Megaridis, C.M., n.d. Evaluation of 

Thermal Performance of a Wick-free Vapor Chamber in Power Electronics Cooling. 

Ng, W.J., Punch, J., Egan, V., 2025. Effect of Heat Source Size and Orientation on the Thermal Performance 

of a Wire Mesh Vapor Chamber. J. Fluid Flow Heat Mass Transf. 12, 39–53. 

https://doi.org/10.11159/jffhmt.2025.005 

Pal, A., Mukhopadhyay, A., Megaridis, C.M., 2025. Wick-free vapor chamber featuring laser-textured 

surfaces: A new paradigm for ultra-thin high-efficiency heat spreaders. Appl. Therm. Eng. 260. 

https://doi.org/10.1016/j.applthermaleng.2024.124938 

Patankar, G., Weibel, J.A., Garimella, S. V., 2017. Working-fluid selection for minimized thermal 

resistance in ultra-thin vapor chambers. Int. J. Heat Mass Transf. 106, 648–654. 

https://doi.org/10.1016/j.ijheatmasstransfer.2016.09.038 

Qiu, H., Li, Z., Zhang, W., Lin, M., Shao, C., Luo, F., Tang, Y., Zhang, S., 2026. A novel ultrathin vapor 

chamber with screen-printed multi-scale copper powder wick for electronics thermal management. 

Appl. Therm. Eng. 287. https://doi.org/10.1016/j.applthermaleng.2025.129503 

Sajid Hossain, M., Shabani, B., 2015. Metal foams application to enhance cooling of open cathode 

polymer electrolyte membrane fuel cells. J. Power Sources. 

https://doi.org/10.1016/j.jpowsour.2015.07.022 

Song, C., Ma, Y., Wang, X., Ji, X., Wang, Y., Li, F., Guo, F., 2026. Research progress on the application of 

phase change materials in thermal management for electronic packaging. J. Mater. Sci. 

https://doi.org/10.1007/s10853-026-12229-6 

Tang, H., Huang, Q., Lu, F., Xu, J., Xie, Y., Sun, Y., Chen, G., Tang, Y., 2024. A review of fabrication and 

performance of heat pipes with grooved wick structure. Appl. Therm. Eng. 

https://doi.org/10.1016/j.applthermaleng.2024.123949 



 

 

Varol, Y., Coşanay, H., Tamdoğan, E., Parlak, M., Şenocak, Ş.M., Oztop, H.F., 2025. Vapor chamber thermal 

performance: Partially heated with different heating areas at the center and supported by 

numerical analysis for the experimental setup. Appl. Therm. Eng. 260. 

https://doi.org/10.1016/j.applthermaleng.2024.124978 

Velardo, J., Singh, R., Date, A., Wits, W.W., 2025. Additive manufacturing of passive two-phase devices 

for thermal management applications. Thermal Science and Engineering Progress. 

https://doi.org/10.1016/j.tsep.2025.103877 

Vishwakarma, P., Punch, J., Guinan, E., Panigrahi, B., Egan, V., 2026. A systematic review of composite 

wick designs for enhancing capillary and thermal performance in heat pipes. Int. J. Heat Mass 

Transf. https://doi.org/10.1016/j.ijheatmasstransfer.2025.128130 

Xie, D., Sun, Y., Wang, G., Chen, S., Ding, G., 2021. Significant factors affecting heat transfer performance 

of vapor chamber and strategies to promote it: A critical review. Int. J. Heat Mass Transf. 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121132 

Yan, C., Li, H., Tang, Y., Ding, X., Yuan, X., Liang, Y., Zhang, S., 2023. A novel ultra-thin vapor chamber with 

composite wick for portable electronics cooling. Appl. Therm. Eng. 226. 

https://doi.org/10.1016/j.applthermaleng.2023.120340 

Yao, F., Miao, S.S., Zhang, M., Chen, Y., 2018. An experimental study of an anti-gravity vapor chamber 

with a tree-shaped evaporator. Appl. Therm. Eng. 141, 1000–1008. 

https://doi.org/10.1016/j.applthermaleng.2018.06.053 

Yu, J., Fang, W., Hu, G., Guo, Y., Chen, Z., Zeng, J., Zhu, W., Li, Y., 2025. Capillary characteristics of the 

wick structure with surface modification for ultra-thin vapor chamber. International 

Communications in Heat and Mass Transfer 169. 

https://doi.org/10.1016/j.icheatmasstransfer.2025.109958 

Yu, J., Xin, Z., Zhang, R., Chen, Z., Li, Y., Zhou, W., 2022. Effect of spiral woven mesh liquid pumping action 

on the heat transfer performance of ultrathin vapour chamber. International Journal of Thermal 

Sciences 182. https://doi.org/10.1016/j.ijthermalsci.2022.107799 

Zhang, S., Wang, R., Li, Y., Sun, T., Luo, F., Li, Z., Bai, J., Xu, W., Tang, Y., 2026. Copper inverse opal 

composite wicking structures for high-performance thermal management in compact electronic 

devices. Appl. Therm. Eng. 289. https://doi.org/10.1016/j.applthermaleng.2026.129894 

Zheng, S., Hu, Y., Yan, Y., Zeng, M., Huang, Y., Chen, J., 2024. Study on the thermal performance of 

pulmonary vascular-inspired grooved vapor chamber. Appl. Therm. Eng. 242. 

https://doi.org/10.1016/j.applthermaleng.2024.122545 

Zhou, F., Zhou, J., Huai, X., 2023. Advancements and challenges in ultra-thin vapor chambers for high-

efficiency electronic thermal management: A comprehensive review. Int. J. Heat Mass Transf. 

https://doi.org/10.1016/j.ijheatmasstransfer.2023.124453 

  

Bergman, T. L. et al. (2017) Incropera’s principles of heat and mass transfer. Global edition. 

Hoboken, N.J: John Wiley & Sons. 



 

 

How Many Watts Does A Cell Phone Use? - ExpertBeacon 

 

 

 

Qiu, H., Li, Z., Zhang, W., Lin, M., Shao, C., Luo, F., Tang, Y., Zhang, S., 2026. A novel ultrathin vapor 

chamber with screen-printed multi-scale copper powder wick for electronics thermal management. 

Appl. Therm. Eng. 287. https://doi.org/10.1016/j.applthermaleng.2025.129503 

Sajid Hossain, M., Shabani, B., 2015. Metal foams application to enhance cooling of open cathode 

polymer electrolyte membrane fuel cells. J. Power Sources. 

https://doi.org/10.1016/j.jpowsour.2015.07.022 

Yan, C., Li, H., Tang, Y., Ding, X., Yuan, X., Liang, Y., Zhang, S., 2023. A novel ultra-thin vapor chamber with 

composite wick for portable electronics cooling. Appl. Therm. Eng. 226. 

https://doi.org/10.1016/j.applthermaleng.2023.120340 

Yu, J., Fang, W., Hu, G., Guo, Y., Chen, Z., Zeng, J., Zhu, W., Li, Y., 2025. Capillary characteristics of the 

wick structure with surface modification for ultra-thin vapor chamber. International 

Communications in Heat and Mass Transfer 169. 

https://doi.org/10.1016/j.icheatmasstransfer.2025.109958 

Yu, J., Xin, Z., Zhang, R., Chen, Z., Li, Y., Zhou, W., 2022. Effect of spiral woven mesh liquid pumping action 

on the heat transfer performance of ultrathin vapour chamber. International Journal of Thermal 

Sciences 182. https://doi.org/10.1016/j.ijthermalsci.2022.107799 

Zhang, S., Wang, R., Li, Y., Sun, T., Luo, F., Li, Z., Bai, J., Xu, W., Tang, Y., 2026. Copper inverse opal 

composite wicking structures for high-performance thermal management in compact electronic 

devices. Appl. Therm. Eng. 289. https://doi.org/10.1016/j.applthermaleng.2026.129894 

  

 

https://expertbeacon.com/how-many-watts-is-a-cell-phone/#google_vignette

