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RÉSUMÉ  

L'objectif de cette thèse est de mieux comprendre les principes de fonctionnement d'un moteur 

thermique fluidique auto-oscillant (SOFHE) récemment découvert, en caractérisant le cycle 

thermodynamique (diagramme P-V) et le changement de phase (évaporation-condensation). Le 

SOFHE est proposé pour la récolte d'énergie thermique, couplé à un transducteur 

électromécanique, pour alimenter des capteurs sans fil utilisés dans l'Internet des objets (IoT). 

Le SOFHE est une bulle de vapeur piégée par un bouchon liquide (agissant comme un piston) 

dans un tube de petit diamètre. Cette bulle de vapeur-bouchon liquide est mise en oscillation par 

une évaporation-condensation cyclique d'une film liquide mince formée par une fibre de mèche. 

La première démonstration expérimentale du SOFHE a montré une faible puissance électrique 

de 1 µW. Cependant, on ne savait toujours pas comment le cycle thermodynamique inconnu de 

la SOFHE se comporte sous une charge et quelle densité de puissance mécanique la SOFHE 

peut générer. Pour répondre à cette question, le cycle thermodynamique et la densité de 

puissance de la SOFHE sont caractérisés expérimentalement pour la première fois sous une 

charge mécanique variable. La principale contribution de cette caractérisation est de fournir une 

base de référence pour l'adaptation de l'impédance qui est cruciale pour la conception d'une 

charge compatible pour la SOFHE. Il est également démontré que la densité de puissance 

mécanique de la SOFHE est de l'ordre de 0.5 milliwatts/cm3, ce qui en fait une solution 

prometteuse pour l'alimentation d'une gamme de capteurs sans fil dont la puissance requise est 

de l'ordre de 10s microwatt. Nous avons également étudié l'effet de la température de 

fonctionnement de la source de chaleur et de deux paramètres de conception, notamment la 

longueur de la fibre de mèche et la longueur du bouchon liquide, sur la puissance de la SOFHE. 

L'augmentation significative de la puissance en augmentant la longueur de la fibre a été la force 

motrice de la deuxième phase de notre étude dans laquelle nous avons caractérisé le profil de 

changement de phase complexe et inconnu (évaporation-condensation) de la SOFHE. Un 

nouveau dispositif a été conçu pour visualiser la variation du film mince autour de la fibre 

lorsque nous avons joué sur sa longueur à l'intérieur de la zone de vapeur. Les observations ont 

prouvé notre hypothèse de la formation de coins capillaires entre la fibre et la paroi interne du 

tube qui pompent le liquide du liquide vers la zone de vapeur. Cela conduit à la formation d'un 

film mince avec une très faible résistance thermique qui alimente l'évaporation. Le taux de 

variation de la masse de vapeur, appelé taux de changement de phase, est également mesuré. Il 

est démontré que pour maximiser l'amplitude de l'oscillation et, par conséquent, la puissance du 

SOFHE, l'amplitude du taux de changement de phase doit augmenter et être complètement 

déphasée par rapport à la position. Un nombre sans dimension est également proposé pour 

évaluer l'efficacité du profil du taux de changement de phase. Enfin, pour mieux contrôler le 

changement de phase, une nouvelle conception de la SOFHE est proposée et démontrée dans 

laquelle nous pouvons intégrer des structures de mèche sur mesure pour imiter l'effet de la fibre 

insérée. Le dispositif est un microcanal à section carrée avec des angles aigus et un chemin 

capillaire gravé sur la paroi inférieure qui est fabriqué par un procédé standard de 

microfabrication. Il est démontré que l'amplitude et, par conséquent, la puissance de la SOFHE 

augmente (multiplication par cinq de 30 à 150 µw/ cm3) avec l'ajout d'un chemin capillaire. Cela 

ouvre une nouvelle voie vers l'ingénierie du changement de phase de la SOFHE en concevant 

différentes structures de mèche pour améliorer les performances de la SOFHE. 

Mots clés: micromoteur thermique, auto-oscillation, récupérateur thermique, évaporation-

condensation, capillaire, cycle thermodynamique, microfabrication  



 

 

ABSTRACT  

The aim of this thesis is to better understand the working principles of a recently discovered 

self-oscillating fluidic heat engine (SOFHE) by characterizing the thermodynamic cycle (P-V 

diagram) and phase change (evaporation-condensation). The SOFHE is proposed for thermal 

energy harvesting, coupled with an electromechanical transducer, for powering wireless sensors 

used in the Internet of Things (IoT). The SOFHE is a vapor bubble trapped by a liquid plug 

(acting as a piston) in a small diameter tube. This vapor bubble-liquid plug is set in oscillations 

by a cyclic evaporation-condensation of a thin liquid film formed by a wicking fiber. The first 

experimental demonstration of the SOFHE showed a low electrical power of 1 µW. However, 

it is still unclear how the unknown thermodynamic cycle of the SOFHE behaves under a load 

and how much mechanical power density the SOFHE can generate. To address this question, 

the thermodynamic cycle and power density of the SOFHE are experimentally characterized for 

the first time under a varying mechanical load. The main contribution of this characterization is 

to provide a baseline for impedance matching that is crucial for designing a compatible load for 

the SOFHE. It is also shown that the mechanical power density of the SOFHE is in the range of 

milliwatts/cm3 (maximum 0.5 mW/cm3) which makes it a promising solution to power a range 

of wireless sensors with a power requirement of tens of microwatt. We also studied the effect of 

the operating heat source temperature and two design parameters, including the length of the 

wicking fiber and the length of the liquid plug on the power of SOFHE. The significant increase 

of the power by increasing the fiber length was the driving force behind the second phase of our 

study in which we characterized the complex and unknown phase change profile (evaporation-

condensation) of the SOFHE. A new setup was designed to visualize the variation of the thin 

film around the fiber as we played with its length inside the vapor zone. The observations proved 

our hypothesis of forming capillary corners between the fiber and the inner wall of the tube that 

pumps liquid from the liquid plug toward the vapor zone. This leads to the formation of a thin 

film with a very small thermal resistance that feeds evaporation. The rate of change of mass of 

vapor, the so-called phase change rate, is also measured. It is shown that to maximize the 

amplitude of the oscillation and consequently the power of the SOFHE, the amplitude of the 

phase change rate should increase and be completely out of phase with the position. A 

dimensionless number is also proposed to evaluate the effectiveness of the phase change rate 

profile. Finally, to better control the phase change, a new design of the SOFHE is proposed in 

which we can integrate tailored wicking structures to mimic the effect of the inserted fiber. The 

device is a square cross-section microchannel with sharp corners as well as an etched capillary 

path on the bottom wall that is fabricated by a standard microfabrication process. It is shown 

that the amplitude and consequently the power of SOFHE increase (a fivefold increase from 30 

to 150 µw/ cm3) as we add a capillary path. This opens a new path towards engineering the 

phase change of the SOFHE by designing different wicking structures to improve its 

performance.  

Keywords: micro heat engine, self-oscillation, thermal harvester, evaporation-condensation, 

capillary, thermodynamic cycle, microfabrication 
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Chapter 1 

1 Introduction 

1.1. Context 

We are living in a constantly changing world evolving towards making everyday devices smart 

enough to interact and communicate with each other through the internet that is called Internet 

of Thing (IoT). By 2025, about 22 billion IoT devices will be connected to the Internet. We are 

making significant progress in such a field thanks to the presence of wireless sensors that 

facilitates interacting with our surroundings even from distance. As the number of IoT devices 

proliferate, so does the number of batteries to power their sensors. Despite the ease of use and 

cost-effectiveness of batteries, they have major drawbacks that are the need of replacement and 

disposal. Besides, certain applications cannot rely on batteries as the sole source of power, 

including industrial sensors continually operating in harsh environments such as turbine, blast 

furnaces, roasting operations, distillation columns, evaporation chambers. To tackle this issue, 

researchers have been attracted to utilizing self-power systems like energy harvesters that 

recycle ambient energy and continually replenish the energy consumed by the system [1]. We 

can benefit from a variety of ambient energy sources with different power densities as shown in 

Figure 1-1. These ambient energy sources can be used either as a direct replacement or to 

augment the battery.  

 

Figure 1-1 Ambient sources’ power densities before conversion [2]. 

The power consumption of typical sensor nodes used in the Internet of Things can vary 

depending on the specific application and functionality. However, sensor nodes in IoT 

applications are generally designed to operate with low power consumption to maximize battery 

life and enable long-term deployment. On average, typical sensor nodes used in IoT applications 

consume power in the range of microwatts (µW) to milliwatts (mW). The power consumption 

is typically optimized through various techniques such as power management, duty cycling, and 

efficient communication protocols. These nodes are often designed to operate in a low-power 

sleep state when not actively sensing or transmitting data, reducing power consumption during 

idle periods. To evaluate the potential of harvesting energy from different ambient sources,  a 
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typical sensor node’s power consumption can be reviewed as follows [2]: 

 1-5 µW: standby mode of power consumption  

 500 µW: active mode of power consumption 

 50 mW: transmission power peak  

 50-500 µW: the total amount of energy needed to perform a complete measurement 

and its wireless transmission 

Therefore, an energy harvester has to be capable of generating at least 5 µW to compensate the 

standby mode’s energy consumption plus some more (50-500 μJ) to be stored and used for the 

following measurement cycle. As shown in Figure 1-1, thermal gradient offers a wide range of 

power density that makes it a good source for harvesting. Thermoelectric generators (TEGs), 

which convert thermal energy into electricity based on Seebeck effect, are successfully utilized 

in wireless sensors [3]. A new type of thermal energy harvesters have emerged that are micro-

electro-mechanical systems MEMS-based heat engines coupled with an electromechanical 

transducer. The focus of this research is on a newly discovered thermal energy harvester that is 

based on a Self-Oscillating Fluidic micro Heat Engine (SOFHE). Figure 1-2 shows a schematic 

of the SOFHE coupled to an electromechanical transducer proposed to power a wireless sensor. 

As shown, the SOFHE is a vapor bubble trapped by an oscillating liquid plug (acting as a piston) 

in a millimeter or micrometer channel. The vapor bubble-liquid plug is set in motion through 

the evaporation-condensation of a thin film in the vapor bubble. By doing so, the SOFHE 

converts thermal energy into mechanical energy through oscillations. This mechanical energy 

is then converted into electrical energy by coupling the SOFHE with an electromechanical 

transducer that can be a capacitor, a magnet-coil system, or a piezoelectric membrane. The first 

demonstration of the SOFHE (Figure 1-3), which was a millimeter-scale glass tube, coupled 

with a piezoelectric spiral membrane [4] generated power of 1 µW. However, it was not clear if 

the low reported power is due to the poor performance of the SOFHE, the inefficient transducer 

architecture, or the weak coupling between the two. This arises the need for a component level 

study that is carried hereby on the SOFHE itself.   

 

Figure 1-2 application of the SOFHE as a thermal energy harvester to power sensors when coupled to an 

electromechanical transduce [2]. 
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Figure 1-3 The first demonstration of the SOFHE coupled with a piezoelectric membrane [4]. 

1.2. Problem Statement and Objectives 

The primary objective of this thesis is to enhance the design of the SOFHE by comprehending 

its behavior under varying load conditions. In addition, we seek to explore the potential of the 

SOFHE and investigate how different operating and design parameters influence its 

performance. This analysis will establish a foundation for optimizing the impedance matching 

between the SOFHE and the transducer, thereby maximizing power transfer efficiency. To fulfill 

these objectives, we must address the following key research questions: 

 What is the potential of the SOFHE? 

 How does power of the SOFHE vary as we start harvesting energy from it?  

 How do design and operating parameters affect the SOFHE power? 

 How to improve the design of the SOFHE? 

1.3. Thesis plan and original contributions 

The thesis plan is based on articles. Initially, the state-of-the-art (chapter 2) discusses various 

existing methods for harnessing low-grade thermal energy. This analysis serves as a foundation 

for comparing the efficacy of the SOFHE once we address the primary research question 

(mentioned in section 2.1) in chapter 3. A thorough discussion of this comparison, design 

enhancements, and potential for pumping applications is also presented in chapter 6.  

Continuing with the state-of-the-art, an analytical model is developed to gain a deeper 

understanding of the underlying physics governing the SOFHE. This model forms the basis for 

our analytical calculations throughout the thesis. While the model provides qualitative insights 

into the dynamics of the SOFHE, it falls short in quantifying its behavior due to an inadequate 

representation of the phase change (evaporation-condensation) occurring in the SOFHE. To 

overcome this limitation, an experimental approach, complemented by analytical analysis, is 

employed in chapter 4 to better describe the effectiveness of the phase change and quantify its 

impact on the SOFHE's performance. 

Furthermore, the state-of-the-art section highlights various approaches aimed at enhancing the 

phase change through tailored microstructures. These approaches lay the groundwork for the 

development of our novel design for the SOFHE, which is elaborated upon in chapter 5. 
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Chapter 3, 4, and 5 comprise my research efforts in addressing the research questions outlined 

in section 1.2. The findings from these chapters, which have been published or submitted to 

scientific journals, are summarized below. 

Chapter 3. What is the potential of the SOFHE? How do the thermodynamic cycle and 

power of the SOFHE behave under load? How do the design and operating parameters 

affect SOFHE power? This chapter focuses on the decoupling of the SOFHE from the 

transducer by introducing a variable mechanical load. The experimental characterization of the 

SOFHE thermodynamic cycle, work, and mechanical power density is conducted with respect 

to the load coefficient. Furthermore, the impact of specific operating and design parameters, 

such as the evaporator temperature, length of the liquid plug, and phase change mechanism, on 

the power output of the SOFHE is thoroughly investigated. Notably, the findings resulting from 

this research have been published in the peer-reviewed journal of “Energy Conversion and 

Management”. 

Chapter 4. How does the phase-change mechanism affect the SOFHE performance? In this 

chapter, our focus centers on investigating the intricate mechanism of the phase change within 

the SOFHE. Through experimentation, we measure and analyze the phase change profile. To 

evaluate the efficiency of the phase change mechanism, we introduce a novel approach that 

investigate the phasing between the force from the phase change and the velocity by proposing 

a dimensionless number. This method enables us to quantitatively assess the effectiveness of the 

phase change process. The findings from this research endeavor have been published in a highly 

esteemed, peer-reviewed journal titled: “International Journal of Heat and Mass transfer”.  

Chapter 5. How to control the phase change to optimize the SOFHE performance? In this 

chapter, we embark on the design, fabrication, and characterization of a phase change enhanced 

SOFHE using capillary wicking. This innovative approach allows for an improved performance 

of the device, ensuring its reliable operation. The thorough analysis and evaluation of the 

device's performance yield promising results. These findings have been submitted to a 

prestigious publication for consideration to “Journal of Micromechanics and 

Microengineering”. It has been accepted for publication with minor revision. 
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Chapter 2 

2 State-of-the-art  

This chapter focuses on available approaches for harvesting low-grade thermal energy, 

including thermoelectric generators (2.1), micro heat engines (2.2), and pulsating heat pipes 

(PHP) (2.3). This discussion provides a basis for understanding the current state of the field and 

serves as a reference point for comparing the SOFHE effectiveness in energy harvesting.  

Following that, Single branch pulsating heat pipes (SB-PHP) are introduced in section (2.4) 

showcasing their similarities with the SOFHE in underlying physics and highlighting the key 

distinctions that set them apart. This section delves into an analytical model that aims to better 

comprehend the physics underlying the SOFHE, including the startup mechanism, the existence 

of the resonator, saturation of the amplitude, and finally the role of the phase change 

(evaporation-condensation). This model forms the basis for analytical calculations throughout 

the thesis. However, it is acknowledged that the current model falls short in quantifying the 

behavior of the SOFHE accurately, particularly regarding the phase change (evaporation-

condensation) process. This limitation prompts the need for an experimental approach to 

complement the analytical analysis and provide a more comprehensive understanding of the 

phase change dynamics and its impact on the SOFHE performance. 

Additionally, the state-of-the-art chapter explores different approaches to augment the phase 

change process through tailored microstructures. These approaches are crucial in informing the 

development of a new design for the SOFHE, aiming to optimize its performance. 

Overall, this chapter sets the stage for the subsequent chapters of the thesis, providing the 

necessary background and knowledge to address the research questions and advance the 

understanding and design of the SOFHE. 

2.1 Thermoelectric generators 

Thermoelectric Generators (TEGs) are the well-known solid-state thermal energy harvesters that 

work based on Seebeck effect. TEGs are composed of two semiconductor bars doped with n and 

p carriers. Exposing this structure to a thermal gradient leads to the generation of an electric 

current (Figure 2-1). The maximum efficiency of TEGs working between a heat sink (TC) and a 

heat source (TH) is defined as [5]: 
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Figure 2-1 Generation of electric current by a TEG module exposed to a thermal gradient [5]. 

𝜂 =
Δ𝑇

𝑇𝐻
×
√1 + 𝑍𝑇 − 1

√1 + 𝑍𝑇 +
𝑇𝐶
𝑇𝐻

 (2-1) 

The ZT parameter is the effective device figure-of-merit that combines the effect of thermal and 

electrical conductivity as well as the Seebeck coefficient. To optimize it, the figure of merit of 

the material (zT) must be enhanced. This requires optimizing conflicting properties: high 

electrical conductivity and low thermal conductivity. Figure 2-2 shows zT of the state-of-the-art 

materials as a function of temperature that are complex alloyed with dopants. The maximum zT 

of the material suitable for low-grade thermal energy (T < 200℃) is 1 for bismuth telluride 

(Bi2Te3) that is the common commercialized material for TEGs. However, the effective device 

figure of merit (ZT) is lower as all the material properties are a function of temperature. For 

example, the effective device ZT for Bi2Te3 is only 0.7. 

 

Figure 2-2 Figure-of-merit (zT) of commercial or state-of-the art material developed by NASA for thermal energy 

harvesting [5]. 
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Despite the design simplicity of TEGs, there are some disadvantages relating to them [6]: 

 The good thermoelecric materials such as tellurium are rare and toxic. 

 The available and safe materials like SiGe do not show high thermoelectric properties 

unless working at a very high temperature (Figure 2-2). 

 Reducing thermal conductivity requires developing materials with complex chemical 

composition increasing the cost of production. 

 Maintaining a sufficient thermal gradient over TEGs requires having a heat sink that 

increases the footprint of the device. 

These inconveniences relating to TEGs encouraged researchers to look for more flexible and 

less expensive alternatives. 

2.2 MEMS-based Micro heat engines 

MEMS-based micro heat engines are fabricated through standard microfabrication process. 

There are examples of micro heat engines working based on phase change of a fluid. A micro 

heat engine named P3 [7] [8], that is an external combustion engine, was first designed as a 

cavity bounded by thin membranes to seal in a saturated two-phase working fluid (Figure 2-3). 

The electric generator is a thin film piezoelectric integrated with the top membrane. The 

efficiency and operating speed of the engine is then improved by integrating microcapillary 

wicking structures [9][10] that continuously pump liquid to the heat addition zone (Figure 2-4). 

To maximize the power output and mechanical efficiency, a thermal switch [11][12][13] is 

integrated to the engine to control the heat transfer into and out of the engine. Finally, the engine 

is optimized in terms of the mass of the expander (top) membrane to decrease the resonant 

frequency (by adding mass as shown in Figure 2-3). This helped to operate the engine at resonant 

frequency that leads to increased power output [14]. 

 

Figure 2-3 Schematic of the P3 microcapillary driven heat engine enhanced with thermal switch and added mass 

on the expander membrane [15]. 
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Figure 2-4 the wicking structure integrated to the evaporator membrane in P3 micro heat engine [9][10] to pump 

liquid into the evaporator. 

The thermodynamic cycle of the optimized engine (Figure 2-5) shows an approximation of the 

Carnot cycle (consisting of two constant temperature processes and two constant volume 

processes) [16][15]. This micro heat engine offers a mechanical power density of 10 mW cm-2 

with an operating temperature gradient of 30 K. The thermal to mechanical and the second law 

efficiency of the engine are 0.2% and 16%, respectively. The electrical peak power of 0.8 µW 

at a load resistance of 14 k𝛺 is achieved. The engine has a total volume of 0.6 mm3. A main 

drawback of this heat engine is the requirement of an external power supply and a pulse circuit 

to derive the engine.  

 

Figure 2-5 Thermodynamic cycle (P-V diagram) of the P3 micro heat engine at resonance [15].  

IMTEK research group developed a micro heat engine based on a cavity filled with a liquid-gas 

phase-change working fluid (Figure 2-6) that is coupled with a bistable buckling membrane 
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[17][18]. As shown in P-V diagram in Figure 2-7, the working fluid (HFE7100) expands (from 

1 to 2) when the device is in contact with the heat source. This makes the membrane to deflect 

and snap into the heat sink where the heat is rejected (2-3) and the pressure inside the cavity 

drops. When the pressure is below a certain threshold the membrane will deflect downwards (3-

4) and meet the heat source (4-1) and the cycle repeats. For a thermal gradient of 37 K, the 

reported mechanical power of the engine is 1.29 µW with the thermodynamic cycle efficiency 

and second law efficiency of 0.3% and 1.7%, respectively. The size of the engine chamber is 

9×9 mm2. The major drawback of this heat engine is the complex microfabrication process.   

 

Figure 2-6 The cross-section view of the phase change based micro heat engine developed by IMTEK research 

group during expansion (left) and compression (right) [17].  

 

Figure 2-7 Idealized thermodynamic cycle (pressure versus volume diagram) of the cavity micro heat engine 

developed by IMTEK [17]. 

There are micro gas turbines [19–21] and micro steam turbines [22–24] that implement Brayton 

and Rankine thermodynamic cycle, respectively. They offer W-scale power, that is three orders 

of magnitude higher that the SOFHE, at 1‒10% efficiency [25]. However, they have the 

complexity of requiring high-speed rotating parts. There are also examples of micro heat engines 

with no moving parts such as bimetallic strip heat engine (HEATec) [26][27][28]. The working 

principles of the bimetallic engine is shown in Figure 2-8. As can be seen, during the heating, 

the strip buckles owing to the mismatch of the thermal expansion coefficient of the bimetal. This 

in turn deflects the piezoelectric membrane generating electricity. There is no working fluid in 

this micro heat engine. A mechanical power density of 2.7 mW/cm2 is reported for this micro 

heat engine. Coupled with the optimized piezoelectric generator, a maximum electrical power 
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of 10 nW is generated from a 60 K temperature difference (using ambient air as the cold 

temperature). Unlike TEGs, there is no need for a bulky heat sink in HEATec heat egine.  

 

Figure 2-8 Different conversion steps of thermal energy into electrical by a bimetallic micro heat engine coupled 

with a piezoelectric membrane [26]. 

A variant of bimetallic heat engine (Figure 2-9) coupled with pyroelectric generators [29][30] 

is capable of generating 4.4 µW electrical power from 96 K thermal gradient. This power is 

improved by an order of magnitude (40.4 µW) by coupling the engine with an electrostatic 

generator [31] at a temperature difference of 85 K. 

 

Figure 2-9 Schematic of the bimetallic heat engine during heating (a) and (b) cooling [29]. 

2.3 Pulsating heat pipes (PHP) 

There were a couple of attempts in the literature on harvesting energy by PHPs with a primary 

application of heat transfer. They coupled PHPs with different types of transducers, including a 

piezoelectric membrane [32], solenoid with ferromagnetic working fluid [33] or magnet [34], 

electrical double layer junction [35], and pyroelectric transducer [36]. PHPs are meandering 

tubes (Figure 2-10) with a millimeter-scale inner diameter that have a heated zone (evaporator) 
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separated from a cooled zone (condenser) by a distance (adiabatic zone). Owing to capillarity, 

a slug-plug flow (also known as Taylor bubble flow) forms inside the tube in which the bubbles 

are separated from the liquid plugs with a meniscus. To form such a flow, capillary forces must 

be dominant compared to the gravity forces which leads to defining a critical value for the 

internal diameter (dcr) [37][38]: 

𝑑 < 𝑑𝑐𝑟 = 2√
𝜎

𝑔(𝜌𝑙 − 𝜌𝑣)
 (2-2) 

where σ is surface tension, ρl and ρv are the density of liquid and vapor, respectively. When the 

appropriate conditions are set (for example, temperature difference in the PHP exceeds a certain 

threshold) the vapor bubble-liquid plugs start to spontaneously move back and forth. These 

oscillations create a mechanical force than can be utilized to drive an electro-mechanical 

transducer. Despite the fact that PHPs have a simple design, they have complex operating 

principles. This makes it a challenge to model and predict the behavior of PHPs particularly 

their start-up and the amplitude of the oscillation. To better understand the underlying physics, 

Single-Branch PHPs are used in the literature [39–43] that are a simpler representative of the 

PHPs with only one vapor bubble and one liquid plug.    

 

Figure 2-10 Schematic of a pulsating heat pipe in contact with heat source (evaporator) and a heat sink 

(condenser) with the vapor bubbles and liquid plugs distributed over the length [38]. 

2.4 Single-branch PHP (SB-PHP) 

As shown in Figure 2-11, a single-branch pulsating heat pipe is a millimeter-scale tube filled 

with a working fluid that is heated from a closed end (evaporator) and cooled at the opposite 

end (condenser) separated by an adiabatic distance. As the temperature of the evaporator 

increases, a vapor bubble forms and grow lengthwise until it reaches an equilibrium point. 

Perturbing the equilibrium, for example increasing the temperature of the heat source or 

decreasing the external pressure, leads to oscillations. The vapor bubble expands and pressure 

rises until it reaches to the cold section where the bubble begins condensing due to the heat 

exchange with the cold wall. Then, the pressure in the liquid plug will be more than that of the 

vapor bubble and pushes the vapor back towards the evaporator part. As the vapor bubble 
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expands, the meniscus at the interface of the vapor bubble and the liquid plug extends to form a 

thin liquid film, which is believed to be responsible for the instability and sustaining the 

oscillations [39–43]. This thin film (with a very low thermal resistance) [44] makes the main 

contribution to the evaporation-condensation. SB-PHPs share similar physics with the SOFHE, 

but their applications differ. SB-PHPs focus on efficient heat transfer, primarily used for cooling 

purposes, while SOFHEs are designed for energy harvesting, achieving maximum work output 

with minimal heat transfer. This distinction is better explained with a Sankey diagram provided 

in Chapter 3, Figure 3.2. 

 

Figure 2-11 Schematic illustration of a complete cycle of oscillation in a single-branch PHP. 

There are different approaches in the literature to explain this self-oscillation that are compared 

in a thesis by Tessier-Poirier [45]. We discuss a summary of the comparison hereby. The 

proposed models to predict the oscillatory behavior of SB-PHP revealed the existence of a spring 

(vapor bubble)-mass (liquid plug)-damper (friction) system [39,46–51]. These models, 

however, do not properly include the role of the thin film. The Film Evaporation-Condensation 

(FEC) model proposed by Das et al. [52], which is based on previous models by Dobson [50,51], 

and Zhang and Faghri [39], includes the phase change from the thin film for the variation of 

mass of vapor. However, the model for the phase change (step function for thermal gradient at 

the wall) made linearization impossible and thus an analytical solution and instability analysis 

of the system were not achieved. To address this issue, Nikolayev [53] carried out an analytical 

study of the FEC model using an averaging method. They also modified the model by 

considering axial heat conduction in the wall that yields a continuous wall temperature profile 

rather than step function [54]. An instability criterion was proposed which shows a minimum 

thermal gradient at equilibrium is required for the startup of oscillation. However, the piecewise 

model for the phase change made the instability analysis complicated since no classical linear 

stability analysis could be applied. The approach is discussed in details by Nikolayev and 

Marengo [55] and Nikolayev [38]. In a recent attempt by Tessier-Poirier et al. [48], a simplified 

continuous phase change model is proposed that allows linearization of the system and yields 

an analytical solution. Their model is highly valuable as it describes the instability mechanism 

and an analytical formula to predict startup is proposed. Their approach will be explained in 

more details in the followings. 
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2.4.1. Start-up of oscillation 
Similar to previous approaches [39,52], the model starts with momentum balance on the liquid 

plug (Eqn. 2-3) and energy conservation on the vapor bubble (Eqn. 2-4) as shown in the model 

geometry in Figure 2-12 [48]: 

�̈�𝑖 =
1

𝑚𝑙
(𝑃𝑔𝐴−�̂�𝑒𝐴 − 𝐹𝑓) (2-3) 

 

Figure 2-12 (a) The defined control volumes, and (b) the applied forces on the liquid plug in the model by 

Tessier-Poirier [48]. Figure is reproduced with the authorization of APS. 

where xi is the displacement of the meniscus with respect to the equilibrium, �̇�𝑖, �̈�𝑖 are the 

velocity and the acceleration of the liquid plug, respectively, ml is the liquid mass, and A is the 

surface perpendicular to the flow. The forces applied on the liquid plug are produced by the 

vapor pressure Pg, the external pressure �̂�𝑒, and the friction force Ff between the liquid plug and 

wall. The capillary forces on both meniscus are assumed to cancel out (to be opposite and equal).  

For the energy balance in the vapor bubble, the energy from compression-expansion, the phase 

change, and the heat transfer from the wall (�̇�𝑔) are considered. The energy balance on the vapor 

bubble becomes [48]:  

�̇�𝑔 =
1

𝑐𝑣𝑚𝑔
[�̇�𝑔(𝑐𝑝𝑇𝑔,𝑠𝑎𝑡 − 𝑐𝑣𝑇𝑔) − 𝑃𝑔𝐴�̇�𝑖 + �̇�𝑔] (2-4) 

where Tg is the average temperature of the vapor bubble, mg is the mass of vapor and �̇�𝑔 is the 

net evaporation rate. The saturation conditions is considered at the meniscus Tg,sat. The vapor 

pressure Pg in Eqn. (2-3) and (2-4) is defined by the ideal gas law [48]:   

𝑃𝑔 =
𝑚𝑔𝑅𝑔𝑇𝑔

𝑉𝑔
=

𝑚𝑔𝑅𝑔𝑇𝑔

(𝑥𝑖 + 𝐿𝑔,0)𝐴
 (2-5) 

with Rg the specific gas constant. Now, a phase change model is proposed to describe the change 

of mass of vapor due to evaporation-condensation. The phase change is defined as a thermal 

resistance model shown in Figure 2-13b. Therefore, the heat transfer rate (�̇�) that contributes to 

the net evaporation rate is defined using energy balance on the meniscus control volume [48]:  

𝑚�̇� =
�̇�

𝐻𝑣
=
𝑇𝑤(𝑥𝑖) − 𝑇𝑔,𝑠𝑎𝑡

𝐻𝑣𝑅𝑡ℎ
 (2-6) 

where Tw(xi) is the wall temperature at the meniscus position that follows an arctangent profile 

(see Figure 2-13a), 𝐻𝑣 is the vaporization enthalpy, and 𝑅𝑡ℎ is considered as the phase-change 

thermal resistance.  
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                                 a)                                                                            b) 

Figure 2-13 (a) The wall axial temperature profile and (b) the thermal resistance model to represent the phase 

change model proposed by Tessier-Poirier [48]. Figure is reproduced with the authorization of APS. 

The remaining terms in Eqn. (2-3) is the friction force experienced by the liquid plug. The flow 

behavior is defined by the kinetic Reynolds number (Reω≡ωR2/υ). In an oscillatory flow for Reω 

<< 4, the velocity profile can be estimated by a quasistatic Poiseuille flow: 

𝐹𝑓 = −8𝜋𝜇𝑙𝐿𝑙�̇�𝑖 = 𝑐�̇�𝑖 (2-7a) 

where µl is the liquid viscosity. However, for laminar flow Reω > 4, the flow deviates from a 

Poiseuille parabolic velocity profile. Tessier-Poirier et al. [48] derived an expression for the 

friction force from the velocity profile in a pulsatile flow given by White [56]: 

𝐹𝑓 ≈ −√
2

𝑅𝑒𝜔
∆𝑃𝑔𝐴 + (√

2

𝑅𝑒𝜔
−

1

𝑅𝑒𝜔
)
∆�̇�𝑔𝐴

𝜔
 (2-7c) 

Now variables are substituted with their change with respect to the equilibrium and then the set 

of equations are made dimensionless using the quantities at equilibrium (e.g., ∆𝑃�̃� = ∆𝑃𝑔/𝑃𝑔,0, 

𝑥�̃� = 𝑥𝑖/𝐿𝑔,0, ∆𝑚�̃� = ∆𝑚𝑔/𝑚𝑔,0). By doing so, we reach nonlinear dimensionless differential 

equations as follows [48]: 

𝑥�̈̃� = ∆𝑃�̃� + 𝐹�̃� = −(
1

1 + 𝑥�̃�
) 𝑥�̃�

⏟      
𝐹�̃�

+ (
1

1 + 𝑥�̃�
)∆𝑚�̃�

⏟        
𝐹�̃�

− 2𝜁𝑓𝑥�̇̃�⏟  
𝐹�̃�

 
(2-8a) 

𝑚�̇̃� = 𝑇𝐻�̃� arctan[−|𝑇𝑤𝑐
′̃ |(𝑥�̃� − 𝑥�̃�)] + 𝐶𝑡ℎ̃ (2-8b) 

The first two terms in the right side of the Eqn. (2-8a) are the force produced by the pressure 

change. The first term is the force due to the volume change Fv (in phase with position acting as 

a spring) and the second one is the force due to the phase change Fm (in phase with velocity 

acting as a negative damping). To perform an instability analysis, the system of equations are 

linearized as follows [48]:  

𝑥�̈̃� ≈= −𝑥�̃�⏟
𝐹�̃�

+ ∆𝑚�̃�⏟
𝐹�̃�

− 2𝜁𝑓𝑥�̇̃�⏟  
𝐹�̃�

 
(2-9a) 

𝑚�̇̃� ≈ 2�̃�𝑥�̇̃� (2-9b) 

where �̃� represents the phase change coefficient. The linearized solution for position gives a 



15 

 

sinusoidal motion:   

𝑥�̅�(𝜏) = 𝑎1𝑒
𝜆1𝜏⏟  

𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒 𝑔𝑟𝑜𝑤𝑡ℎ

+ 𝑎2𝑒
�̅�𝜏 sin(�̅�𝜏 + 𝜑)⏟            
𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑖𝑜𝑛𝑠

 
(2-10) 

where the constants a1, a2, φ are calculated from initial conditions and the variables are 

approximated for small �̃� and 𝜁𝑓 as follows [48]: 

�̅� ≈ �̅� − 𝜁𝑓 = 𝜁𝑓(Π − 1) (2-10a) 

Π ≡
�̅�

𝜁𝑓
=
𝜌𝑙𝑅𝑔𝑇𝑔,0|𝑇𝑤,0

′ |

8𝜋𝜇𝑙𝐻𝑣𝑅𝑡ℎ�̂�𝑒
 (2-10b) 

The exponential term 𝑒�̅�𝜏 determines whether the oscillations grow or decay. The instability 

number Π, which is the ratio of the phase change coefficient to the friction force coefficient, 

defines the threshold (Π>1) at which the system becomes unstable and oscillations starts (see 

Figure 2-14). The Π number proposes different mechanisms to boost the instability, including 

the increase of the thermal gradient at the equilibrium position |𝑇𝑤,0
′ |, the decrease of the external 

pressure �̂�𝑒, or the decrease of the phase change thermal resistance (by improving the net 

evaporation).  

 

Figure 2-14 The equilibrium state of SBPHP system modeled by Tessier-Poirier [48]: for Π<1 the system is 

stable (friction is greater than phase change) while for Π>1 the system is unstable and any perturbations leads to 

oscillations. Figure is reproduced with the authorization of APS. 

2.4.2. Resonator  
Compression-expansion of the vapor bubble generates a spring force coupled with the inertia of 

the liquid plug creates a resonator that its existence has been already shown by Das et al. [52] 

and Ma et al. [57]. The natural frequency of this spring-mass system is defined as: 
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𝜔𝑛 = √
𝑘

𝑚𝑙
= √

𝑃𝑔,0

𝜌𝑙𝐿𝑙𝐿𝑔,0
 (2-11) 

The expression for 𝜔𝑛 was experimentally validated by Monin et. al [58]. From an energy 

perspective, when there is no friction and phase change, the energy of the resonator is conserved 

and thus the energy is only exchanged between the kinetic and potential over a cycle. As 

proposed by Tessier-Poirier [48], obtained from linearization for small �̃� and 𝜁𝑓, the total energy 

of the resonator is: 

𝐸𝑟𝑒𝑠 = 𝐾𝑟𝑒𝑠 + 𝑈𝑟𝑒𝑠 ≈
1

2
𝑟2(𝜏𝑖) (2-12) 

with r(τ)≡ 𝑎2𝑒
�̅�𝜏. This shows that the total energy of the resonator is directly linked to the 

oscillation amplitude (r). Therefore, an increase (decrease) of the total energy of the resonator 

leads to an increase (decrease) of the oscillation amplitude.  

2.4.3. Phasing between variables 
The solution of the linearized equation for the instability number of 1.01 and 𝜁𝑓=0.04 at τ=π/4 

is presented in Figure 2-15. The evolution of the meniscus position, velocity, and forces from 

pressure change over a cycle reveal that the spring force is opposite to the position while the 

feedback force (from phase change) is in phase with velocity. The phase change force is 

produced from the phase change rate that is opposite to the meniscus position [48].  
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Figure 2-15 The evolution of variables and their phasor representation over a cycle in the system modeled by 

Tessier-Poirier [48]: a) meniscus position and velocity, b) forces from change of pressure (spring force opposite 

to position and feedback force in phase with velocity), c) the phase change rate that is opposite to position 

generating a force that is in phase with velocity. Figure is reproduced with the authorization of APS. 
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The model is validated with experimental measurements of the variables during the start-up 

(Figure 2-16). At the beginning of the start-up (the zoom-in box), the dynamics are linear and 

the variables evolve as a sinusoidal function. As the amplitude increases, nonlinearities become 

more significant which leads to the appearance of harmonics in the variables and finally brings 

system to a steady state. The phasing relationship between the variables are agreement with the 

model. The friction is opposite to velocity (acts as dissipation) while the mass of vapor is in 

phase with velocity (acts as positive feedback, injects energy into the system). 

 

Figure 2-16 The evolution of the variables measured experimentally by Tessier-Poirier [48] during the startup: 

the dotted lines in the phasor graphs represent the position and velocity. Figure is reproduced with the 

authorization of APS. 

2.4.4. Saturation of oscillation amplitude 
The linearization of the equations revealed the instability mechanisms; however, it does not 

explain why the amplitude of the oscillation saturates as shown in Figure 2-17 (that is the 

oscillation amplitude in a SBPHP during startup). Tessier-Poirier et al. achieved an approximate 

analytical solution of the nonlinear system by applying center manifold reduction techniques 

followed by normal reduction techniques [59]. As shown in Figure 2-18, the sources of 

nonlinearity are the pressure described by the ideal gas law and the phase change mechanism 

(limited thermal gradient for example). The solution showed that the saturation of the oscillation 

amplitude is because of the nonlinearities that will consequently bring the system into a steady 

state.  
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Figure 2-17 The experimental measurement of the oscillation amplitude during startup in the SBPHP studied by 

Tessier-Poirier [59]. 

 

Figure 2-18 The sources that introduces nonlinearities to the system (SBPHP) studied by Tessier-Poirier [59]: a) 

nonlinear wall temperature profile that leads to a nonlinear phase change profile, b) the pressure of the gas 

defined by ideal gas law. 

2.4.5. Role of phase change 
The instability analysis provides valuable insights into enhancing the oscillation amplitude of 

the system. It is observed that increasing the phase change coefficient contributes to amplifying 

the oscillation amplitude, while reducing the impact of nonlinearities arising from the phase 

change leads to similar outcomes. Hence, the key to increasing the oscillation amplitude lies in 

simultaneously promoting instability while mitigating nonlinear effects. 

Furthermore, the phasor diagram demonstrates the significance of attaining a phase change 

profile that creates a force, which is perfectly in phase with velocity. This finding highlights the 

crucial role of the phase change mechanism in facilitating the growth of oscillations. Given the 

pivotal role played by the phase change, the subsequent section of this chapter will delve into a 

detailed exploration of the mechanism of phase change from thin film. 

2.5 Thin film phase change  

As discussed, the oscillation amplitude in SOFHE is highly dependent on the phase change 
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(evaporation-condensation). Therefore, it becomes crucial to understand the key parameters that 

influence the net evaporation rate and how they can be manipulated. In this section, we embark 

on elucidating the formation of the thin film within the context of oscillatory slug-plug flow in 

SB-PHP. Subsequently, we shift our focus to reviewing the fundamentals of evaporation from 

the thin liquid film. Moreover, we explore various approaches that have been proposed to 

enhance the phase change from the thin film. 

2.5.1. How thin film forms in oscillatory flow 
Nikolayev [38] provides an extensive review on the dynamics of the liquid film in PHP. They 

offer valuable insights into the behavior and characteristics of the liquid film within this context. 

Notably, Rao et al. [41] and Das et al. [52] conducted pioneering work in visualizing the thin 

film in SB-PHP. Their experiments confirmed the presence of a thin liquid film on the tube 

walls, left behind by the trailing edge of the liquid plug as it moves towards the condenser. These 

studies highlighted the significance of the thin liquid film in facilitating heat and mass transfer 

processes within the system. 

The formation of the thin film can be attributed to hydrodynamic factors. It is governed by the 

interplay of two opposing forces: the viscous friction force and the surface tension force. As the 

liquid plug recedes, the friction force hinders the flow and retains the liquid near the wall, while 

the surface tension force strives to keep the liquid contained within the plug [60][61][62]. This 

delicate balance of forces gives rise to the formation and maintenance of the thin liquid film. To 

describe this counteractive effect, the concept of the capillary number is often employed. The 

capillary number represents the ratio the viscous friction force to the surface tension force, 

providing a quantitative measure of the interfacial dynamics and the stability of the thin film: 

𝐶𝑎 =
𝜇𝑈

𝜎
 (2-13) 

where µ is viscosity, σ is surface tension, and U is velocity. The thin film, which is left behind 

in the evaporator, gives rise to distinct regions within the system, as illustrated in Figure 2-19. 

The thin film in the evaporator region was observed to possess a nearly flat shape, with a 

noticeable ridge at its end. Notably, the contact line, characterized by minimal thermal 

resistance, was found to have a significant influence on the net evaporation rate compared to the 

remaining portion of the thin film [44]. 

 

Figure 2-19 Different regions in the evaporator of the SBPHP forming due to receding of the liquid plug studied 

by Fourgeaud [44]. 

2.5.2. Thin film evaporation fundamentals  
An insightful study by Plawsky et al. [63] offers fundamental explanations of phase-change 

transport in thin films. In their work, Plawsky et al. present three hypothetical regions (as 
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depicted in Figure 2-20) to elucidate the evaporation process from a thin liquid film. Region 1 

represents a region with an almost infinite thermal resistance, where evaporation is hindered by 

the combined effects of attractive forces between the solid and the liquid. Transitioning to 

Region 2, the attractive forces weaken, leading to active evaporation and resulting in thickness 

and curvature gradients in the liquid-vapor interface. In this region, the thermal resistance 

reaches a minimum due to the relatively thin liquid film thickness, which presents a moderate 

conduction resistance that can overcome the interfacial resistance. Moving further, Region 3 

encompasses the bulk fluid with a thicker liquid film, which acts as a reservoir facilitating liquid 

flow via capillary forces. 

In addition to heat transfer resistances, various hydrodynamic resistances impose fundamental 

limitations on the evaporation rate. These include factors such as vapor pressure, capillary limits, 

and friction force. These phenomena have been observed experimentally [64–66] and simulated 

numerically by several researchers [67–69]. 

To optimize phase-change processes in thin films, it is essential to maximize the region with 

reduced overall heat transfer resistance while simultaneously minimizing hydrodynamic 

resistances associated with liquid and vapor pumping. Achieving this objective requires altering 

the surface energy of the solid through surface patterns created via chemical or physical 

modifications. These modifications play a crucial role in enhancing the phase-change dynamics 

and will be further explored in the subsequent sections 

 

Figure 2-20 Schematic of different regions in thin film evaporation [63]. 

2.5.3. Phase change enhancement 
Chemical modifications involve altering the surface chemistry of the material. One approach is 

to introduce polar molecules onto the surface, which imparts hydrophilic properties. These polar 

molecules have the ability to form hydrogen bonds with water molecules, resulting in increased 

surface wettability. Techniques such as oxygen plasma treatment have been employed to create 

surface hydroxyl (-OH) groups, facilitating hydrogen bonding [70–72]. Additionally, the 

deposition of films with tailored surface functional groups can be utilized to enhance surface 

chemistry [73]. These modifications effectively promote capillary action and enhance the 

interaction between the surface and the surrounding liquid. 
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Physical modifications like sub-micrometer or nano-sized surface patterns have been studied by 

numerous researchers to enhance the evaporation rate in the thin liquid film [63,74–77]. The 

motivation behind using such structures is to reduce the three limitations that determines the 

evaporation rate in thin film. As presented in Figure 2-20, there are three resistances in series, 

which are the conductive resistance through the solid, the capillary resistance, and the resistance 

created by vapor pressure.  

Reducing each of these resistances leads to an increase in evaporation rate that can be achieved 

by microstructures. The effect of microstructures can be summarized as follows: 

 To reduce conductive thermal resistance by providing more surface solid-liquid 

interface area facilitating the transfer of heat to the active zone of the evaporation 

 To change the shape (increase the curvature) of the liquid-vapor interface that leads to 

higher capillary pressure and thus more liquid can be injected to the active zone by 

capillary action 

 To create more perimeter at which we can have the evaporation active zone 

Figure 2-21 qualitatively depicts the effect of microstructures on thin film evaporation. In a 

study by Bigham et al. [75], they showed that a liquid film formed on a textured surface takes a 

longer time to evaporate compared to a liquid film formed on the plain surface. They observed 

that the capillary wicking effect induces micro-inflows within the pillars during the thin film 

evaporation process leading to a longer drying time scale. 

 

Figure 2-21 Cross-sectional view of surface pillars (a) liquid wicking and evaporation, (b) heat flow from the 

walls to the liquid-vapor interface [75]. 

Through conventional microfabrication processes, we can develop a rational direction for the 

development of micro/nanostructures for thin-film evaporation. The optimal dimensions of 

features in the micro/ nanostructures from the literature reviews vary between 2-36 µm for 

height, 0.5-20 µm for diameter and 0.5-15 µm for spacing [75,77–79]. Figure 2-22 presents the 

process flow for the microfabrication of such microstructures. 
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Figure 2-22 Schematic view of the microfabrication process for microstructures to improve thin film evaporation. 

In addition to microstructure, the inclusion of capillary paths, such as sharp corners shown in 

Figure 2-23, can also contribute to enhancing phase change dynamics [80,81]. The presence of 

sharp corners facilitates the formation of thin films as the liquid is drawn through capillary 

pumping mechanisms. This capillary action allows for efficient liquid transport and helps 

optimize the phase-change process. By strategically incorporating these capillary paths, the 

overall performance of phase-change systems can be improved, leading to enhanced heat 

transfer and operational efficiency. 

 

Figure 2-23 Schematic of the capillary pumped liquid through corners of a square cross-sectional capillary tube 

[81]. 

The literature highlights various attempts to enhance phase change performance in PHPs by 

incorporating wicking structures such as micro grooves [82] and ultra-sharp grooves [83], as 

depicted in Figure 2-24 and Figure 2-25, respectively. Researchers have primarily assessed the 

impact of these modifications by measuring thermal resistance, which has shown improvements 

in PHP performance. 
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However, it is worth noting that there is limited measurement or visualization of how these 

structural modifications specifically influence the net evaporation rate and contribute to the 

oscillation amplitude within the PHP. Furthermore, the effectiveness of different phase change 

profiles resulting from these modifications in an oscillatory flow has yet to be evaluated. 

While improvements in thermal resistance provide valuable insights into the overall heat transfer 

characteristics, further research is needed to understand how these wicking structure 

modifications affect the specific aspects of phase change dynamics, including the net 

evaporation rate and their influence on the oscillation amplitude. Such investigations will 

provide a more comprehensive understanding of the effectiveness of these modifications in 

enhancing PHP and the SOFHE performance. 

 

 

Figure 2-24 SEM images of the local cross-section 

(top) and inner surfaces (bottom) of the micro-grooved 

tube to improve PHP performance [82]. 

 

 

Figure 2-25 The ultra-sharp corner added to the PHP 

(top) and the SEM images of the grooved profile 

(bottom) [83].  

2.6 Transducer  

To extract energy from the SOFHE, there are three main electro-mechanical transducers 

including, electro-magnetic, electrostatic, and piezoelectric materials. Each transducer operates 

based on distinct working principles, which we will delve into to enhance our understanding of 

their transduction mechanisms. 

2.6.1. Electromagnetic transducer 
In electro-magnetic transducers, energy is extracted by a damper whose force is proportional to 

velocity with a constant of proportionality. Electromagnetic transducers are typically composed 

of a moving magnet linking flux with a stationary coil or vise-versa. The operating principle is 

that voltage is induced in the coil due to the varying flux linkage, with the resultant currents 

causing forces, which oppose the relative motion between the magnet and coil. Therefore, the 

induced electromotive force is directly proportional to the change of magnetic flux that highly 
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depends on the configuration of the magnet-coil and the motion properties (frequency and 

amplitude). As presented in Table 2-1, most electro-magnetic converters are available at a 

volume of less than 1 cm3 capable of producing acceptable range of power density at low 

frequency. The main drawback of these devices is their low output voltage that requires a 

rectification (<1 V). The power density generated by these converters equals to around 100 

μW/cm3
 at the frequency range of 100 Hz and it depends on the acceleration caused by the 

vibrations and the movable mass [84]. The comparison presented hereby can show us that the 

magnitude of the power density we can extract from the SOFHE by electromagnetism as the 

characteristics of the motion provided by the SOFHE is at low frequency (tens of Hz) with an 

amplitude range of less than 2 cm. In macro-scale, high-performance bulk magnets and multi-

turn coils are readily available while in wafer-scale systems, it is difficult to have an efficient 

design. This is mainly due to the undesirable properties of planar magnets, limited number of 

turns achievable with planar coils. The transduction mechanism highly depends on the 

dimension as the power decreases remarkably at small scales. 

Table 2-1 Comparison of power density by published electromagnetic vibration driven harvesters  

Input 

frequency 

(Hz) 

Input 

amplitude 

(µm) 

Maximum 

displacement 

(µm) 

Generator 

volume 

(cm3) 

Power 

density 

(µW/cm3) 

Magnet-coil configuration 

60-120 200 1000-5000 1 100 Moving magnet-fixed coil [85] 

322 13 360 0.84 44 
Two moving magnets-fixed 

coil [86] 

322 25 940 0.24 2208 Moving magnet-fixed coil [87] 

85 150 7500 7.3 114 Moving magnet-fixed coil [88] 

350 0.62 217 0.06 47.5 Moving magnet-fixed coil [89] 

2.6.2. Electrostatic transducer 
Electrostatic converters are capacitive structures made of two plates separated by air, vacuum 

or any dielectric materials. The charging of the plates by a battery of voltage V creates equal but 

opposite charges on the plates, Q, leading to a storage of the charge when the voltage source is 

disconnected. To harvest energy from a resonant generator like the SOFHE by electrostatic 

transducers, there are three approaches, including changing the gap between the electrodes, 

changing the overlapping area, and changing the permittivity of the capacitor by moving the 

dielectric materials between the two plates. As shown in Table 2-2, electrostatic transducers 

show a potential of producing electrical energy from low frequency vibration sources. Unlike 

the electromagnetic approaches, the electrostatic concept is highly compatible with MEMS. One 

advantage of such converters is the increase of their energy density by the decrease of the 

capacitor spacing that is favorable for miniaturization. However, the energy density decreases 

because of decreasing capacitor surface area. This issue can be compensated thanks to the 

possible configuration of stacking more capacitor plates on top of each other by decreasing the 

gap between the plates for the same volume. Depending on which conversion cycle is applied 

to extract energy (charge-constrained or voltage-constrained), we can reach high or low 

impedance in the output. However, the disadvantage of electrostatic converters is the 

requirement of an initial polarization source. To address such a problem, researchers have been 

attracted to utilizing electrets to provide the initial charge [2].  
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Table 2-2 Comparison of power density for electret-free electrostatic vibration driven harvesters. 

Input frequency 

(Hz) 

Initial 

charging 

voltage (V) 

Generator 

volume 

(cm3) 

Power 

density 

(µW/cm3) 
Configuration 

6 45 15 2.4 Out-of-plane gap closing [90] 

50 3 18 58 In-plane gap closing [91] 

10 26 1.6 15 Out-of-plane gap closing [92] 

2.6.3. Piezoelectric transducer 
The term ‘piezoelectricity’ is used to describe dielectric materials that can have an electrical 

field induced across their boundaries when a mechanical stress is applied on them [93]. The 

main advantage of piezoelectric converters is their structural simplicity converting vibration 

directly into the output voltage. Another benefit of such converters is their compatibility to 

micro-engineering processes to deposit piezoelectric films with different thicknesses. However, 

the performance and lifetime of piezo converters are restricted by the mechanical properties of 

the materials. The output voltage and impedance of piezo converters are typically high which 

needs a conditioning circuit. Such a technology has been already tested for the SOFHE by Monin 

et. al [4]. They designed and fabricated a piezoelectric spiral membrane shown in Figure 2-26. 

The motivation behind considering spiral shape for the membrane was that it allows the control 

of the mechanical stiffness to adjust its impedance. However, they observed that the design leads 

to an inefficient transducer with considerable dissipation of energy. They concluded that the 

conversion efficiency can be improved if we could match the mechanical impedance of the heat 

engine with the impedance of the transducer.  

 

Figure 2-26 Piezoelectric spiral membrane attached to the SOFHE [4]. 

2.7 Impedance matching 

Once an efficient design for the heat engine and transducer has been identified, the next crucial 

step is to efficiently integrate them to achieve maximum power transfer. This integration can be 

achieved through impedance matching, which requires understanding of the transfer mechanism 

between the components. By defining the impedance of each part and exploring methods to 

control their impedances, we can optimize the energy transfer process. Generally, when the force 

is too high, it can stop the motion, while if the force is too low, the motion will not be impeded, 

but also no work will be done. Striking the right balance with impedance matching ensures 

enough counter force to extract energy without halting the motion.  
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To visualize the overall energy harvester system, we present a schematic representation that 

captures the integration of the heat engine and transducer (Figure 2-27). This schematic serves 

as an illustration of the entire system, highlighting the interplay between the various 

components. 

 

Figure 2-27 Schematic of the transduction mechanisms involved in our thermal energy harvester. 

Impedance matching is the practice of adjusting the impedance of the load with the impedance 

of the corresponding source to transfer the maximum power. This can be proved based on the 

maximum power transfer theorem [94]. The concept of impedance is mostly used in electrical 

circuit but by impedance analogy, we can define the mechanical impedance of a system as well. 

In this analogy, each mechanical element has an electrical equivalent presented in Table 2-3. 

Table 2-3 Electrical equivalent of mechanical component. 

Mechanical quantity  Electrical quantity 

Force, f Voltage, V  

Velocity, v Current, i 

Position, x Charge, q 

Mass, m Inductance, L 

Stiffness, k Reciprocal of capacitance, 1/C 

Damping coefficient, µ Resistance, R 

Electrical impedance is defined as a measure of the opposition of a circuit to current when a 

voltage is applied which is the same as the mechanical impedance as it is a measure of how 

much a system resists motion when subjected to a harmonic force. By this definition, we can 

understand that the electrical impedance relates voltage with current while the mechanical 

impedance relates forces with velocities.  

𝑍𝑒𝑙𝑒𝑐 =
𝑉

𝐼
 (2-14a) 

𝑍𝑚𝑒𝑐ℎ =
𝐹

𝑣
 (2-14b) 

Mitcheson et al. [95] studied the vibration driven generators based on the damping force by 

which the transducer generates power. They defined power as: 

𝑃 = −
1

𝑇
∫ 𝑓𝑡𝑣𝑑𝑡
𝑇

0

 (2-15) 
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where v is the velocity and ft is the damping force extracted by the transducer and T is period. 

Therefore, the power generation for a given size of generator is dependent upon the nature of 

the damping force by which energy is extracted. Generally, we can define two types of resonant 

generators based on their damping force [95]: 

 Velocity-damped resonant generator (VDRG): the damping force is proportional to 

velocity like electromagnetic transducers. 

 Coulomb-damped resonant-generator (CDRG): energy is extracted by a damper that 

provides a constant force in the direction opposing the motion like electrostatic 

transducers. 

They defined ft for different architecture of transducers of electromagnetic and electrostatic 

vibration driven harvesters and explained how we can maximize power by optimizing the 

damping versus the vibration amplitude. The damping force approach is useful to improve the 

performance and to maximize power transfer. However, impedance matching is still a more 

powerful analytical tool for our purpose since it is a more complete definition. By impedance 

matching, we can analyze not only the magnitude but also the phase of the forces involved in 

the transduction mechanism.  

2.7.1 Influential parameters on impedance of the SOFHE 
It is highly important to identify the parameters that affect the mechanical impedance of the 

SOFHE as well as the transducer. the parameters are summarized in Table 2-4. 

Table 2-4 Influential parameters on mechanical impedance of the SOFHE and the transducer. 

Component Parameters of mechanical impedance 

SOFHE 

Evaporation-

condensation rate 

Heat source temperature 

Fluid (latent heat, viscosity, surface tension, wettability) 

Surface potential (hydrophilicity, surface tailored) 

 Wall temperature profile (Adiabatic zone) 

Heat sink temperature 

Inertia 
Liquid length 

Diameter (direct relationship) 

Spring force 
Equilibrium pressure 

Vapor length 

Friction force 

Angular frequency (vapor length, liquid length, liquid 

density, external pressure) 

Diameter (inverse relationship) 

Transducer 

Electrostatic 

Gap 

Area  

Initial polarization voltage 

Configuration  

Conversion cycle 

Electro-magnetic 

Magnet material (magnetic field strength) 

Number of turns in coil and its area 

Magnetic flux (magnet size) 

Configuration of magnet-coil 

Piezoelectric 

membrane 

mass of membrane 

stiffness of membrane 
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2.8 Conclusion   

This chapter provided an overview of the literature on various types of thermal energy 

harvesters, setting the stage for a comparative analysis of the SOFHE with its competitors. This 

comparison can be carried out thanks to the findings discussed in chapter 3. Within this chapter, 

we experimentally characterize the thermodynamic work and mechanical power density of the 

SOFHE under different operating temperatures, also considering the impact of two design 

parameters.  

Theoretical models highlighting the significance of phase change in influencing instability and 

oscillation amplitude guide us towards the investigation of phase change phenomena in the 

SOFHE, the subject of Chapter 4. In this chapter, we experimentally explore two distinct 

oscillating regimes and propose a novel method to evaluate the efficacy of the phase change 

profile.  

Furthermore, drawing inspiration from techniques discussed in enhancing phase change from 

thin films, Chapter 5 presents our proposed design for the SOFHE, incorporating integrated 

wicking structures. This chapter elaborates on the design, fabrication, and testing of three 

microfabricated SOFHEs, comparing them in terms of oscillation amplitude and power output. 
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Chapter 3 

3 What is the potential of the SOFHE? 
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Abstract: We experimentally studied the thermodynamic cycle of a single branch pulsating heat 

pipe (SB-PHP) to show its potential as a Self-Oscillating Fluidic Heat Engine (SOFHE) capable 

of generating electric power from heat. The engine consists of a vapor bubble trapped by an 

oscillating liquid plug acting like a piston in a tube of mm-scale diameter. Pressure build-up in 

the vapor bubble can provide net mechanical work that can then be converted into electrical 

energy by coupling the liquid plug motion to an electro-mechanical transducer. The transducer 

can be represented, in a first approach, as a dissipative mechanical load acting on the engine that 

will tend to reduce the oscillations. Unlike a standard pulsating heat pipe, we aim here at 
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maximizing the mechanical work produced rather than the heat transfer rate. However, it is still 

unclear how the unique thermodynamic cycle of the oscillating vapor bubble‒liquid plug 

behaves under a mechanical load and what effects the design parameters have on the generated 

mechanical power. Thereby, we conducted experiments to measure the pressure, displacement 

and operating frequency from which the generated mechanical work and power can be evaluated 

under varying loads. We observed a maximum mechanical power density with a magnitude of 

0.5 mW/cm3 at an optimal load and a cycle efficiency ratio with respect to Carnot of 30%. We 

also studied the effect of the heat source operating temperature and two design parameters on 

the mechanical power density. It was shown that the mechanical power density can be improved 

by increasing the heat source temperature, adding wicking structures inside the tube as well as 

decreasing the liquid length. Finally, we found that the mechanical power density of the SOFHE 

makes it a promising technology to power a wide range of low-power wireless sensors (requiring 

10’s of microwatts) for the Internet of Things (IoT), if designed with adequate electro-

mechanical coupling. 

Keywords: heat engine, self-oscillation, energy harvesting, thermodynamic cycle 

Résumé français: Nous avons étudié expérimentalement le cycle thermodynamique d'un 

caloduc pulsé à branche unique (SB-PHP) pour montrer son potentiel en tant que moteur 

thermique fluidique auto-oscillant (SOFHE) capable de produire de l'énergie électrique à partir 

de la chaleur. Le moteur se compose d'une bulle de vapeur piégée par un bouchon liquide 

oscillant agissant comme un piston dans un tube d'un diamètre de l'ordre du millimètre. 

L'augmentation de la pression dans la bulle de vapeur peut fournir un travail mécanique net qui 

peut ensuite être converti en énergie électrique en couplant le mouvement du bouchon liquide à 

un transducteur électromécanique. Le transducteur peut être représenté, dans une première 

approche, comme une charge mécanique dissipative agissant sur le moteur qui tendra à réduire 

les oscillations. Contrairement à un caloduc pulsé standard, nous cherchons ici à maximiser le 

travail mécanique produit plutôt que le taux de transfert de chaleur. Cependant, on ne sait 

toujours pas comment le cycle thermodynamique unique du bouchon oscillant bulle de vapeur-

liquide se comporte sous une charge mécanique et quels sont les effets des paramètres de 

conception sur la puissance mécanique générée. Nous avons donc mené des expériences pour 

mesurer la pression, le déplacement et la fréquence de fonctionnement à partir desquels le travail 

mécanique et la puissance générés peuvent être évalués sous différentes charges. Nous avons 

observé une densité de puissance mécanique maximale de 0,5 mW/cm3 à une charge optimale 

et un taux d'efficacité du cycle de Carnot de 30 %. Nous avons également étudié l'effet de la 

température de fonctionnement de la source de chaleur et de deux paramètres de conception sur 

la densité de puissance mécanique. Il a été démontré que la densité de puissance mécanique peut 

être améliorée en augmentant la température de la source de chaleur, en ajoutant des structures 

de mèche à l'intérieur du tube ainsi qu'en diminuant la longueur du liquide. Enfin, nous avons 

constaté que la densité de puissance mécanique du SOFHE en fait une technologie prometteuse 

pour alimenter une large gamme de capteurs sans fil de faible puissance (nécessitant des dizaines 

de microwatts) pour l'internet des objets (IoT), s'il est conçu avec un couplage électromécanique 

adéquat. 

Mots clés: moteur thermique, auto-oscillation, récolte d'énergie, cycle thermodynamique 

 

 



33 

 

Nomenclature x position [m] 

A area [m2] �̇� velocity [m/s] 

CF correction factor [-] �̈� acceleration [m/s2] 

D diameter [m] Greek symbols   

F force [N] ζ load coefficient [kg/s] 

h enthalpy [kJ/kg] ω angular frequency [s-

1] 

L  length [m] υ kinematic viscosity 

[m2/s] 

m mass [kg] Π instability number [-] 

�̇� mass rate [kg/s] Subscripts  

P pressure [kPa] C cold 

�̇� pressure rate [kPa/s] exp experimental 

Q heat [J] f friction 

r radius [m] g gas 

R universal gas constant [J/kgK] H hot 

Rew dynamic Reynolds number [-] l load 

t period [s] liq liquid 

T temperature [oC] m inertia 

V volume [m3] th theoretical 

W work [J] v vapor 

3.1 Introduction 

The intelligent world we live in counts on the widespread use of wireless sensing devices that 

constantly monitor, transport data and provide information. The increasing trend of applying 

wireless sensors everywhere is growing fast and creating the new vision of an Internet of Things 

(IoT) [96], where, for example, interconnected and intelligent machines communicate to ensure 

safety, reduce waste and improve productivity. To be truly wireless, the connected devices must 

currently be powered by batteries that have a limited lifespan and need to be replaced. 

Considering the growing needs for distributed and embedded sensors, this state of powering 

wireless sensors is not practical. Therefore, there has been a notable effort among researchers to 

find alternative autonomous power supplies that are expected to be small, inexpensive, and 

highly reliable. This has led to a new field of research: Energy Harvesting. It refers to systems 

that capture ambient energy and convert it into useful electrical energy to recharge or ultimately 

replace batteries in wireless devices [97]. An energy harvester has to scavenge at least 5µW to 

compensate the sensor’s standby mode power consumption, and a bit more to accumulate energy 

(50‒500µJ) in onboard storage to supply the periodic measurement cycle [2]. 

Due to the availability and constancy of untapped waste heat almost everywhere, ranging from 

industrial processes and geothermal sources to thermal management systems, thermal energy 

harvesters have attracted great attention. There are two main methods of harvesting mid- to low-

grade thermal energy, including direct thermal-to-electrical and thermal-to-mechanical-to-

electrical conversion. The well-established example of the former is thermoelectric generators 

(TEG) that work based on the Seebeck effect [3]. TEG conversion performance is mostly limited 

by the figure of merit of their materials. The low TEG efficiency can only be maximized by 

using materials with a large electrical conductivity and Seebeck coefficient while having a small 
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thermal conductivity, which is hard to achieve [98]. The most promising materials tend to have 

low thermal conductivity, requiring high heat flux and a bulky heat sink to achieve a significant 

temperature difference across the TEG. The thermal-to-mechanical-to-electrical conversion 

approach is typically more complex to implement but has the advantage of offering more 

flexibility in terms of design optimization compared to TEGs due to their various conversion 

mechanisms available. Miniaturized versions of traditional thermodynamic cycles and engines 

have been demonstrated, such as micro gas turbines [19–21] and micro steam turbines [22–24] 

that implement respectively the Brayton and Rankine thermodynamic cycles at microscale using 

microelectromechanical systems (MEMS) technology. They have the complexity of requiring 

high- speed rotating parts, but promise W-scale power at 1‒10% efficiency [25]. There have 

also been examples of novel micro heat engines with thermomechanical and electromechanical 

principles that are not commonly used at macroscale. There are micro heat engines without 

working fluid, like a bimetallic strip heat engine with a piezoelectric transducer [27] in which 

the bi-stable bimetal absorbs heat until it reaches a bending threshold and snaps. This in turn 

impacts or releases the piezoelectric membrane, inducing electric charges. There have also been 

many examples of micro heat engines working with the phase change of a fluid. A micro 

capillary driven phase change cavity with a piezoelectric membrane, the so-called P3 heat 

engine [8], has been demonstrated with a peak power of 0.8 µW at a load resistance of 14 k𝛺. 
A variant also uses a phase change cavity heat engine but bounded by a bi-stable membrane 

[17,18] that is capable of generating a mechanical power of 1.3 µW with a cycle efficiency of 

0.3%. A microfluidic heat engine based on explosive evaporation of a liquid was also 

demonstrated by Léveillé et al. [99]. They managed to harvest a maximum power density of 1.6 

µW for a square piezoelectric membrane of 1 cm2.  

Recently, researchers have attempted to harvest energy from multi-branch oscillating or 

pulsating heat pipes (PHP) coupled with different types of transducers, including a piezoelectric 

membrane [32], solenoid with ferromagnetic working fluid [33] or magnet [34], electrical 

double layer junction [35], and pyroelectric transducer [36]. The generated power density 

reported is in the range of tens of microwatts/cm3. Using a PHP to produce work dates back to 

the water pump by Dobson et al. [51], in which they mathematically modeled the behavior of 

an open oscillatory heat pipe to pump water and experimentally measured the amount of water 

it could pump to a specific height. They experimentally measured the thermal efficiency of the 

system at 0.00003%, while the mechanical efficiency was not determined since they did not 

measure directly the work done by the displacement of the liquid plug. Gully et al. [100] studied 

the thermodynamic state of the vapor in PHP by temperature measurement and showed that the 

vapor is superheated. However, they did not study the P-V cycle of the PHP. These 

demonstrations and investigations confirm the interest in thermal energy harvesting using the 

underlying cycle of the PHP, but do not define the achievable power level or the design 

guidelines to maximize the power density.   

There is also a vast body of literature on modeling multi-branch [101–104] and single pulsating 

heat pipes (SBPHP), providing insight on the underlying working principle of the self-

oscillations, some with experimental validation [38]. The small amplitude oscillations, as 

modeled by Dobson [50,51], are known as the superheat model, where the meniscus barely 

penetrates inside the evaporator. For large amplitude oscillations where the meniscus sweeps 

both the evaporator and the condenser, a film evaporation‒condensation (FEC) model was 

developed by Das et al. [43]. They included the local two-phase equilibrium at the vapor‒liquid 
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interface by introducing time-varying wetting films through which the major part of the heat 

and mass transfer occurs. These models were then modified by Rao et al. [42] to better illustrate 

the PHP working principles, considering the thickening of the thin film and shortening of its 

length due to the evaporation at the triple contact line. A more detailed study of the dynamics 

of the thin liquid film in SBPHP (both shape and thickness) was carried out by Fourgeaud et al. 

[44]. The start-up of the SBPHP was also studied in detail [48,53,54]. So far, most of the 

literature is focused on the heat transfer, phase change from thin liquid films, and the start-up 

mechanisms in PHPs and there is a lack of knowledge regarding the potential of this technology 

in terms of producing work.   

Taking advantage of the self-oscillating cycle in SBPHPs for a different application, which is 

producing work rather than transferring heat, triggered us to consider it as a heat engine with a 

unique thermodynamic cycle that needs to be coupled with an electromechanical transducer to 

maximize power extraction (Figure 3-1). This idea was first experimentally demonstrated by 

Monin et al. [105] as a Self-Oscillating Fluidic Heat Engine (SOFHE), in which they applied a 

piezoelectric membrane to harvest energy from the continuous oscillation of a single liquid plug 

coupled with a vapor bubble. They managed to generate 1 µW in a 1 M𝛺 electrical load. The 

reported power, however, was for the first experimental demonstration in which the engine, the 

transducer and the coupling between the two were not optimized. They also microfabricated an 

SOFHE in a glass microchip [106]. They concluded that, unlike TEGs, this technology is not 

restricted by material properties alone and the power achieved has a great potential for further 

enhancement. However, it was not clear whether the low power output was due to the poor 

performance of the engine, the mechanical-to-electrical transduction mechanism, or the 

transducer architecture itself. This raises the need to understand the thermodynamic cycle of the 

SOFHE and how we can change it to increase its generated mechanical power. Once we 

understand how the SOFHE (as a basic component of the thermal harvester device) generates 

work and power, we can optimally combine it with electromechanical transducers (electrostatic, 

electromagnetic, and piezoelectric) to take full advantage of its heat harvesting capability. 

Eventually, multiples units could be combined together to increase the total power output 

according to the needs.  

 

Figure 3-1 SOFHE application, harvesting waste heat to power wireless sensors. 

The motion of the liquid plug during the operating cycle of the SOFHE is illustrated in Figure 

3-2 (left). The working principle of the SOFHE is akin to an SBPHP, which can be viewed as a 

mass-spring-damper system with energy injected from the periodic phase change. As described 

and experimentally validated by Tessier-Poirier et al. [48], the forces responsible for the 
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presence or absence of self-oscillations are the pressure change (ΔPg) and friction loss due to 

the motion of the liquid plug (damping force, Ff). The pressure change itself stems from two 

phenomena: the expansion‒compression of the vapor (acting as a spring force, Fv) and the 

change of mass of vapor due to the phase change (acting as a positive feedback or negative 

damping, Fm). The Fv coupled with the inertia (liquid plug mass) creates a resonator that enables 

us to explain the oscillatory behavior and to predict the frequency as well [57,107,108]. They 

concluded that the system becomes unstable when the ratio of Fm to Ff becomes greater than 

one. They called this ratio the instability number (Π). They also showed that Fm is responsible 

for the growth of the amplitude by injecting energy into the system (like a positive feedback). 

For an engine coupled with a generator, the net work provided by Fm (beyond overcoming the 

friction) is available to drive the generator, so for mechanical-to-electrical conversion. As shown 

in the corresponding Sankey diagram of the SOFHE (Figure 3-2 (right)), a fraction of Qsource is 

dissipated to the ambient through heat convection from the heat source to the outer wall of the 

tube and through the heat conduction of the wall thickness. The part of Qsource that finds its way 

to the engine (Qin) is used for the evaporation and expansion that finally leaves the engine by 

producing mechanical work (Wcycle) and heat dissipation (Qout) through condensation and 

compression. From a work point of view, a fraction of Wcycle is dissipated through the friction 

force due to the liquid plug motion (Wfriction) and the rest (Wnet) can be harvested by a transducer. 

 

 

Figure 3-2 Schematic view of SOFHE operating cycle (left) and the corresponding Sankey diagram (right). 

In this paper, we experimentally study how one can increase the mechanical power from the 

engine perspective with a focus on understanding its thermodynamic cycle. We introduced a 

mechanical damping load on the engine to mimic the impact of a generator, and studied the 

SOFHE’s behavior under different load levels. We then calculated the thermodynamic work (by 

direct measurement of the pressure and volume) and subtracted the energy loss related to the 

viscous friction forces (only due to the motion of the liquid plug by an analytical model) to find 

the available mechanical energy. Finally, we varied the heat source operating temperature (TH), 

enhanced the evaporation rate by changing the wicking capability inside the evaporator (Lfiber) 

and varied the liquid plug length (Lliq) to explore the potential of the SOFHE in terms of 

mechanical work and power density. This knowledge will guide the heat engine to maximize 

the net work and the generator designs for optimal coupling with mechanical-to-electrical 
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transducers. We will show that the SOFHE could power a wide range of wireless sensors 

(requiring 10’s of µW) even with a transducer with low (10%) mechanical-to-electrical 

conversion efficiency.  

3.2 Methodology  

3.2.1 Experimental set-up 
The experimental set-up (Figure 3-3) consists of a glass tube filled with deionized water with 

the inner and outer diameters of 2 mm and 4 mm, respectively. The tube is closed at one end, 

by connecting it to a pressure sensor (PX26, OMEGA Engineering), and is open at the opposite 

end. The closed end is inserted into a larger glass container where it is immersed in hot glycerin 

heated by a cartridge heater. To have a more uniform temperature distribution around the tube, 

a magnet mixes the glycerin continuously. A thermocouple controls the temperature of this heat 

source (TH). This constitutes the evaporator section (Lg,0= 8.5 cm long), which is separated from 

the condenser part (7 cm long) by a PDMS plug (0.5 cm) acting as an ideally adiabatic section 

for the working fluid. In addition, a glass fiber (capillary with closed ends, Polymicro, external 

diameter of 350 µm) is inserted inside the tube into the evaporator section to play the role of a 

wicking structure. It enhances the evaporation rate as will be shown in section 3.4.2. For the 

condenser, a glass container with coolant circulation surrounds the adjacent portion of the tube. 

The container is connected to a thermostatic bath providing cold water at TC = 20 oC. This allows 

further control of the temperature difference between the heat source and the heat sink. A high-

speed camera (PCO) records the position of the meniscus, synchronized with the pressure 

measurement. We add a deformable plastic junction to the remaining length of the tube out of 

the condenser and use a micrometer vice to pinch it and to dampen the liquid flow motion by 

decreasing the inner diameter of the plastic part. This introduces a mechanical damping load to 

the engine that acts as a viscous damping force, mimicking the damping force that would be 

provided by an electro-mechanical transducer. When there is no load, the amplitude is 

maximum. As we start pinching the plastic tube, we exert a damping force by obstructing the 

liquid plug motion and the amplitude decreases. We continue pinching the liquid plug until the 

oscillations stop. Each load level corresponds to a specific decrease in the inner diameter of the 

plastic junction. We can estimate the load coefficient, as will be discussed in section 2.3. For a 

real electromechanical transducer, there is both a dissipative damping force (resistance) and a 

spring force (reactance). The former affects the amplitude and the latter changes the frequency 

of the oscillations. The approach used here is a good way to focus on the effect of the dissipative 

load, which is the one that generates work in a transducer. We verified the frequency at each 

load level to ensure not having the reactance. It was observed that the frequency remains almost 

constant and the load was dominantly dissipative. At the highest amount of load, a small increase 

of 13% was measured in the frequency. 
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Figure 3-3 Schematic of SOFHE experimental set-up for cycle characterization [109]. 

3.2.2 Experimental procedure 
Prior to starting a test, the glass tube is flushed with deionized water and plasma treated (corona 

discharges in ambient air using a conductive wire inserted in the tube). The plasma treatment 

creates a hydrophilic surface, which greatly affects the meniscus shape and eventually the 

evaporation rate [73,110]. The assembly of the set-up starts by inserting the tube inside the 

evaporator and the condenser. Next, the tube is filled with deionized water. We then connect the 

pressure sensor to the heated end of the glass tube, the condenser to the thermostatic bath, and 

the heater to the supply source. The glass fiber is now inserted into the evaporator from the open 

end to the desired length. To start a test, we gradually increase TH to above 100 oC by 5 oC 

increments until the oscillations are about to happen. Once the oscillations reach a steady state, 

we start recording the meniscus position with the camera and the pressure variations. The camera 

images and the pressure data are synchronized using a data acquisition board (KPCI-3110). A 

Matlab code extracts the meniscus position from the camera images. A calibration is conducted 

to convert pixels into the length dimension (± 4%). A pressure calibration is carried out to 

convert the pressure data from volts to kilopascals (± 0.07 kPa). The propagation of these 

tolerances to the derived quantities, such as force, work, and power, is calculated based on the 

relations in the following section and the resulting uncertainties are shown as error bars or 

shading in all the graphs. We run the test at different mechanical loads by increasing or 

decreasing the constriction at the plastic junction. We repeat the same procedures at four 

different heat source temperatures, six fiber lengths, and two liquid lengths. 

3.2.3 Analytical calculation procedure 
Extracting the pressure and the position from the measured signals enables us to draw the P-V 

diagram and calculate Wcycle by integrating the experimental curve:  

𝑊𝑐𝑦𝑐𝑙𝑒 = ∮𝑃𝑔𝑑𝑉𝑔 (3-1) 

where Pg and Vg are the pressure and volume of the vapor bubble, respectively. The volume is 

calculated as (Atube*(Lg,0+xi)), where xi and Atube are the position of the meniscus and the cross-

section area of the tube, respectively. We then need to subtract the portion of the Wcycle that is 

dissipated by friction, considering only the viscous dissipation of the liquid plug due to the liquid 
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motion, excluding the effect of contraction. To do so, we use an analytical expression for friction 

force in a pulsatile flow [48,56] and then take the integration of that force multiplied by the 

velocity to calculate the work done by this friction force:  

𝐹𝑓,𝑡ℎ = −√
2

𝑅𝑒𝑤
∆𝑃𝑔𝐴𝑡𝑢𝑏𝑒 +(√

2

𝑅𝑒𝑤
−

1

𝑅𝑒𝑤
)
∆�̇�𝑔𝐴𝑡𝑢𝑏𝑒

𝜔
 (3-2) 

𝑊𝐹𝑓,𝑡ℎ = ∮𝐹𝑓,𝑡ℎ�̇�𝑑𝑡 (3-3) 

where �̇�𝑔 is the rate of vapor bubble pressure, �̇� is the velocity, and  is the angular frequency. 

This expression is valid for kinetic Reynolds numbers greater than 4 (𝑅𝑒𝑤 ≡ 𝜔𝑟
2/𝜗 > 4, where r 

is the tube inner radius and 𝜗 is the kinematic viscosity), which is the case in our tests 

(90 < 𝑅𝑒𝑤 < 120). However, this analytical expression is valid for an infinite liquid length 

without considering the impact of the velocity field near the menisci (end zone) [111]. To take 

this deviation into account, we define a correction factor (CF) by comparing the analytical result 

with the experimentally measured friction force. The experimental friction force is extracted 

from the measurements using the momentum balance on the liquid plug at different amplitudes 

(by changing TH) [48]: 

�̈� −
1

𝑚𝑙𝑖𝑞
∆𝑃𝑔𝐴𝑡𝑢𝑏𝑒 −

1

𝑚𝑙𝑖𝑞
(𝐹𝑓,𝑒𝑥𝑝 + 𝐹𝑙) = 0 (3-4) 

𝑊𝐹𝑓,𝑒𝑥𝑝 = ∮𝐹𝑓,𝑒𝑥𝑝�̇�𝑑𝑡 (3-5) 

𝐶𝐹 =
𝑊𝐹𝑓,𝑒𝑥𝑝

𝑊𝐹𝑓,𝑡ℎ
 (3-6) 

where 𝑚𝑙 is the liquid mass, �̈� is the acceleration, 𝐹𝑙 is the mechanical load damping force. 

When there is no load (𝐹𝑙 = 0), all the Wcycle is dissipated through the friction loss. From our 

measurements, a constant correction factor of CF=1.2 ± 0.1 is extracted to compensate for the 

end effects. Using this model, we can distinguish the baseline friction force from the additional 

one due to contraction, used to mimic the generator. The friction force is therefore the theoretical 

value multiplied by the correction factor: 

𝑊𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝐶𝐹 ∗𝑊𝐹𝑓,𝑡ℎ (3-7) 

Now we can calculate the available net work that can be harvested from the SOFHE by 

subtracting the work that is dissipated through the liquid plug motion from the work done by the 

cycle:  

𝑊𝑛𝑒𝑡 = 𝑊𝑐𝑦𝑐𝑙𝑒 −𝑊𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 (3-8) 

It is convenient to define a load coefficient, 𝜁𝑙, from the rate of work produced by the load 

(�̇�𝑙 = −�̇�𝑛𝑒𝑡) as a result of a velocity-damped force (𝐹𝑙 = −2𝜁𝑙�̇�) as follows:  

�̇�𝑙 =
𝑊𝑙
𝑡
=
1

𝑡
∮𝐹𝑙 ∗ �̇�𝑑𝑡 =

1

𝑡
∮(−2𝜁𝑙�̇�) ∗ �̇�𝑑𝑡 (3-9) 
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𝜁𝑙 =
−�̇�𝑙

2�̇�2̅̅ ̅
      𝑤𝑖𝑡ℎ        �̇�2̅̅ ̅ =

1

𝑡
∮ �̇�2𝑑𝑡 (3-10) 

where t is the period of oscillation. 

To estimate the efficiency of the cycle, we need to know how much heat is used for the phase 

change 𝑄𝑖𝑛 (we do not include the heat loss through the device or the sensible heat, as will be 

explained in more detail in section 3.3). To do so, we calculate the rate of change in the vapor 

mass (�̇�𝑔) using the perfect gas law: 

𝑃𝑔𝑉𝑔 = 𝑚𝑔𝑅𝑇𝑔 (3-11) 

where  𝑚𝑔 is the mass of vapor, and 𝑇𝑔 is the vapor temperature, which is considered to be 

constant and equal to TH. This assumption can be justified as Gully et al. [100] showed that the 

temperature of the vapor varies by less than ± 1 oC from the wall temperature. In addition, Rao 

et al. [40] found that the calculated mass of vapor only changes by ± 3% if the measured 

temperature varies by ± 10 oC. Therefore, the calculated mass of vapor with this assumption is 

still valid. We can now calculate 𝑄𝑖𝑛: 

𝑄𝑖𝑛 = (
1

2
∫ 𝑎𝑏𝑠(�̇�𝑔)
𝑇

0

𝑑𝑡) × ℎ𝑣 (3-12) 

where ℎ𝑣 is the enthalpy of vaporization, which is considered to be constant since the difference 

between the enthalpy of vaporization for the SOFHE at the highest pressure (at Pg,max = 115 kPa, 

hv = 2247 kJ/kg) and that of the lowest pressure (at Pg,min = 85 kPa, hv = 2270 kJ/kg) is negligible. 

Considering the fact that equal and opposite amounts of heat are exchanged for evaporation and 

condensation, we divide the average absolute value of the phase change by two.  

3.3 Results 

3.3.1 Thermodynamic cycle  
The SOFHE’s P-V cycle is plotted by direct measurement of the vapor bubble pressure and 

meniscus position at steady state (Figure 3-4a). The recorded oscillation is a periodic motion. 

Unlike what may be observed in PHPs, there is no chaotic behavior and the thermodynamic 

cycle does not change from one cycle to another. The Pg and xi signals corresponding to the P-

V cycle are shown beside it in Figure 3-4a. The cycle includes four main processes: expansion, 

evaporation, compression, and condensation. These processes are not discrete, but rather overlap 

with one another. Expansion starts when the meniscus is in the evaporator and continues until it 

crosses the equilibrium point (xi=0) and enters the condenser, where the pressure drops due to 

the condensation and cooling. This pulls the liquid plug back towards the evaporator, which 

leads to compression of the vapor. Due to the presence of the fiber, the evaporation mechanism 

is complex and is beyond the scope of this paper. Instead, the evaporation and condensation 

rates are directly extracted from the measurements, requiring no hypotheses about the phase 

change, thin film or wicking behavior. However, we will describe the role of the fiber in 

enhancing the phase change (section 3.3.4.2) and discuss the timing of the evaporation‒

condensation in the Discussion (section 4). Comparing the SOFHE’s P-V cycles without load 

and with load (Figure 3-4b) shows a decrease in the liquid plug motion amplitude from 7.2 mm 
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at no load to 2.5 mm for the highest load (beyond this load, the self-oscillations stop). We can 

also notice a change in the pressure phase with respect to the volume (position), shown by a 

tilting of the main axis of the cycle’s ellipsoidal shape.  

 

a) 

 

b) 

 Figure 3-4 Measured P-V cycle of SOFHE: a) without load, b) under different loads at TH=110 oC and fiber 

length at 4.5 cm. 
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To better illustrate the phase and its relation to the load, Figure 3-5 shows how the position, 

velocity and pressure change evolve over time when there is no load (left) and at the highest 

load (center). We can now see more clearly that in the absence of the load, when the position is 

at minimum, the pressure is maximum and the velocity is null. Adding load to the cycle reduces 

the phase difference between the pressure change and the velocity. To calculate the exact phase 

difference between the pressure change and the motion, we use Fourier decomposition and 

consider the phase difference for the fundamental component (Figure 3-5, right). When there is 

no load, the pressure is in quadrature with velocity (nearly completely out of phase with the 

position); it acts more like a conservative force and produces no work. In the presence of the 

load, it becomes more in phase with the velocity, which means producing Wnet.  

 

 

Figure 3-5 Phase comparison between the measured position, velocity and pressure change with and without the 

load at TH=110 oC. 

3.3.2 Generated work and power density of SOFHE 
The calculated Wcycle, Wfriction, and Wnet are shown in Figure 3-6 as a function of the load 

coefficient (ζl). When there is no load, all the Wcycle (stacked area) is dissipated through friction 

loss (red area) due to the motion of the liquid plug. As we apply a load to the SOFHE, we start 

to harvest energy from the cycle (the bottom green area). The multiplication of the available 

Wnet produced per cycle by the engine frequency (15‒17 Hz) yields the available mechanical 

power for harvesting. To have a more realistic evaluation of the power figure regardless of the 

engine size, the power density is used as a metric rather than the power (SOFHE 

volume=𝜋 ∗ (𝐷𝑜𝑢𝑡
2 /4) ∗ (𝐿𝑔0 + 𝐿𝑙𝑖𝑞) = 𝜋 ∗ (0.4

2/4) ∗ (8.5 + 16) = 3 𝑐𝑚3). The bell-shaped 

curve in Figure 3-6 is the available mechanical power density versus the load coefficient. When 

there is no load, the available mechanical force is zero, as also are the net work and the power 

density. As we increase the load, the available mechanical force increases while the amplitude 

of the motion decreases. This results in an increase of the harvested work until it reaches an 

optimum point. From that point onwards, the Wnet starts to decline since the decrease in the 
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amplitude overcomes the increase in the available mechanical force from the load. Finally, the 

maximum load is when the oscillation stops and consequently the work and power drop to zero. 

The maximum load coefficient (ζl_max) is hard to measure experimentally since the amplitude 

becomes very small and capturing the meniscus position is not feasible. To estimate (ζl_max), we 

fitted the data with a simplified analytical equation for the power versus load coefficient (dashed 

line). However, it should be noted that the parameters are adjusted to fit, thus there is some 

uncertainty about ζl_max. 

 

Figure 3-6 Measured Wfriction and Wnet (stacked area), along with the available mechanical power density (line 

graph) under different amounts of load at TH =110 oC. 

3.3.3 Efficiency 
Considering the application of the SOFHE, which is supplying power to wireless sensors from 

waste heat, power, size and cost are the most important parameters. The efficiency is typically 

not of direct relevance for harvesting since the heat source itself is free. However, it is instructive 

to analyze the SOFHE’s efficiency to identify areas of improvement. Here, we consider two 

types of efficiency: the cycle efficiency (𝑊𝑐𝑦𝑐𝑙𝑒/𝑄𝑖𝑛) and the engine efficiency (𝑊𝑛𝑒𝑡/𝑄𝑖𝑛). For 

all the operating temperatures tested, the cycle efficiency and the engine efficiency are less than 

0.7% and 0.2% respectively. The Carnot efficiency of the cycle is at 2.1% considering TC = 368 

K and TH = 376 K, which are the saturation temperature corresponding to the lowest and the 

highest pressure, respectively. The relative efficiency given by the ratio of the engine efficiency 

and the cycle efficiency to the Carnot efficiency is 10% and 30%, respectively. It should be 

noted that the real efficiency of the device is less than the engine efficiency presented here, since 

we neglected heat loss from the device as well as the sensible heat that is required to bring the 

liquid to the saturation temperature. The former depends on a detailed design of a SOFHE device 

and is beyond the scope here. The latter is found to be negligible compared to the latent heat of 

phase change. We can also prove this by idealizing the cycle as a Rankine cycle working 

between the maximum and minimum pressure equivalent to the real cycle for the SOFHE. 
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Therefore, the sensible heat and the vaporization enthalpy are equal to 35 kJ/kg and 2243 kJ/kg, 

respectively (1.6% of the enthalpy of vaporization). Dobson et al. [51] also neglected the 

sensible heat in the efficiency calculation of their PHP as a water pump.  

3.3.4 Effect of operating and design parameters 

3.3.4.1 Heat source temperature  

Figure 3-7 shows the thermodynamic cycles of the SOFHE at four different heat source 

temperatures, TH, without load (at the highest length of the fiber discussed in the next section 

3.4.2). We can see that increasing TH leads to a broader thermodynamic cycle with a larger liquid 

plug motion amplitude, as presented in Table 3-1. This increase is due to the rise in the average 

phase change rate from 728 ± 11 to 1341 ± 26 µg/s at TH = 110 and 140 oC, respectively. It is 

interesting to point out that, unlike increasing the load, which leads to a change in the shape of 

P-V cycles (Figure 3-4b), increasing TH does not affect the shape of the cycle and the pressure 

phase with respect to the velocity. It only changes the amplitude of the cycle. 

 

 

Figure 3-7 P-V cycle of SOFHE at different heat source temperatures TH without load. 

Table 3-1 Amplitude and phase change rate at different heat source temperatures TH. 

TH (oC) Amplitude (mm) 

110 7.2 ± 0.3 

120 10.3 ± 0.4 

130 11.8 ± 0.5 

140 15.1 ± 0.6 

To see how increasing TH, and consequently the P-V cycle, affects the generated mechanical 

power density, we also studied the system under different levels of the load at each temperature 

(Figure 3-8 Available mechanical power density (volume= 3 cm3) as a function of the load 
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coefficient at different TH and loads. Dashed curves are fits to the data using the Tessier-Poirier 

et al. [112] model.). The data points are the experimental measurements and the dashed lines are 

the fitting. We fitted the experimental data with an expression for power derived by Tessier-

Poirier et al. [112]. We introduced two parameters to fit the amplitude of the curves and the 

asymmetry to the experimental data. The good agreement between the experimental data and 

the prediction by the model confirms that the behavior they described is correct: the power 

follows an asymmetrical bell shape curve that crosses zero at the load of zero and the maximum. 

They also showed that the amplitude and the asymmetry of the power curves increase as the 

instability number (Π) increases. In these graphs, we increased TH to increase the instability 

number. The maximum available mechanical power density at the different TH is presented in 

Table 3-2. We observed a fourfold increase at the maximum available mechanical power density 

from 126 to 509 µW/cm3 when going from TH = 110 oC to 140 oC.  

 

Figure 3-8 Available mechanical power density (volume= 3 cm3) as a function of the load coefficient at different 

TH and loads. Dashed curves are fits to the data using the Tessier-Poirier et al. [112] model. 

Table 3-2 Maximum power density at different heat source temperatures TH. 

TH (oC) Maximum power density (µW/cm3) 

110 126 ± 5 

120 232 ± 9 

130 343 ± 13 

140 509 ± 20 

3.3.4.2 Phase change enhancement  

To explore the potential of the engine, we monitored the engine power density while enhancing 

the phase change rate by varying the length of the fiber as a wicking structure inside the 

evaporator (Lfiber). The shortest length of the fiber corresponds to a threshold below which the 

oscillations stop (instability number less than 1 [48]), while the longest one leads to a saturation 

regime where there is no change in the oscillation amplitude with further increase of the fiber 
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length in the evaporator. This determines an effective range in which we change Lfiber. The P-V 

cycles and the phase change rate corresponding to each cycle are plotted in Figure 3-9 at TH = 

110 oC. We observed a significant increase in the average phase change rate from 93 to 580 µg/s 

by varying Lfiber within the effective range (from 1.7 cm to 4.5 cm). This augmentation in the 

average phase change rate increases the size of the P-V cycles, which means generating more 

Wnet, as shown in Figure 3-10. This in turn augments the available mechanical power density by 

30 times from 3 µW/cm3 to 98 µW/cm3. The reason for the dramatic increase in the slope at the 

beginning of the graph for power density is the sensitivity of the phase change rate to the 

presence of the capillary fiber. When Lfiber is less than 1.5 cm, we have no oscillations, while by 

changing Lfiber by a few millimeters it starts oscillating. At small Lfiber, the phase change rate 

experiences an increase of 220% for only 23% of increase in Lfiber, while this increase drops to 

48% at a 50% increase of Lfiber at higher Lfiber (from 3 to 4.5 cm).  

 

Figure 3-9 P-V cycles at different fiber lengths inside the evaporator (Lfiber) at TH =110 oC at a fixed load. The 

phase change rate corresponding to each cycle as a function of time is shown in the insert. 
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Figure 3-10 Work (friction and net) and power density at different fiber lengths inside the evaporator (Lfiber) under 

a fixed load at TH =110 oC.  

Research findings shows that self-oscillations are difficult to achieve with water as the working 

fluid [42]. To overcome this challenge, one can add wicking structures, including the glass fiber 

used here [48,105]. Apart from the thin film evaporation behind the meniscus, the presence of 

the fiber creates two corners with the glass tube (Figure 3-11), acting as angular capillaries 

pumping liquid from the liquid plug towards the evaporator. A long thin film therefore forms 

along the fiber, which facilitates the evaporation rate by decreasing the thermal resistance in the 

liquid film. This allows the oscillations to occur at a lower TH. Different types of corners such 

as the interior corners of a square tube can play a similar role to that of the fiber in the 

evaporation rate enhancement [80,81], consequently reaching start-up and sustainable 

oscillation. 

 

Figure 3-11 Schematic view of the inserted fiber acting as a wicking structure inside the evaporator. 
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3.3.4.3 Liquid length 

This section describes the effect of the length of the liquid plug (Lliq). We set the mechanical 

load near the optimum amount, TH = 110 oC, Lfiber= 4 cm, and then decreased Lliq from 22 cm to 

14 cm (the lowest possible length with respect to the current set-up limitation). Interestingly, 

there is no change in the Wcycle (Table 3-3), while the friction loss decreases by about 16%. This 

leads to a rise of 35% in the Wnet. Reducing Lliq also has the benefit of increasing the frequency 

by about 22%. Considering the decrease in the volume, the mechanical power density 

experienced a twofold increase as a whole. 

Table 3-3 Comparison of cycle work, friction loss, and net work at two different lengths of the liquid plug. 

Lliq (cm) Amplitude (mm) Frequency (Hz) Wcycle
 (µJ) Wfriction

 (µJ) Wnet (µJ) 

Power 

density 

(µW/cm3) 

22.0 7.1 ± 0.3 13.2 91 ± 4 63 ± 3 28 ± 1 97 ± 3 

14.5 6.8 ± 0.3 16.1 92 ± 4 53 ± 2 39 ± 2 217 ± 8  

3.4 Discussion  

Understanding the SOFHE’s thermodynamic cycle helps figure out how to design a more 

desirable engine. As shown in Figure 3-12 (left), evaporation mostly happens when the cycle is 

in the compression process, which is not the right timing. As Tessier-Poirier et al. [48] discussed, 

the maximum work is done when the pressure force from the phase change, Fm, is perfectly in 

phase with the velocity, hence when it becomes in quadrature with the position. We can see the 

phase of �̇�𝑔, and Fm with respect to the velocity for the SOFHE in Figure 3-12 (right). Ideally, 

Fm would be in phase with the velocity, which is not the case here. Fm itself is in quadrature with 

�̇�𝑔 since it is a result of the pressure change from the evaporation‒condensation. We can 

therefore notice that the evaporation‒condensation needs to be modified in terms of its phase 

with respect to the position, to become completely out of phase with the position. This would 

bring Fm in phase with the velocity and maximize the available mechanical work. Besides, as 

discussed in section 3.3.4.2, changing the amplitude of evaporation‒condensation has a 

significant effect on the available mechanical work.  



49 

 

 

 
Figure 3-12 The measured thermodynamic cycle of the SOFHE showing evaporation and condensation processes 

(left) and the corresponding phase diagram (right): measured phasing (top) and ideal phasing for maximum Wnet 

(bottom).  

It is interesting that the optimum range of mechanical power density is at the amplitude ratio 

(xi/xi_max) of 0.5 to 0.7. This useful observation provides guidance for designing a more 

compatible transducer for the SOFHE that works more efficiently in the optimum amplitude of 

the heat engine. By doing so, we can transfer as much energy as possible from the engine to the 

transducer by matching the impedance between the two. The vertical green band in Figure 3-8 

shows the range for an optimum load coefficient for the transducer. One can vary the load 

coefficient three times (from 5 to 15 g/s) and still remain within ± 10% of the optimum power 

density as TH increases. 

We can also conclude from the maximum mechanical power densities (between 100 and 500 

µW/cm3) that the SOFHE can power a wide range of wireless sensors (requiring 10’s of µW) 

even with a transducer with a 10% mechanical-to-electrical conversion efficiency. In addition, 

section 3.4.3 showed the positive impact of decreasing the liquid plug length, Lliq, on the 

mechanical power density by decreasing the friction loss, reducing the volume as well as 

increasing the frequency. This suggests that miniaturization of the SOFHE is a promising 

approach, in line with the compact size of power sources required for wireless sensors. 

3.5 Conclusion  

In this paper, we exploited the physics of a SB-PHP in a different concept as a self-oscillating 

fluidic heat engine (SOFHE) to produce work rather than heat transfer and presented its unique 

and unknown thermodynamic cycle as well as the generated work. We then took a step further 

and calculated the work that is dissipated through friction of the liquid plug to determine the net 

work that the SOFHE can provide to a purely damped electromechanical transducer. To show 

the potential of this cycle, we experimentally measured the mechanical power density at 
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different operating temperatures of the heat source. The research findings confirmed that the 

available mechanical power density by the SOFHE (hundreds of microwatts) is sufficient to 

fulfill a wide range of wireless sensors with power requirements of tens of microwatts. However, 

to show that our system still has much room for further enhancement, we varied two main design 

parameters to see how the mechanical power density varies. The first parameter was the fiber 

length in the evaporator, which had a critical impact on the average rate of phase change, which 

consequently increased the mechanical power density by 30 times. Decreasing the length of the 

liquid plug was the second design modification and improved the mechanical power density by 

decreasing the friction loss and volume as well as increasing the frequency. Overall, this study 

reveals that while the SOFHE suffers from a low efficiency, it has a great potential in terms of 

power density, a key metric for energy harvesting. Paths for further improvement are also 

proposed, such as controlling the phase change phasing with respect to the motion and 

miniaturization of the device. This, along with a continuing decrease in the power requirements 

of wireless sensor nodes, marks the SOFHE as a promising field of research for thermal energy 

harvesting. 
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Abstract: This paper experimentally shows the effect of phase change timing on the oscillation 

amplitude for a vapor bubble-liquid plug exposed to a thermal gradient in a capillary tube. The 

case studied is the basic unit of pulsating heat pipes (PHP) and self-oscillating fluidic heat 

engines (SOFHE), implemented here by heating a tube at its closed end (evaporator) and cooling 

it at the opposite open end (condenser). A vapor bubble is formed at the closed end, trapped by 

a liquid plug. Under certain conditions, the liquid plug starts to oscillate due to periodic 

evaporation-condensation in the vapor bubble. The temperature, pressure, and volume of the 

vapor bubble are measured to calculate the phase change rate, for two different working fluids 

(water and ethanol). We first show a regime where the liquid plug’s oscillations exhibit a beating 

phenomenon, where the amplitude periodically increases and dies down due to the slow dryout 

of the thin film left behind the meniscus. We then use a simple approach to manipulate the phase 

change using a wicking fiber inserted in the tube. This modification yields stable oscillations 

with constant amplitude due to a significant increase in the phase change rate. For ethanol, no 



53 

 

oscillations are observed without the fiber. Adding the wicking fiber leads to oscillations with a 

different phase change profile than with water. To maximize work done by phase change on the 

liquid plug, the phase change force needs to be optimally in phase with velocity. To evaluate 

this phase angle, a new tool is proposed that is based on integrating the product of the phase 

change force and velocity over a cycle at different phase angles. By doing so, the maximum 

theoretical work at ideal phase angle is calculated. It is used to define Phase Change 

Effectiveness as a dimensionless number (φ) that equals the ratio of the phase change work to 

the maximum theoretical work. The phase change profile for water has a φ number of 0.56, 

showing room for further improvement, while ethanol shows an effective phase change profile 

with a φ number of 0.99. For a lower maximum work, a more effective phase change profile 

yields a higher oscillation amplitude, which is at 10.2mm for ethanol compared to 7.2mm for 

water. This study opens a new path towards engineering the phase change to optimize the 

oscillations in pulsating heat pipes and self-oscillating fluidic heat engines. 

Keywords: self-oscillation, thin film, evaporation-condensation, phase angle, wicking fiber, 

phase change effectiveness. 

Résumé français: Cet article montre expérimentalement l'effet de la synchronisation du 

changement de phase sur l'amplitude de l'oscillation d'un bouchon vapeur-liquide exposé à un 

gradient thermique dans un tube capillaire. Le cas étudié est l'unité de base des caloducs pulsés 

(PHP) et des moteurs thermiques fluidiques auto-oscillants, mis en œuvre ici en chauffant un 

tube à son extrémité fermée (évaporateur) et en le refroidissant à l'extrémité ouverte opposée 

(condenseur). Une bulle de vapeur se forme à l'extrémité fermée, piégée par un bouchon liquide. 

Dans certaines conditions, le bouchon liquide commence à osciller en raison de l'évaporation-

condensation périodique dans la bulle de vapeur. La température, la pression et le volume de la 

bulle de vapeur sont mesurés pour calculer le taux de changement de phase, pour deux fluides 

de travail différents (eau et éthanol). Nous montrons d'abord un régime où les oscillations du 

bouchon liquide présentent un phénomène de battement, où l'amplitude augmente 

périodiquement et s'éteint en raison du lent assèchement de la fine pellicule laissée derrière le 

ménisque. Nous utilisons ensuite une approche simple pour manipuler le changement de phase 

à l'aide d'une fibre insérée dans le tube. Cette modification produit des oscillations stables 

d'amplitude constante en raison d'une augmentation significative du taux de changement de 

phase. Pour l'éthanol, aucune oscillation n'est observée sans la fibre. L'ajout de la fibre entraîne 

des oscillations avec un profil de changement de phase différent de celui de l'eau. Pour 

maximiser le travail effectué par le changement de phase sur le bouchon liquide, la force de 

changement de phase doit être en phase optimale avec la vitesse. Pour évaluer cet angle de phase, 

un nouvel outil est proposé, basé sur l'intégration du produit de la force de changement de phase 

et de la vitesse sur un cycle à différents angles de phase. Ce faisant, le travail théorique maximal 

à l'angle de phase idéal est calculé. Il est utilisé pour définir l'efficacité du changement de phase 

comme un nombre sans dimension (φ) qui est égal au rapport entre le travail de changement de 

phase et le travail théorique maximal. Le profil de changement de phase pour l'eau a un nombre 

φ de 0,56, ce qui montre qu'il peut encore être amélioré, tandis que l'éthanol présente un profil 

de changement de phase efficace avec un nombre φ de 0,99. Pour un travail maximal plus faible, 

un profil de changement de phase plus efficace produit une amplitude d'oscillation plus élevée, 

qui est de 10,2 mm pour l'éthanol contre 7,2 mm pour l'eau. Cette étude ouvre une nouvelle voie 

vers l'ingénierie du changement de phase afin d'optimiser les oscillations dans les caloducs 

pulsés et les moteurs thermiques fluidiques auto-oscillants. 
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Mots clés: auto-oscillation, film mince, évaporation-condensation, angle de phase, mèche, 

efficacité du changement de phase. 

4.1 Introduction  

The thermally induced oscillatory plug flow is found in pulsating heat pipes (PHPs) for thermal 

management [38,113,114], in self-oscillating fluidic heat engines (SOFHEs) for thermal energy 

harvesting [105,109,115,116], and in pumping applications [51,117]. The unit cell of these 

devices is a vapor bubble-liquid plug enclosed in a capillary tube called single-branch PHP that 

is exposed to a thermal gradient [40–43,50,51,118,119]. To form this unit cell, we simply need 

a capillary tube filled with a working fluid that is partially heated at a closed end to form the 

vapor bubble (evaporator section) and cooled at the opposite end (condenser section) that can 

be open (atmospheric pressure) or closed by connecting it to a reservoir. By perturbing the 

equilibrium, by increasing the evaporator temperature or decreasing the external pressure for 

instance, the system can become unstable and oscillations start. In pulsating heat pipe 

applications, the oscillating motion is used to carry heat along the tube. In heat engine 

applications, however, the pressure pulsations are leveraged instead to actuate a transducer for 

electric power generation or for pumping. Therefore, the working principles of these devices are 

similar but their application distinguishes them from one another. To optimize PHPs 

performance (Figure 4-1 left), the output heat has to be maximized while it must be minimized 

for SOFHEs (Figure 4-1 right) due to efficiency concerns.  

 

Figure 4-1 PHP’s application to cool a hot surface and its equivalent Sankey diagram (left), SOFHE’s application 

as a thermal energy harvester and its Sankey diagram (right) [120]. 

This vapor bubble coupled with the liquid plug is modeled as a viscous damped spring-mass 

system [43,57,108,121]. To understand the instability mechanism that leads to oscillations, 

Tessier-Poirier et al. [48] proposed a dimensionless number called the Instability number that 

consists of the ratio of phase change force to friction force, deduced from analytical model of 

the system. For an Instability number greater than one, which is when the phase change force is 

greater than the viscous losses, the system becomes unstable and oscillations start. The 

amplitude of oscillation grows due to the phase-change acting as a positive feedback and then 

stabilizes due to the nonlinearities that exist in the system [122]. These nonlinearities have 
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different sources, including the thermal gradient, the phase change mechanism, geometrical 

restrictions, etc. They also proposed an analytical expression for amplitude of oscillation that is 

a function of a phase change coefficient. It is shown that the phase change coefficient is a 

bifurcation parameter that needs to be larger than a threshold to make the system unstable for 

startup. By further increasing of the phase change coefficient, the amplitude increases. 

Therefore, the phase change plays a key role in the oscillation startup and the amplitude growth 

which in turn decreases thermal resistance in PHPs [123] and increases output power in SOFHEs 

[115].  

This phase change is generally produced from a thin liquid film left behind the oscillating 

meniscus that deeply penetrates inside the evaporator [38,40–44]. For the meniscus penetration, 

it is required to find the correct combination of reservoir pressure (external pressure), evaporator 

temperature and condenser temperature. Rao et al. [124] successfully obtained oscillations for 

FC72 and pentane while with de-ionized water and ethanol, they were unable to find any 

combination of reservoir pressure (0.2 to 1 bar), evaporator temperature (-10 to 120⁰C) and 

condenser temperature (-10 to 120⁰C) to make oscillations start. It has been also reported that 

start up is difficult to achieve with water and ethanol even in multi-branch PHPs [20–22]. To 

facilitate startup or intensify the phase change in PHPs, surface modifications have been 

proposed, including reentrant cavities [123], coating the inner tube wall with micro particles 

[127], adding wicking structures like micro grooves [82] and ultra-sharp grooves [83]. To justify 

the effect of these modifications, only thermal resistance of PHPs was evaluated. However, there 

is no measurement to justify how these modifications affect the phase change or a method to 

evaluate the effectiveness of the phase change mechanism. 

In this paper, we study how surface modifications and choice of the working fluid impact the 

phase-change, which in turn affects the oscillation amplitude. Firstly, phase change rate (the rate 

of change of mass of vapor) is experimentally measured in a thermally self-sustained oscillatory 

flow with two different phase change mechanisms and working fluids (water and ethanol). The 

first mechanism is the phase change from a thin film left behind the oscillating meniscus and 

the second mechanism is using a wicking fiber. Secondly, a method is proposed to study the 

effectiveness of the phase change from both mechanisms and compare it for the two working 

fluids. The method is based on characterizing the phase angle between the phase change rate 

and displacement that consequently defines the phase angle between the phase change force and 

velocity. We show that the work done by the phase change is maximized when the phase change 

force is in phase with velocity. Therefore, it is suggested that not only the magnitude of phase 

change rate is relevant, but also its phasing with the meniscus motion. Finally, to evaluate the 

effectiveness of the phase change profile, a dimensionless number called Phase Change 

Effectiveness (PCE) is introduced that equals the ratio of the work done by the phase change to 

the maximum work where the force is perfectly in phase with velocity. 

4.2 Methodology  

4.2.1 Experimental set-up 
The experimental setup used to measure the rate of change of mass of vapor (phase change rate) 

in an oscillatory plug flow is shown in Figure 4-2. As shown in the exploded view (Figure 4-2a), 

a hot block (heated with a cartridge heater) and a cold block (cooled by a thermostatic bath) in 

aluminum are designed to form the evaporator and condenser, respectively. A glass capillary 

tube (Din=2 mm, Dout=4 mm) is O2 plasma treated for cleaning and hydrophilicity at a power 
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100W for 2 min. Tube supports with a semi-circular groove are designed to hold the glass tube. 

The tube supports are clamped to the blocks using an L-shape clamp and thermal paste. We then 

place the glass tube inside the groove, with a layer of conductive thermal paste to reduce the 

contact thermal resistance. The tube is then filled with a working fluid (deionized water or 

ethanol) and fixed using Peek clamps. The degassing of the water is through one-step boiling of 

deionized water and a syringe is used to directly take the boiling water from the beaker. To fill 

the glass tube, the syringe is then connected to the tube using a plastic connection. The blocks 

(evaporator and condenser) are separated by a small distance (4mm) creating a so-called 

adiabatic section. A small hole is designed in the tube supports to embed thermocouples to 

control the evaporator (TH) and condenser temperature (TC). The length of evaporator (Lv) and 

condenser (Ll) can be adjusted between 1 and 10cm using different combinations of tube 

supports. The heated end of the tube is closed with a pressure sensor (PX26, OMEGA 

Engineering) to measure pressure change in the vapor bubble (Pv) and the cooled end is open to 

the ambient air (external pressure, Pvo=101.3 kPa). A high-speed camera (PCO. 1200 hs) is used 

to record the position (x) of the oscillating meniscus for volume measurement (Vv). The pressure 

and position measurements are synchronized using a data acquisition board USB-1608GX. To 

play with the phase change, a polyimide coated glass fiber (capillary with closed ends, 

Polymicro, external diameter of 350µm) is inserted inside the tube from condenser side (open 

end) all the way into the evaporator zone. The fiber forms capillary corners with the glass tube 

and pumps liquid from the liquid plug towards the evaporator zone [120] (see appendix A for 

more details).  

To conduct a test, the condenser temperature is set at 20 ̊C and the heating process starts. A 

vapor bubble forms and grows lengthwise until the liquid meniscus reaches an equilibrium point 

that is usually located in the adiabatic zone. By increasing the heater temperature further, the 

system becomes unstable and oscillations start. The phase change, that is the change of mass of 

vapor (mv) due to evaporation-condensation, is calculated using the ideal gas law [120]. 

𝑚𝑣 =
𝑃𝑣𝑉𝑣
𝑅𝑇𝑣

=
𝑃𝑣(𝑥 + 𝐿𝑣0)𝐴

𝑅𝑇𝑣
 (4-1) 

Where R is the specific gas constant, Lv0 is the length of vapor bubble at equilibrium, A is the 

cross-section area of the tube, and 𝑇𝑣 is the vapor temperature, which is assumed to be constant 

and equal to the evaporator wall temperature (TH). This assumption is valid since it is shown by 

Gully et al. [100] that the vapor is superheated and its temperature fluctuates ±1 ̊C from the wall 

temperature. Besides, as shown by Rao et al. [40], even if the vapor temperature deviates ±10 ̊C 

from the wall temperature, this leads to only ±3% error in the mass of vapor which means the 

calculated mass of vapor is still valid. For the following test, we adjust Lv and Ll at 6cm and 

8cm, respectively. 
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a) 

 

b) 

Figure 4-2 The test setup to measure phase change rate (evaporation-condensation) in a thermally self-induced 

oscillatory flow inside a capillary tube: a) exploded view, b) real top view. 

4.3 Results 

4.3.1 Thin film phase change: beating oscillations 
Figure 4-3 shows the measured meniscus displacement and phase change rate as a function of 

time for water. Regarding the blue curve for meniscus displacement, negative and positive 

values mean positions near the evaporator and condenser, respectively. The phase change rate 

(green curve) is the net evaporation-condensation rate. It should be noted that both evaporation 

and condensation can occur simultaneously at different locations within the vapor bubble since 

it spans zones with different wall temperatures. A negative value means net condensation (more 

condensation than evaporation) and a positive value means net evaporation. One can observe 

oscillations with a periodic sudden increase in amplitude followed by a slow decay. The 

recorded video during oscillations shows a thin film that is left behind the meniscus. It was 
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observed that the oscillations last as long as there is the thin film to feed the evaporation. When 

the thin film disappears, the oscillations stop and the meniscus starts penetrating inside the 

evaporator. This coincides with the negative phase change rate shown in the green curve. When 

the meniscus sweeps a certain length in the evaporator, the evaporation rate exceeds the 

condensation rate, the meniscus starts to move towards the condenser and the cycle repeats. The 

liquid film strongly contributes to the evaporation since it is thin with a low thermal resistance. 

We could not observe any startup for ethanol as the working fluid.  

 

Figure 4-3 Meniscus displacement and phase change rate for water showing periodic oscillations resulting from 

dryout of the thin liquid film left behind the meniscus. 

The depth of meniscus penetration inside the evaporator is a function of evaporator temperature. 

As the pressure signal shows in Figure 4-4 1, at lower evaporator temperature (110 ̊C), 

oscillations have higher amplitude and last longer compared to the higher temperature (140 ̊C). 

This is because the meniscus sweeps a longer distance of the evaporator and hence, it leaves a 

longer film in the evaporator while receding. As the evaporator temperature increases, the 

meniscus penetrates less and less inside the evaporator, which means leaving a shorter thin film 

and consequently less evaporation, so shorter periods. 

                                                 
1 The reason why the pressure signal is used instead of the position is that the meniscus displacement is beyond the 

camera access at lower temperature. The periodic patterns for the position and pressure signal are identical. 
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Figure 4-4 The measured pressure at two different evaporator temperatures, with a magnified inset showing 

higher pressure amplitude at lower temperature resulting from longer depth of meniscus penetration inside the 

evaporator.   

4.3.2 Modified phase change by wicking fiber: a method for stable 

oscillations  
To enhance the phase change, a wicking fiber is inserted inside the tube, extending from the 

condenser zone into the evaporator zone. The fiber forms corners with the inner wall of the glass 

tube and is in contact with the liquid plug so it can pump liquid towards the evaporator zone. 

This increases the thin film length for evaporation and also makes the length of the film 

independent of the oscillation amplitude. As shown in Figure 4-5, this capillary action forms a 

thin liquid film around the fiber with a long triple point line and interfacial surface area that are 

favorable for evaporation. The effect of adding fiber is explained more in details in our previous 

study [120]. In the presence of the wicking fiber, the meniscus barely touches the evaporator. It 

mostly oscillates in the adiabatic zone and the condenser. This suggests that the thin film formed 

through capillary action mainly contributes the evaporation. 

 

Figure 4-5 A frame of the recorded video during oscillations presenting: a) top view of the vapor, liquid, 

oscillating meniscus, fiber, and the thin film b) magnification of the thin liquid film around the fiber (the zone 

specified with white dashed lines) c) the cross-section schematic of the thin film formed by capillary action 

through the corners between the inner wall of the glass tube and the fiber. 

Figure 4-6 a presents the measured meniscus displacement and phase change rate for water in 

the presence of the wicking fiber. Adding the fiber significantly changes the stability of the 
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oscillations and yields stable oscillations with a constant amplitude and unique frequency 

compared to the system without a fiber shown in Figure 4-3. The amplitude of the phase change 

rate significantly increased from around 200 µg/s without the wicking fiber to 1050 µg/s with 

the wicking fiber. The capillary action through the formed corners between the fiber and the 

tube inner wall constantly pumps liquid towards the evaporator and prevents the oscillations 

from decaying. The thin film does not dryout as the capillary pumping is able to replenish the 

evaporated liquid. Figure 4-6 b is for ethanol that did not show any start up without the fiber but 

now does with the fiber. In the presence of the fiber, the mean position of the meniscus is 

completely pushed into the condenser while with water it is placed in the adiabatic zone. 

 

a) Water 

 

b) Ethanol 

Figure 4-6 Meniscus displacement and phase change rate as a function of time in the presence of the wicking 

fiber for a) water b) ethanol. 

 v 
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4.3.3 Phase change profile  
This section is to better show the difference in phase change profiles for different mechanisms 

and working fluids and to compare the profiles with an ideal theoretical one that will be 

discussed in section 4.4.2. The phase change profile is the graph of net evaporation-condensation 

rate as a function of displacement. The phase change profile for water (without the fiber) 

showing beating oscillations is presented in Figure 4-7 with an inset showing the cycles of the 

corresponding profiles. As the phase change rate decreases due to the thin film dryout, the 

oscillation amplitude decreases, which corresponds to shrinking phase change profiles. The 

phase change profiles for stable oscillations in the presence of the wicking fiber for water and 

ethanol is plotted in Figure 4-8. The two working fluids show different phase change profiles. 

This could be explained by the fact that for ethanol, the thin film left behind the meniscus 

experiences a more uniform temperature profile since the mean position of the meniscus is in 

the condenser where we have a fixed temperature boundary condition. However, the thin film 

for water is more affected by the temperature fluctuations since the mean position of the 

meniscus is placed in the adiabatic section that could lead to a higher hysteresis in the phase 

change profile. 
 

 

Figure 4-7 The phase change profile (evaporation-condensation rate as a function of displacement) with an inset 

indicating the corresponding cycles for beating oscillations with water.   
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Figure 4-8 The phase change profile in the presence of the fiber for water and ethanol. The gray bands represent 

the measurement uncertainty. 

4.4 Discussion 

4.4.1 Phase change force and work 
To evaluate how effective the phase change profiles are, we propose a method that is based on 

analyzing the phase angle between the phase change force and velocity. To do so, we first need 

to deduce the force (Eqn 2a) generated by the phase change (Fm) using a momentum balance on 

the liquid plug (Figure 4-9):  

 

Figure 4-9 Applied forces on the liquid plug. 

𝑚𝑙�̈� = (𝑃𝑣 − 𝑃𝑣0)𝐴 − 𝐹𝑓 (4-2a) 

where ml is the mass of liquid plug, Ff  is friction force, and �̈� is the acceleration of the oscillating 

meniscus. Surface tension has been found to be negligible in this case [42,118,128]. Now, the 

vapor bubble pressure (Pv) can be described with the ideal gas law as follows: 

𝑚�̈� = (
𝑚𝑣𝑅𝑇𝑣

𝐴(𝐿𝑣0 + 𝑥)
−
𝑚𝑣0𝑅𝑇𝑣
𝐴𝐿𝑣0

)𝐴 − 𝐹𝑓 (4-2b) 

where mvo is the mass of vapor at equilibrium. By replacing 𝑚𝑣 = ∆𝑚𝑣 +𝑚𝑣0, �̃� = 𝑥/𝐿𝑣0, and 
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∆𝑚�̃�= ∆𝑚𝑣/𝑚𝑣0 in equation (4-2b) and reorganizing the terms, equation (4-2c) is formulated 

to more clearly define the involved forces in the momentum balance: 

𝑚�̈� =
𝑃𝑣0𝐴

(1 + �̃�)
∆𝑚�̃�

⏟        
𝐹𝑚

−
𝑃𝑣0𝐴

(1 + �̃�)
�̃�

⏟      
𝐹𝑣

− 𝐹𝑓 
(4-2c) 

Equation (2c) states that the change of momentum is due to the force produced by phase change 

(change of vapor mass, Fm), spring force (Fv) generated by the expansion-compression, and 

friction force (Ff). The spring force is conservative and does not affect the growth or decay of 

the oscillation amplitude. However, the competition between the injected energy from the phase 

change force and the dissipation through friction controls the growth or decay of the amplitude 

for this spring-mass system. Knowing the force, the work done by phase change can be 

calculated using: 

𝑊𝑚 = ∮𝐹𝑚�̇� 𝑑𝑡 (4-3) 

where Wm and �̇� are work done by the phase change force and velocity of the oscillating 

meniscus, respectively. The calculated work will be used to show the effect of phase angle 

(section 4.4.2.) and to define a dimensionless number (section 4.4.3.) by which the effectiveness 

of the phase change is evaluated.   

4.4.2 Ideal phasing 
To maximize the work done by the phase change force, which in turn maximizes the amplitude 

of oscillations, the force has to be in phase with velocity. In Figure 4-10a, we can observe that 

the force and velocity are not perfectly in phase for water (with the fiber). The power (Figure 

4-10b) is therefore positive in some parts of the cycle (green zones) but negative in others (red 

zones). This effectively reduces the effectiveness of phase change in sustaining the oscillations. 

To find an ideal phasing, we propose theoretically shift (Δθ) the measured force and velocity 

and integrate their product at each phase shift to find maximum work. For water, we have found 

the maximum work at a phase shift of Δθ = 52̊ . Figure 4-10c and d show the shifted force and 

velocity, along with the power for this ideal phasing. The height increase of the green area and 

shifting from red zone (negative work) to the green zone (positive work, which injects energy 

into the oscillator increasing the amplitude) is the result of having ideal phase angle between 

phase change force and velocity. 

The plotted graphs for ethanol show that the phase angle between the force and the velocity is 

naturally ideal, since the maximum work is at Δθ = 0̊ and as shown the resulting product of the 

two is all in the green area (Figure 4-11).  

The maximum amplitude of oscillation with water is 7.2 mm for phase change work of 51 

µJ/cycle. From the above study, an improved phasing could increase the work to 112µJ/cycle, 

suggesting even higher amplitude. With ethanol, the amplitude of oscillations is 10.2mm with 

the phase change work of 94 µJ/cycle (lower maximum work compared to water). This 

comparison reveals that if the phase angle between the phase change force and velocity is 

improved for water, the oscillation amplitude should be more than with ethanol.  



64 

 

 

Figure 4-10 The velocity and phase change force (top) and their product (bottom) as a function of time with a,b) 

for the real phase angle, and c,d) for the ideal phase. Water in the presence of the fiber. 

 

Figure 4-11 The velocity and phase change force (a) and their product (b) as a function of time showing an ideal 

phase angle between phase change force and the velocity. Ethanol in the presence of the fiber. 

As a frame of reference, a linear phase change profile (see Figure 4-8) is an example of profile 

with ideal phase angle between the phase change force and velocity [48]. The linear phase 

change profile generates a force that is optimally in phase with velocity, which means all the 

work done by this force contributes to the increase of amplitude. However, the phase change 

profiles presented hereby (Figure 4-8) show hysteresis, particularly with water while with the 

profile with ethanol is closer to the ideal linear profile. 

4.4.3 Effectiveness of phase change 
In this section, a dimensionless number called Phase Change Effectiveness (PCE) is introduced 

to evaluate the effectiveness of a phase change profile. The φ number equals the ratio of the 
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work done by the phase change (Wm) to the maximum work (Wm,max) assuming an ideal phase 

angle between the force and velocity (Eqn 4).   

𝜑 =
𝑊𝑚

𝑊𝑚,𝑚𝑎𝑥
 (4-4) 

When φ is one, there is no loss of generated energy by phase change since the phase change 

force is in phase with velocity during the complete cycle. The phase change effectiveness φ = 

0.5 with water reveals that there is still room to increase the phase change work by improving 

the phase angle between the phase change force and velocity which would in turn lead to higher 

amplitude and performance. However, with ethanol the φ = 0.99, which is coherent with the 

ideal phase angle between the phase change force and velocity observed above. Figure 4-12 

better shows how the φ number changes as a function of the phase shift between the phase 

change force and velocity for both water and ethanol. The φ value at Δθ = 0 corresponds to the 

real phase angle between the measured phase change force and velocity, while the maximum 

value is Δθ = 52̊ for water, confirming that the force and the velocity are partially out of phase. 

The φ number for ethanol at Δθ = 0 coincides with the maximum, showing the force and velocity 

are well in phase. Apart from different equilibrium position of the meniscus with water and 

ethanol, this difference can be also attributed to the difference in their latent heat. As shown in 

Figure 4-10a, the phase change force with water lags behind the velocity indicating more 

required time (due to higher latent heat) for the same amount of mass to be evaporated compared 

to ethanol. However, viscosity and surface tension are less likely to affect the phase change 

timing as their main contribution is to the formation of the thin. In a general case, ethanol with 

lower surface tension and higher viscosity compared to water is more favorable for the formation 

of the thin film but in the presence of the fiber, it was observed that the same length of the thin 

film were formed with water and ethanol. To see the effect of having different lengths of thin 

film and its effect on the phasing, we changed the length of the fiber and noticed that it does not 

affect the phasing [120].      

 

Figure 4-12 The phase change effectiveness, φ, as a function of phase shift between the phase change force and 

the velocity for water and ethanol. An ideal phase corresponds to φ =1. 
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4.5 Conclusion   

This paper proposes a method to analyze the effect of phasing and amplitude of phase change 

(evaporation-condensation) on the amplitude and stability of the oscillations in a thermally self-

sustained oscillatory plug flow for two different working fluids: water and ethanol. The recorded 

pattern for water shows an increasing and decaying oscillating regime (beating phenomena) due 

to the shortage of the thin liquid film feeding the phase change. A wicking fiber is then inserted 

into the evaporator zone to play with the phase change mechanism. This approach significantly 

increases the amplitude of phase change yielding stable oscillations by providing enough thin 

film through capillary action. The startup did not happen for ethanol without the wicking fiber 

while the fiber initiates oscillations with a very different phase change profile from the one 

observed for water. To maximize the amplitude of oscillations, the work generated by the force 

from phase change should be maximized. To do so, the force should be in phase with velocity 

during a cycle. To validate the effectiveness of the discussed phase change profiles, we introduce 

a dimensionless number called Phase Change Effectiveness (φ) that is the ratio of the work done 

by phase change to the maximum work (where the force and velocity are perfectly in phase). 

With water in the presence of the fiber, the φ number is at 0.56 meaning that around half of the 

energy from the phase change does not contribute to increase the oscillation amplitude. 

However, this number is at 0.99 with ethanol in the presence of the fiber, revealing that the 

phasing is essentially ideal for ethanol. The approach we propose allows to evaluate different 

phase change mechanisms in a self-sustained oscillatory flow that can be engineered by different 

techniques, from surface treatment to surface tailored structures. We expect that this approach 

can allow the optimization of the oscillation amplitude of PHP and SOFHE devices and 

therefore guide the future development of these applications.  
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Abstract: This paper reports the design, fabrication, and characterization of a miniaturized 

version of a self-oscillating fluidic heat engine (SOFHE) for thermal energy harvesting. This 

new design includes capillary corners of a square cross-section, as well as an etched capillary 

path on the bottom wall that improves the performance in terms of stability and mechanical 

power owing to the enhanced phase change. The engine consists of a vapor bubble trapped in a 

microchannel by an oscillating liquid plug (acting as a piston) set in motion by periodic 

evaporation and condensation in the vapor bubble. The underlying physics of the oscillations is 

similar to those of a single-branch pulsating heat pipe. The channel is microfabricated by 

anodically bonding a grooved glass wafer (top and sidewalls) to a silicon wafer (bottom wall). 

To further increase the phase change, two more channels are fabricated with an etched capillary 

path on the bottom wall at two different widths of 25 and 50 µm and a depth of 100 µm. This is 
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the first miniaturized SOFHE that generates a reliable amplitude in the millimeter range. By 

measuring the change in the volume of the vapor bubble and the frequency, we calculated the 

change in pressure using the momentum balance on the liquid plug, and then calculated the 

work, mechanical power, and power density. We observed that the addition of the etched 

capillary path at a width of 50 µm led to a twofold increase in the amplitude (from 1.6 to 4 mm) 

and consequently a fivefold increase in the generated power (from 7 to 39 µW). This study opens 

a new path towards designing different wicking structures to maximize the amplitude and power 

density of SOFHE, making it a promising thermal energy harvester to power wireless sensors. 

Keywords: Micro heat engine, thermal harvesting, self-oscillation, phase change, capillary, 

single-branch pulsating heat pipe. 

Résumé français: Cet article présente la conception, la fabrication et la caractérisation d'une 

version miniaturisée d'un moteur thermique fluidique auto-oscillant (SOFHE) pour la collecte 

d'énergie thermique. Cette nouvelle conception améliore les performances en termes de stabilité 

et de puissance mécanique grâce à l'amélioration du changement de phase à travers les coins 

capillaires de la section carrée, ainsi qu'à un chemin capillaire gravé sur la paroi inférieure. Le 

moteur consiste en une bulle de vapeur piégée dans un microcanal par un bouchon liquide 

oscillant (agissant comme un piston) mis en mouvement par l'évaporation et la condensation 

périodiques dans la bulle de vapeur. La physique sous-jacente des oscillations est similaire à 

celle d'un caloduc pulsant à une seule branche. Le canal est microfabriqué par collage anodique 

d'une plaquette de verre rainurée (dessus et parois latérales) à une plaquette de silicium (paroi 

inférieure). Pour augmenter encore le changement de phase, deux autres canaux sont fabriqués 

avec un chemin capillaire gravé sur la paroi inférieure à deux largeurs différentes de 25 et 50 

µm et à une profondeur de 100 µm. Il s'agit du premier SOFHE miniaturisé qui génère une 

amplitude fiable de l'ordre du millimètre. En mesurant le changement de volume de la bulle de 

vapeur et la fréquence, nous avons calculé le changement de pression en utilisant le bilan de 

quantité de mouvement sur le bouchon liquide, puis nous avons calculé le travail, la puissance 

mécanique et la densité de puissance. Nous avons observé que l'ajout du chemin capillaire gravé 

d'une largeur de 50 µm conduisait à une multiplication par deux de l'amplitude (de 1,6 à 4 mm) 

et par conséquent à une multiplication par cinq de la puissance générée (de 7 à 39 µW). Cette 

étude ouvre une nouvelle voie vers la conception de différentes structures de mèches pour 

maximiser l'amplitude et la densité de puissance de la SOFHE, ce qui en fait un collecteur 

d'énergie thermique prometteur pour alimenter des capteurs sans fil. 

Mots clés: Micro-moteur thermique, récolte thermique, auto-oscillation, changement de phase, 

capillaire, caloduc pulsé à une seule branche. 

5.1 Introduction 

The move of our society towards an increasingly smart world has led to the emergence of the 

“Internet of Things (IoT),” which consists of objects with embedded sensors that capture data 

and exchange it with other devices over the Internet [96]. For example, smart cities take 

advantage of IoT for sustainable development practices, including transportation networks and 

waste management. To do so, a massive network of wireless sensors is implemented; thus, there 

is a need for durable and autonomous means to power them [97]. To address this increasing 

demand, energy harvesting, which generates electricity from ambient energy sources, has come 

into perspective. Thermal energy harvesters (TEH) are promising candidates for applications 
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where waste heat is available. TEHs can convert thermal energy into electricity directly using 

thermoelectric generators (TEGs) or indirectly (thermal-to-mechanical-to-electrical) using heat 

engines coupled with transducers. The performance of TEGs, which is based on the Seebeck 

effect [5], is limited by the figure-of-merit of the materials. The advantage of the latter is their 

flexibility in terms of design and room for optimization. The self-oscillating fluidic heat engine 

(SOFHE) is a novel micro heat engine first introduced and studied by the same research group 

[48,105,106,115,116,120,122,129]. The SOFHE  was proposed to power wireless sensors when 

coupled with an electromechanical transducer [105] as a thermal energy harvester. As shown in 

Figure 5-1, the SOFHE harvests waste heat and converts it into mechanical energy, which, in 

turn, is converted into electrical energy by a transducer. It has a mechanical power density in 

the range of fractions of milliwatts/cm3 [115], which can be used for many wireless sensors with 

an average power requirement of microwatts. The SOFHE can provide the benefit of being 

maintenance-free, which is particularly valuable when accessibility is limited. As the SOFHE 

does not have moving parts that can wear out or consume materials like batteries, it is expected 

to continue functioning if the device is perfectly sealed to maintain hermiticity and retain the 

fluid inside. SOFHE’s mechanical power could also be directly used for pumping when 

combined with appropriate valves [117], for cooling electronics, lab-on-chip, or other 

microfluidic applications. 

 

Figure 5-1 SOFHE application, harvesting waste heat to power wireless sensors [116].  

The working principle of the SOFHE is similar to that of a single-branch pulsating heat pipe 

[38]. The SOFHE is a channel filled with working fluid, with one heated closed end (evaporator) 

and one cooled open end (condenser). When the closed end is heated, a vapor bubble forms and 

expands until it reaches an equilibrium point. Once the vapor is established, it will remain 

trapped by an oscillating liquid plug that acts as a piston (Figure 5-2). The piston provides 

mechanical work through a unique oval-shaped phase change thermodynamic cycle [115]. There 

are other examples of micro heat engines, including micro gas turbines [19,130] and micro steam 

turbines [23][24][22], which demonstrate traditional Brayton and Rankine thermodynamic 

cycles, respectively. They offer high power (watt-scale), but have the complexity of high-speed 

rotating parts. The simple design of an SOFHE with no moving parts gives it an advantage over 

microturbines for applications with lower power requirements. Compared to other phase-change 

micro heat engines, including the so-called P3 engine (peak power at 0.8 µW) [8] and bi-stable 

membrane (mechanical power at 1.3 µW) [17,18], SOFHE offers a mechanical power that is 

100X greater. It should be mentioned that unlike some other micro heat engines, the mechanical 

power density of the SOFHE has not yet been optimized, and there is room for further 

improvement. For example, in a mesoscale SOFHE, it was shown that both the mechanical 
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power and power density increased as the length of the liquid plug decreased [115]. This is a 

promising outcome for the miniaturization of SOFHE. Besides, it was observed that varying the 

phase change rate (evaporation-condensation) significantly boosts the power density [115]. 

 

Figure 5-2 The complete expansion-compression cycle of the vapor bubble for producing work (real cycle) [116]. 

The self-sustained oscillatory flow in the SOFHE is modeled as a damped spring-mass system, 

where the vapor bubble acts as the restoring force, the friction of the liquid plugs induces 

damping, and its mass provides inertia [43,57,108,121]. The force that sustains the oscillations 

in this system is the pressure generated by the change in the mass of the vapor due to cyclic 

evaporation and condensation. To perturb the equilibrium of this spring-mass system for 

oscillation start-up, the force generated by the phase change must be greater than the 

counteracting viscous force [48]. During start-up, the amplitude gradually increases until it 

saturates, owing to the nonlinearities that exist in the system. These nonlinearities might 

originate from different sources, such as phase change limitations or geometrical restrictions, 

which are discussed in detail by Tessier-Poirier [122]. It has been shown that the SOFHE power 

increases with the amplitude of the oscillation when the evaporation-condensation rate is 

enhanced (for a constant frequency) [115]. The common mechanism for the phase change 

(evaporation-condensation) in this thermally induced self-oscillatory flow is a thin film that is 

left behind the moving meniscus [40]. This makes the motion dependent on oscillation 

amplitude. To overcome this problem, liquid must be introduced into the evaporator to form a 

thin film that feeds the phase change and facilitates the start-up. Adding wicking structures such 

as capillary grooves [82,83], corners [25,26], and wicking fibers [120,129] are promising 
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solutions. In a mesoscale version of the SOFHE, which is a tube with a millimeter-scale inner 

diameter, the mechanical power of the SOFHE showed a significant increase (thirtyfold) by 

boosting the phase-change rate in the presence of a wicking fiber [115]. The wicking fiber forms 

capillary corners with the tube, pumps liquid from the liquid plug towards the evaporator, and 

intensifies the net evaporation rate. In the first microfabricated demonstration of SOFHE [106], 

which was fabricated by bonding two glass wafers that were wet-etched to form a microchannel, 

very small-amplitude vibrations (10 µm) were observed. To address the issue of a small 

amplitude in micro SOFHE and to establish a reliable start-up mechanism, we aim to increase 

the net evaporation rate. This was first performed by forming a square cross-section 

microchannel with sharp corners to imitate the role of the fiber observed in the mesoscale 

SOFHE. The initial results of this approach were presented at the PowerMEMS 2022 conference 

[116]. The current study extends this work by adding etched capillary paths to enhance wicking 

behavior. To evaluate the effect of the phase-change enhancement with these features, the 

amplitude and frequency were experimentally measured and compared for three different micro 

SOFHEs, including one with no etched capillary path and two with etched capillary paths of 25 

and 50 µm in width. To further understand the impact of phase-change enhancement in micro 

SOFHE, a discussion on the forces, thermodynamic work per cycle, power, and power density 

is also presented. 

5.2 Methodology 

5.2.1 Device  
The engine is a microfabricated square channel that benefits from its corners acting as a capillary 

path. The channel was formed by anodically bonding silicon (thickness 500 µm) to a glass wafer 

(borofloate33, thickness 600 µm) to provide visual access inside the device and better thermal 

insulation. Before bonding, the channel was grooved on a glass wafer using a dicing machine 

(Disco DAD-320) with a hydraulic diameter (Dh) of 375 µm. In some configurations, an 

additional capillary path was added by etching a trench in Si along the channel length. Figure 

5-3 shows the cross section of the fabricated device, with a dashed trench representing the etched 

capillary path on the bottom wall. To create the trench, a two-level masking process is followed, 

as shown in Figure 5-4. The first level involves creating alignment marks on both Si (lithography 

and RIE) and glass wafers (lithography and hydrofluoric acid (HF) wet etching). Second-level 

masking involves creating a capillary path on a Si wafer by deep reactive ion etching (DRIE). 

The wafers were cleaned using solvent and Piranha. Before bonding, diluted HF was used to 

remove native oxide on the Si wafer. For the capillary trench, we considered two different widths 

(W) of 25 µm and 50 µm, with a depth (H) of 100 µm and a length of 20 mm. The total length 

of the device is LT=8.5 cm, the thickness is HT=1.1 mm, and the width s WT=3 mm. The volume 

of micro SOFHE is therefore VSOFHE = LT*A =0.26 cm3, where A= HT* WT. The heated end of 

the device was closed with glue, whereas the cooled end was open. 
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Figure 5-3 Cross-section of the microfabricated channel using anodic bonding of Si and grooved glass wafers, 

shown from the open end. The dashed line is the representative of the etched capillary trench included in some 

configurations [116]. 

 

Figure 5-4 Microfabrication process flow.  
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5.2.2 Test setup 
Figure 5-5a shows a disassembled view of the experimental test rig designed to characterize the 

micro SOFHE. The main components are two aluminium blocks: one is heated by a cartridge 

heater, and the other is cooled by cold water from a thermostatic bath. The blocks were mounted 

on an insulating Peek sheet with a slot to adjust the distance between them. This distance, the 

so-called adiabatic zone, allows for a thermal gradient over the device, which was set to 2 mm. 

The device supports were designed to adjust the length of the device in contact with the hot and 

cold blocks. An L-shaped clamp was used to clamp the device support onto the blocks. A 

conductive thermal paste (TG-7) was used to reduce the contact thermal resistance between the 

device and device support. Thermocouples were integrated into the device supports to control 

the temperature of the hot (TH) and cold (TC) zones. 

5.2.3 Test procedure 
To start the test, the device was treated with oxygen plasma to clean and ensure hydrophilicity 

of the inner channel surfaces (at 100 W for 1 min). The device was filled with deionized water 

and mounted on blocks using a thermal paste. Figure 5-5b shows an image of the setup with the 

device mounted on the top. Regarding the working fluid, it can be changed based on the 

available thermal gradient. The lengths of the device in contact with the hot and cold blocks 

form the evaporator and condenser sections, respectively. Herein, the length is set at 3.5 and 4 

cm for the evaporator and condenser, respectively. These specific lengths are chosen to simplify 

the handling and testing of the device. However, they will require optimization in future steps. 

The condenser temperature was set to 15 °C, and the heating process was initiated. A vapor 

bubble (occupying the cross section) forms in the evaporator and grows lengthwise until it 

reaches equilibrium. The equilibrium point was in the adiabatic zone. We then continued to 

increase the evaporator temperature until oscillations started at 120 °C. A high-speed camera 

mounted on a stereoscope recorded the position of the oscillating meniscus as a function of time 

in order to measure the amplitude and frequency of the oscillations. An image-processing 

MATLAB code was used to extract the positions from the recorded video. The uncertainty of 

the amplitude measurement is ±4%, which comes from the calibration to convert pixels into 

micrometers.  

The device without an etched capillary path was characterized at four different evaporator 

temperatures (TH). The tests were performed for two more devices with one capillary path etched 

on the bottom wall at widths of 25 and 50 µm. 
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a) 

 

b) 

Figure 5-5 The experimental test rig to measure the oscillation amplitude and to visualize the oscillating meniscus 

a) schematic exploded view, b) real setup with the device on top [116]. 

5.3 Results 

The new design of micro SOFHE takes advantage of the sharp capillary corners of a square 

cross section to pump liquid into the evaporator. Figure 5-6a (a frame from a recorded video 

during oscillations) shows the wicked liquid in the corners that ends at a triple point (interface 

of solid-liquid-vapor). It also shows a thin film behind the oscillating meniscus, which is 

distinguished by a moving shadow on the top wall. To better visualize the different parts, a 3-D 

schematic of the oscillating meniscus is presented in Figure 5-6b. The line of triple points 

(formed by the thin film behind the meniscus) and the liquid wicked along the corner capillaries 

are the main contributors to the phase change because of their low thermal resistance [44].  

Figure 5-7 shows the amplitude of the oscillations at start-up temperature (120 °C). Positive and 
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negative values indicate moving towards the condenser and evaporator, respectively. The 

measured peak-to-peak amplitude is 1 mm and the frequency of the oscillations is 36 Hz. The 

oscillations are sustained for hours with a constant amplitude, demonstrating highly reliable and 

repeatable behavior. This design also guarantees the start-up of oscillations without the need to 

insert an additional wicking structure, as is required for the mesoscale SOFHE 

[105,115,120,129]. Therefore, the start-up and sustainability of the micro SOFHE are achieved 

by increasing the rate of net evaporation-condensation through the corner capillary. 

 

a) 

 

b) 

Figure 5-6 a) 2-D top view recorded by high-speed camera showing the oscillating meniscus that leaves a thin 

film behind (the shadow covering the top wall) as well as the wicked liquid through corner capillaries (the dark 

edges ending with triple points) [116], b) 3-D schematic to better show the lines of triple points that have main 

contribution to the evaporation due to their low thermal resistance.  
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Figure 5-7 Meniscus displacement as a function of time at evaporator temperature of 120 ̊C for the device without 

an etched capillary path [116] . 

As discussed in our previous study [115] on characterizing mesoscale SOFHE, enhancing the 

phase change by increasing the evaporator temperature (TH) significantly increases the phase-

change rate, which in turn increases the oscillation amplitude. Figure 5-8 shows the evolution 

of the meniscus position as a function of time as the evaporator temperature increased. The 

expected trend is observed in micro SOFHE, where the amplitude of the oscillations increases 

from 1 mm to 1.6 mm by increasing TH from 120 °C to 150 °C. 

 

Figure 5-8 Meniscus displacement as a function of time at four different evaporator temperatures for the device 

without an etched capillary path [116].  
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Observing the positive effect of the capillary pumping of the liquid through sharp corners drove 

the new design of the micro SOFHE, in which a capillary path is etched on the bottom wall. 

Thus, more liquid can be pumped towards the evaporator to intensify the net evaporation rate, 

leading to an increase in the amplitude. As shown in Figure 5-9, the peak-to-peak amplitude 

increases from 1.6 mm to 2.6 mm by adding a capillary path with a width of 25 µm and even up 

to 4 mm for a trench width of 50 µm. The results showed better performance with an increase 

in the width of the capillary path.  

This can be explained by analyzing the capillary flow dynamics inside the capillary path. It can 

be considered a closed channel (with the free surface acting as the fourth wall) if the aspect ratio 

(λ=H/W) of the channel is sufficiently large (λ >1) [131], which is valid in our study (λ=2 and 

4). The volumetric flow in the capillary path is a function of the length of liquid penetration 

along the capillary and the cross-sectional area. The length of liquid penetration along the 

capillary (L) is determined by the surface tension and friction forces, leading to Washburn’s 

equation [132]. 

𝐿2 =
𝜎 cos 𝜃

2𝜇
𝑟𝑡 (5-1) 

where σ is the surface tension, θ is the contact angle, µ is the viscosity, r is the capillary radius, 

and t is the time. As the width of the capillary path increased, the length of the liquid penetration 

increased, and the cross-sectional area led to an increase in the capillary-pumped volumetric 

flow. A higher amount of pumped liquid intensifies the net evaporation rate, resulting in an 

increase in the oscillation amplitude. 

 

Figure 5-9 Increase of the oscillation amplitude because of amplifying wicking action by adding an etched 

capillary path on the bottom wall with the depth of 100 µm at two different widths of 25 µm and 50 µm at 

evaporator temperature of 150 ̊C.  
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5.4 Discussion 

In this section, the micro SOFHE is characterized in terms of the mechanical power density to 

better understand the effect of this increase in amplitude on the SOFHE power. First, it is 

necessary to calculate the applied pressure on the liquid plug owing to the expansion, 

compression, and phase change. To do so, momentum balance is performed (equation 2) on the 

control volume defined over the liquid plug, as shown in Figure 5-10. 

 

Figure 5-10 The forces applied on the liquid plug. 

𝑚𝑙�̈�⏟
𝐹𝑚

= (𝑃𝑣 − 𝑃𝑒𝑥𝑡)𝐴⏟        
𝐹𝑃

− 𝐹𝑓 
(5-2) 

where ml is the mass of the liquid plug (assumed to be constant), Fm is the inertial force, A is the 

channel cross-sectional area, Pext is the external pressure (open end at atmospheric pressure), FP 

is the pressure force, Ff  is the friction force, and �̈� is the acceleration of the oscillating meniscus. 

The friction force experienced by the liquid plug along the wall depended on the velocity profile, 

which was defined based on the kinematic Reynolds number (Reω≡ωR2/υ). The velocity profile 

in a pulsatile flow can be considered a quasi-static Poiseuille profile for Reω <10 [111]. For the 

SOFHE filled with water with a hydraulic diameter of 375 µm and frequency of 36 Hz, Reω=8. 

Therefore, the friction force is well described by the Poiseuille flow [133]: 

𝐹𝑓 = −8𝜋𝜇𝐿𝑙�̇� (5-3) 

where Ll is the length of the liquid plug and �̇� is the velocity of the oscillating meniscus. The 

forces applied to the liquid plug, including inertia, friction, and pressure, as a function of time 

are plotted in Figure 5-11. Forces are intermediate variables used to calculate the work.  
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Figure 5-11 The applied forces on the liquid plug, including friction, inertia, and pressure force as a function of 

time for the device with no etched capillary path at evaporator temperature 120 ̊C. 

Calculating the pressure and measuring the change in the volume of the vapor bubble enables 

us to plot the thermodynamic cycle (P-V) of the SOFHE, as shown in Figure 5-12, at four 

different evaporator temperatures for the device with no etched capillary path. Integrating the 

area of the P-V cycles (equation 4) yields the work performed in each cycle. As shown, 

increasing the oscillation amplitude created a larger P-V cycle that is capable of generating more 

work. A portion of this work is dissipated through the friction of the liquid plug. In the mesoscale 

version of SOFHE, it was shown that at an optimum load, half of the cycle work is consumed 

to overcome friction [115]. This means that the net available work per cycle that the SOFHE 

can provide to a transducer is half the cycle work (Wnet=Wcycle/2). 

𝑊𝑐𝑦𝑐𝑙𝑒 = ∮𝑃𝑣𝑑𝑉𝑣 (5-4) 

5.5   
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Figure 5-12 Thermodynamic (P-V) cycle of micro SOFHE at four different evaporator temperatures. 

Knowing the available net work per cycle and frequency of the SOFHE, the power (P=Wnet*f) 

and power density (Pd=P/VSOFHE) can be calculated. Figure 5-13 shows the power as a function 

of the evaporator temperature at both the micro (solid line) and meso (dashed line) [115] scales. 

The power values are normalized by the maximum power at the highest temperature to better 

compare trends. The results show that the increasing trend of power as a function of the 

evaporator temperature at the microscale is similar to that observed for mesoscale SOFHE. This 

suggests that the miniaturization of the SOFHE does not affect the dependency of the power on 

the evaporator temperature. 

 

Figure 5-13 The normalized power as a function of evaporator temperature at micro and mesoscale SOFHE 

showing an increasing trend for both. 
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The power and power densities of the three devices are listed in Table 5-1 along with the values 

for mesoscale SOFHE [115]. A comparison of the power reveals a five-fold increase (from 8 

µW to 40 µW) by adding a capillary path with a width of 50 µm. The significant increase in 

power by intensifying the phase change through capillary pumping is a key outcome of this 

study, which opens a new path towards designing different wicking structures and optimizing 

them to maximize the amplitude of the oscillation, which enhances the power of the SOFHE, as 

well as the heat transfer of pulsating heat pipes.  

Table 5-1 The power, and power density of the three tested microscale SOFHEs and the mesoscale SOFHE 

showing an increase by adding a capillary path. 

Device Power (µW) 
Power density 

(µW/cm3) 

microscale 

no etched capillary 8 29 

etched capillary, W= 25 µm  25 95 

etched capillary, W= 50 µm  40 150 

mesoscale 

[115] 
glass tube with wick fiber 1827 609 

5.6 Conclusion   

In this study, the performance of a microfabricated self-oscillating fluidic heat engine (SOFHE) 

is enhanced by boosting the phase change through corner capillaries as well as etched capillary 

paths. The engine was microfabricated by anodic bonding of a Si wafer and grooved glass wafer 

to form a square cross-sectional microchannel with a hydraulic diameter of 375 µm. The sharp 

corners in the square channel act as capillary paths, pumping liquid from the liquid plug towards 

the evaporator. This intensifies the phase-change rate, which in turn increases the oscillation 

amplitude (a key parameter for increasing the SOFHE output power). This design yields a start-

up and sustainability of oscillations with an amplitude in the range of millimeters and a 

frequency of 37 Hz. To further increase the phase change, capillary paths were etched on the 

bottom Si wall of the device using DRIE. This modification led to a two-fold increase in the 

amplitude, which in turn increased the mechanical power five-fold. In future work, different 

wicking structures can be added to SOFHE to engineer phase change. Thus, we can enhance the 

performance of SOFHE to become a promising power supply for wireless sensors when coupled 

with an electromechanical transducer. This strategy also promises to enhance the performance 

of pulsating heat pipes, which are being increasingly considered for the thermal management of 

electronics. 
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Chapter 6 

6 Discussion 

6.1 SOFHE vs TEGs and micro heat engines  

The measurement of mechanical power and efficiency of the SOFHE (chapter 3) provides a 

basis for comparison with other competing technologies, including TEGs and other micro heat 

engines discussed in the state-of-the-art (chapter 2). To facilitate this comparison, Figure 6-1 

illustrates the theoretical second law efficiency of TEGs (calculated using Eqn 2-1) alongside 

the experimentally measured efficiency of the SOFHE. In the context of the SOFHE, two 

efficiency metrics can be defined, which represent upper and lower bounds. In Chapter 3, the 

efficiency calculation considers the saturation temperature corresponding to the highest and 

lowest pressure points of the cycle (upper bound). This temperature difference represents the 

minimum requirement for the SOFHE to function effectively. However, due to the system's 

limitations in efficiently transferring heat, the practical temperature gradient is higher than the 

aforementioned requirement (lower bound).  

Figure 6-1 provides a comparison for the worst-case scenario, where we contrast the lower 

bound efficiency of the SOFHE with the theoretical efficiency of Thermoelectric Generators 

(TEGs).It can be seen that the current stage of the SOFHE, which has not been fully optimized, 

demonstrates that it falls short in competing with TEGs in terms of efficiency. It is important to 

acknowledge that practical efficiency of TEGs is typically lower than their theoretical 

efficiency. Additionally, achieving the theoretical efficiency of TEGs requires the utilization of 

bulky heat sinks, which adversely affects their power density. Power density serves as a more 

relevant metric for evaluating the effectiveness of thermal energy harvesters since the heat 

source is typically not limiting, whereas size and cost are more significant constraints for 

harvesting applications. 

By presenting these findings, it becomes apparent that further research and optimization are 

necessary to enhance the efficiency of the SOFHE and bring it closer to competing with TEGs. 

Moreover, the focus should be on improving the power density of the SOFHE, as this metric 

provides a more comprehensive evaluation of its performance as a thermal energy harvester. 

These insights contribute to the ongoing development and refinement of the SOFHE technology, 

paving the way for its potential integration into various applications in the IoT. 
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Figure 6-1 The second law efficiency of TEGs (theoretical) at different effective figure-of-merit (zT) compared to 

that of the SOFHE (experimental). 

In Table 6-1, a comparison of mechanical power density data from the literature is provided for 

various counterparts of the SOFHE. It is important to highlight that the reported power density 

for the SOFHE is not yet optimized and has potential for improvement. As discussed in Section 

3.3.4, the power density of the SOFHE can be significantly enhanced by considering the effect 

of operating and design parameters. Therefore, it is essential to recognize that the power density 

figure presented for the SOFHE in Table 6-1 is just a starting point, and with further optimization 

and refinement, this technology holds great potential for achieving even higher power densities.  

Table 6-1 Comparison of mechanical power density of the SOFHE with the literature. 

micro heat engine mechanical power density (mW/cm2) 

P3 external combustion [7] [8] 10 

phase change cavity by IMTEK [17][18] 0.016 

bimetal strip HEATec [26][27][28] 2.7 

SOFHE 0.05 

6.2 How to design a better SOFHE 

To achieve maximum mechanical power density with the SOFHE, it has been demonstrated that 

both the amplitude and frequency of the oscillations need to increase. The amplitude can be 

effectively enhanced by focusing on phase change enhancement, which can be achieved through 

the incorporation of wicking structures or by increasing the operating temperature. It is worth 

noting that, in addition to the intensity of the phase change rate, improving its phasing in relation 

to the position also contributes to enhancing the overall efficiency of the SOFHE (refer to 

Appendix B for more details on this aspect). 

On the other hand, to increase the frequency of the oscillations (while maintaining the 

amplitude), the liquid length needs to be reduced. This reduction in the liquid length enables the 
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SOFHE to attain higher oscillation frequencies, thereby optimizing the overall performance of 

the system. Besides, shorter liquid length decreases friction that is favorable for efficiency. 

6.3 Potential of the SOFHE for electrical power generation 

To show the potential of the SOFHE in terms of generating electrical power, an example of 

coupling the SOFHE with an electromagnetic transducer is carried out hereby. The practice is 

for an idealized electromagnetic transducer that is impedance matched (real part) with the 

SOFHE. The effectiveness of electromagnetic vibration transducers hinges on the intricate 

design of electromagnetic coupling. Elements such as magnet size, material properties, and the 

geometric arrangement of the magnet, coil, and magnetic circuit are pivotal in the design phase. 

Faraday’s law of induction underpins the transduction mechanism in these devices. According 

to this principle, altering magnetic flux (φm) through a conductive wire loop induces voltage in 

that loop. The induced voltage is the so–called electromotive force (ε) which is given by [134]: 

𝜀 = − 
𝑑𝜑𝑚
𝑑𝑡

 (6-1) 

If we substitutes the magnetic flux, then the induced voltage becomes: 

𝜀 = −(
𝑑𝐴

𝑑𝑡
𝐵 +

𝑑𝐵

𝑑𝑡
𝐴) (6-2) 

This equation highlights a crucial point: in electromagnetic induction, the alteration of a 

magnetic field (B) within a constant area (A) or the change in area within a constant magnetic 

field yields the same result. Two basic arrangements are shown in Figure 6-2 [134].  

 

Figure 6-2 Two different shapes of coils moving towards a constant magnetic field [134]. 

For coils with N windings and rectangular cross section, the change of overlapping area is: 

𝑁
𝑑𝐴

𝑑𝑡
= 𝑁𝑙

𝑑𝑧

𝑑𝑡
= 𝑁𝑙�̇� (6-3) 

Thus, the emf voltage becomes: 

𝜀 = − 𝑁𝐵𝑙�̇� (6-4) 

Now Faraday’s law can be extended using the chain rule: 

𝜀 = − 
𝑑𝜑𝑚
𝑑𝑧

 ∙
𝑑𝑧

𝑑𝑡
= 𝑘𝑡 ∙ �̇� (6-5) 

where kt is the transduction factor or coupling coefficient:  
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𝑘𝑡 = 𝑁𝑙𝐵 (6-6) 

The electrical circuit of the inductor can be presented as Figure 6-3. The ohmic loss of the load 

is typically represented by a resistor (Rload) in series with the coil resistance (Rcoil) and coil 

inductance (Lcoil). For simplicity, the inductance of the coil is considered negligible which is 

valid for low frequency harvesters. 

 

Figure 6-3 Electrical representation of the electromagnetic transducer [134]. 

The transduction factor (kt) relates the mechanical domain (input force and relative velocity of 

the mass) and the electromagnetic domain (emf and induced current). For closed circuit 

condition, the emf voltage will cause a current to flow. This current creates a magnetic field, 

which opposes the cause according to Lenz’s law. The feedback electromechanical force is 

given by: 

𝐹𝑑 = 𝑘𝑡𝑖 (6-7) 

or together with Faraday’s law and Ohm’s law: 

𝐹𝑑 =
𝑘𝑡
2

𝑅𝑐𝑜𝑖𝑙 + 𝑅𝑙𝑜𝑎𝑑
�̇� (6-8) 

Hence, the dissipative feedback electromechanical force due to the transducer can be represented 

by a velocity proportional viscous damping element with the damping coefficient: 

𝑐𝑒 =
𝑘𝑡
2

𝑅𝑐𝑜𝑖𝑙 + 𝑅𝑙𝑜𝑎𝑑
=

(𝑁𝐵𝑙)2

𝑅𝑐𝑜𝑖𝑙 + 𝑅𝑙𝑜𝑎𝑑
 (6-9) 

For the maximum power transfer between the SOFHE and the transducer, the electromechanical 

damping force coefficient must be matched with the optimum load coefficient for the SOFHE 

(𝑐𝑆𝑂𝐹𝐻𝐸).  

𝑐𝑆𝑂𝐹𝐻𝐸 = 𝑐𝑒 =
𝑘𝑡
2

𝑅𝑐𝑜𝑖𝑙 + 𝑅𝑙𝑜𝑎𝑑
=

(𝑁𝐵𝑙)2

𝑅𝑐𝑜𝑖𝑙 + 𝑅𝑙𝑜𝑎𝑑
 (6-10) 

The power can be now calculated: 

𝑃𝑜𝑤𝑒𝑟 =
𝜀

(𝑅𝑐𝑜𝑖𝑙 + 𝑅𝑙𝑜𝑎𝑑)
2
=

𝑘𝑡�̇�

(
𝑘𝑡
2

𝑐𝑆𝑂𝐹𝐻𝐸
)
2 =

(𝑐𝑆𝑂𝐹𝐻𝐸)
2�̇�

𝑘𝑡
3  

(6-11) 

The power is presented at different transduction factors as shown in Figure 6-4. The practice is 

carried out for the optimum load coefficient of the SOFHE at 10 g/s (experimentally measured 
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as presented in Figure 3-8). The velocity (�̇�) at optimum load is 0.1 m/s (from experimental 

measurement of the amplitude and frequency for data points in Figure 3-8). As shown, lower 

transduction factor (0.2-03 T.m) yields higher electrical power while lower voltage. This 

practice can be carried out for electrostatic and piezoelectric transducers to compare their 

potential in terms of the electrical power generation. 

 

Figure 6-4 Electrical power as a function of the electromagnetic transduction factor (kt=NBl). The power is 

calculated by matching the real impedance of the SOFHE with an idealized electromagnetic transducer.  

6.4 Impedance matching: coupling SOFHE  

As emphasized in section 2.7, achieving impedance matching is crucial for maximizing power 

transfer from the SOFHE to the transducer. To facilitate this process, it is important to 

understand the forces and parameters that affect the impedance of the SOFHE, as outlined in 

Table 2-4. In Table 6-2, the impact of each force and parameter on the performance of the 

SOFHE is presented, providing valuable insights to guide future endeavors aimed at coupling 

the SOFHE with a selected transducer. 

By referring to Table 6-2, researchers can gain a comprehensive understanding of how each 

force and parameter influences the performance of the SOFHE. This information serves as an 

operational guideline, enabling informed decision-making when it comes to selecting and 

optimizing the coupling between the SOFHE and a specific transducer. By considering these 

factors, researchers can enhance the impedance matching process, thus ensuring efficient power 

transfer and maximizing the overall performance of the system. 
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Table 6-2 Summarized effects of the parameters on the SOFHE performance to be used as a baseline for 

impedance matching.  

Parameters of mechanical impedance 
studied effect on SOFHE 

performance 

Evaporation-

condensation rate 

Heat source temperature (increase) 

increase amplitude, increase friction, 

increase net work, increase power 

(section 3.3.4.1) 

Fluid (latent heat, viscosity, surface 

tension, wettability) 

more effective phase change profile 

with lower latent heat leading to higher 

power (see section 4.4.2 and 4.4.3) and 

higher efficiency (appendix B) 

Surface potential (hydrophilicity, 

surface tailored) 

adding wicking fiber (section 3.3.4.2) 

and 

etched capillary path (section 5.3 and 

5.4) increased amplitude and power 

adiabatic zone (increase length) 

the phasing of the evaporation-

condensation varies while amplitude 

remained almost constant (appendix C) 

Heat sink temperature future work 

Inertia 
Liquid length (decrease) 

Diameter 

amplitude constant, friction decrease, 

frequency increase, power density 

increase (section 3.3.4.3) 

spring force vapor length (decrease) 
amplitude decrease, frequency increase, 

power decrease (appendix D) 

Friction force 

angular frequency (vapor length, 

liquid length, liquid density) 

fluid 

Diameter 

Future work 

6.5 Miniaturization of the SOFHE 

The comparison of the mechanical power density between micro and meso scale SOFHEs, as 

presented in Table 5-1, reveals a decrease of approximately one order of magnitude in the micro 

scale. However, the significant fivefold increase in mechanical power achieved in the micro 

SOFHE through the enhancement of phase change by incorporating capillary paths is a 

promising outcome that can compensate for the negative effect of downsizing. 

Optimizing the micro SOFHE design in terms of vapor bubble and liquid plug length presents 

an opportunity to further increase power density. The meso-scale experiments demonstrated that 

decreasing the liquid length leads to an increase in power density (as discussed in Section 

3.3.4.3), while reducing the vapor length (as discussed in Appendix D) results in a decrease in 

power density (which can be mitigated by improving the phase change process). 

In summary, while the mechanical power density of micro SOFHEs initially exhibits a decrease 

compared to meso-scale counterparts, the incorporation of capillary paths to enhance phase 

change demonstrates a remarkable fivefold increase in mechanical power. Further optimization 

can be achieved by improving the phase change process, for example, through surface tailoring, 

and by reducing the liquid length. These measures collectively contribute to the continuous 

improvement and augmentation of power density in micro SOFHEs. 
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6.6 SOFHE for pumping application  

The mechanical power generated by the SOFHE can be effectively harnessed for applications 

requiring mechanical power, such as microfluidic pumping. Previous studies in the literature 

[51][117] have proposed the use of thermally-induced oscillatory flow for pumping applications. 

However, these studies utilized check valves, which resulted in a significant reduction in 

mechanical efficiency (by 50%). This reduction in efficiency stems from the check valves 

impeding the generated pressure. 

To overcome this limitation and enhance the mechanical efficiency of the SOFHE, a valveless 

mechanism, such as an ejector or tesla valve, can be employed. In Figure 6-5, a proposed cross-

sectional view of an ejector coupled with the SOFHE is depicted. This design can be 3D printed 

for practical implementation. The ejector consists of a nozzle that accelerates the flow, creating 

a jet directed towards the diffuser. In the diffuser, the inertia of the flow is maintained, and the 

diverging section of the diffuser converts the velocity of the flow into pressure. 

It is important to note that a valveless mechanism introduces the challenge of backflow 

throughout the entire cycle. Therefore, in the design process, it is crucial to consider the lowest 

resistance in forward flow while ensuring the highest resistance in backward flow to minimize 

the impact of backflow. Parameters such as the length and diameter of the nozzle and diffuser, 

as well as the length of the diverging part of the diffuser, need to be optimized to achieve optimal 

performance. 

By implementing a valveless mechanism, such as the proposed ejector, in conjunction with the 

SOFHE, the mechanical power output can be effectively utilized for microfluidic pumping 

applications. This approach offers the advantage of maintaining the generated pressure without 

the need for check valves, thereby enhancing the overall mechanical efficiency of the system.  

 

Figure 6-5 Cross-section view of the proposed ejector for the SOFHE for pumping application. 
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Chapter 7 

7 Conclusion  

7.1. Contributions 

In summary, my Ph.D. research aims to advance the understanding and design of the Self-

Oscillating Fluidic micro Heat Engine (SOFHE) for thermal energy harvesting. By analyzing 

the thermodynamic cycle and phase change mechanism, I have identified key parameters 

influencing the generated mechanical power. These findings provide valuable insights for 

optimizing the SOFHE performance and its potential application in powering low-power 

wireless sensors for the Internet of Things. 

The primary objective of my research is to develop an optimized design for the SOFHE and 

investigate the influence of various parameters that play a crucial role in its performance. This 

investigation is vital as it sets the foundation for the subsequent step of integrating the SOFHE 

with a transducer. By comprehending the thermodynamic cycle (P-V diagram) of the SOFHE, I 

aim to shed light on how the unique oscillating vapor bubble-liquid plug behaves under 

mechanical loads and identify the impact of design parameters on the generated mechanical 

power. 

To address these research questions, I introduced a variable mechanical load to the SOFHE, 

simulating the dissipative mechanical force encountered by the transducer. Through a 

comprehensive analysis of the thermodynamic cycle, considering the operating heat source 

temperature and two design parameters (namely the fiber length inside the evaporator, which 

enhances the phase-change mechanism, and the liquid plug length), I discovered several 

significant findings. Firstly, I observed a substantial improvement in mechanical power density 

by increasing the heat source temperature and enhancing the phase-change process, while 

decreasing the liquid length. These factors collectively contribute to enhancing the overall 

performance of the SOFHE. 

The results demonstrate a remarkable achievement, highlighting a maximum mechanical power 

density of 0.5 mW/cm3 under an optimal load. Furthermore, the cycle efficiency ratio, relative 

to Carnot, was determined to be 30% (in an energy-efficient system). These outcomes illustrate 

the significant potential of the SOFHE as a promising technology for powering a wide range of 

low-power wireless sensors used in IoT applications. However, it is important to note that the 

successful implementation of this technology for IoT purposes hinges on ensuring appropriate 

electro-mechanical coupling in the design. 

The phase change occurring within the SOFHE plays a crucial role in generating the driving 

force for the engine. This force arises from the change in mass of the vapor and is responsible 

for propelling the engine. In order to maximize the work done by the phase change force on the 

liquid plug, which in turn maximizes the oscillation amplitude, it is necessary for this force to 

be in phase with velocity. Ideally, a phase-change rate that is synchronized with the position 

would result in a force that is optimally in phase with velocity. However, analysis of the phase-

change rate as a function of position for the SOFHE reveals that the force is actually out of phase 

with velocity. 
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To address this issue and explore potential solutions, I conducted a study involving two different 

phase change mechanisms: one without the fiber and another with the fiber. Additionally, two 

different working fluids, water and ethanol, were examined. The aim was to manipulate the 

phase angle between the phase-change force and velocity to achieve optimal performance. To 

evaluate this phase angle, I analyzed the product of the phase change force and velocity over a 

cycle at various phase angles. By calculating the maximum work at the ideal phase angle, I 

established a dimensionless number called φ (phi), which represents the ratio of the phase 

change work to the maximum work. 

The analysis of the phase change profiles revealed that water exhibited a φ number of 0.56, 

indicating room for further improvement in its phase change profile. On the other hand, ethanol 

demonstrated a φ number of 0.99, indicating a highly efficient phase change profile. The 

implementation of a more efficient phase change profile resulted in a 2.5% increase in the 

second law efficiency of the SOFHE. This study provides valuable insights into the engineering 

of the phase change process to optimize oscillation amplitude, power output, and overall 

efficiency. 

By understanding the relationship between phase change and engine performance, this research 

opens up new path for improving the design and operation of the SOFHE. Future endeavors are 

focused on further enhancing the phase change profile, which will ultimately lead to improved 

performance in terms of oscillation amplitude, power generation, and overall efficiency. To 

enhance control over the phase change process in terms of amplitude and phasing, the 

implementation of tailored wicking structures proves to be a promising technique. In order to 

incorporate such structures into the SOFHE, a novel design is proposed, utilizing a standard 

microfabrication process to create various wicking microstructures. 

The initial design of the microscale SOFHE involves a square cross-section microchannel, 

which serves to emulate the role of a wicking fiber through the inclusion of sharp corners. To 

achieve further improvements in phase change enhancement, capillary paths of different widths 

are etched into the design using a two-level masking microfabrication process. It was observed 

that the incorporation of these etched capillary paths resulted in a twofold increase in the 

oscillation amplitude and subsequently a fivefold increase in mechanical power output. 

The findings of this research present us with a better-optimized design for the SOFHE by 

leveraging the inclusion of wicking structures, as well as increasing the operating temperature 

and decreasing the length of the liquid plug. By incorporating tailored wicking structures and 

optimizing its design parameters, the proposed approach offers greater control and improved 

performance in the phase change process of the SOFHE. The research outcomes contribute to 

the advancement of the field and provide a foundation for future investigations to unlock the 

full potential of the SOFHE technology. 

7.2. Deliverables 

The preliminary results on the experimental approach to measure the thermodynamic cycle and 

the analytical method to calculate work and mechanical power out of the cycle were shared with 

the community as a conference paper presented in International Symposium on 

Oscillating/Pulsating Heat Pipes, Daejeon, South Korea, Sep 25-28, 2019. The complete 

characterization at different operating temperatures with varying design parameters are 

published as a journal paper titled “Experimental Characterization of the Thermodynamic Cycle 
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of Self-Oscillating Fluidic Heat Engine (SOFHE) for Thermal Energy Harvesting” in the journal 

of Energy Conversion and Management, 258 (2022) 115548. 

The technique of using a wicking fiber to enhance phase change in an oscillatory two-phase plug 

flow is presented at the 28th International Workshop on Thermal Investigation of ICs and 

Systems (THERMINIC 2022), in Dublin, Ireland, September 2022. I was awarded as the best 

young presenter for this paper. The paper is published as a conference proceeding titled: “Time-

Resolved Measurement of Enhanced Phase Change by a Fiber in an Oscillating Two-Phase Plug 

Flow”. The proposed method to evaluate the effectiveness of the phase change in such an 

oscillatory flow is published as a journal paper titled “Importance of Phase Change Timing in a 

Self-Sustained Oscillatory Flow” in the International Journal of Heat and Mass Transfer, 213 

(2023) 124327. 

The fabrication and testing of the new miniaturized phase change enhanced version of the 

SOFHE is shared with the community at the 21st International Conference on Micro and 

Nanotechnology for Power Generation and Energy Conversion Applications (POWERMEMS 

2022), in Utah, USA, December 2022. The further phase change enhancement by adding 

capillary path to the design of the micro-SOFHE is submitted as an extension of the conference 

to a special issue offered by the POWERMEMS in the Journal of Micromechanics and 

Microengineering. 

7.3. Other scientific contributions  

I also had the chance to contribute to other scientific publications, in collaboration with my 

colleague A. Nikkhah, that is on the numerical modeling of the friction force in the SOFHE 

[111] and deposition of the thin liquid film from an oscillating meniscus in a capillary tube [62].    

7.4. Future research 

During my PhD research, I focused on understanding and characterizing the SOFHE. While I 

investigated several design and operating parameters, there are still a couple that remain to be 

explored. In the short term, it would be valuable to examine the effects of the following 

parameters on the performance of the SOFHE: 

 Thermal conductivity of the wall: Analyzing how varying the thermal conductivity of the 

engine's wall affects its performance. 

 Testing a wider range of working fluids: Investigating the influence of different working 

fluids on the efficiency and power output of the SOFHE. 

 Effect of diameter: Exploring the impact of varying the diameter of the microchannel on 

the engine's performance. 

 Friction reduction without decreasing amplitude (excluding the liquid length): Identifying 

techniques to reduce friction within the SOFHE without compromising the oscillation 

amplitude. 

In the long term, I propose three promising research lines: 

 Design and optimization of tailored wicking structures: Further enhancing control over the 

phase change process by developing and optimizing different types of tailored wicking 

structures for the SOFHE. 
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 Development of a compatible transducer: Building upon the knowledge gained about the 

SOFHE, focusing on designing a compatible transducer and establishing a strong coupling 

between the two components. 

 Design and optimization of an ejector or Tesla valve: Exploring the potential of integrating 

an ejector or Tesla valve into the SOFHE, providing new avenues for applications such as 

microfluidic pumps. 

By pursuing these long-term research lines, we can continue to advance the understanding and 

application of the SOFHE technology, optimizing its performance and exploring new 

possibilities for its use in various fields. 
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Chapter 8 

8 Conclusion française  

8.1. Contributions 

En résumé, ma recherche de doctorat vise à faire progresser la compréhension et la conception 

du micro-moteur thermique fluidique auto-oscillant (SOFHE en anglais) pour la récolte 

d'énergie thermique. En analysant le cycle thermodynamique et le mécanisme de changement 

de phase, j'ai identifié les paramètres clés qui influencent la puissance mécanique générée. Ces 

résultats fournissent des indications précieuses pour l'optimisation des performances du SOFHE 

et son application potentielle dans l'alimentation de capteurs sans fil de faible puissance pour 

l'Internet des objets. 

L'objectif principal de ma recherche est de développer une conception optimisée pour le SOFHE 

et d'étudier l'influence de divers paramètres qui jouent un rôle crucial dans ses performances. 

Cette étude est essentielle car elle jette les bases de l'étape suivante, à savoir l'intégration de la 

SOFHE à un transducteur. En comprenant le cycle thermodynamique (diagramme P-V) de la 

SOFHE, je vise à mettre en lumière la façon dont la bulle de vapeur oscillante et le bouchon 

liquide se comportent sous des charges mécaniques et à identifier l'impact des paramètres de 

conception sur la puissance mécanique générée. 

Pour répondre à ces questions de recherche, j'ai introduit une charge mécanique variable dans le 

SOFHE, simulant la force mécanique dissipative rencontrée par le transducteur. Grâce à une 

analyse complète du cycle thermodynamique, en tenant compte de la température de la source 

de chaleur et de deux paramètres de conception (à savoir la longueur de la fibre à l'intérieur de 

l'évaporateur, qui améliore le mécanisme de changement de phase, et la longueur du bouchon 

liquide), j'ai découvert plusieurs résultats significatifs. Tout d'abord, j'ai observé une 

amélioration substantielle de la densité de puissance mécanique en augmentant la température 

de la source de chaleur et en améliorant le processus de changement de phase, tout en diminuant 

la longueur du liquide. Ces facteurs contribuent collectivement à l'amélioration des 

performances globales de la technologie SOFHE. 

Les résultats démontrent une réussite remarquable, mettant en évidence une densité de puissance 

mécanique maximale de 0,5 mW/cm3 sous une charge optimale. En outre, le taux d'efficacité du 

cycle, par rapport à Carnot, a été déterminé à 30 % (dans un système à haut rendement 

énergétique). Ces résultats illustrent le potentiel significatif du SOFHE en tant que technologie 

prometteuse pour l'alimentation d'une large gamme de capteurs sans fil à faible consommation 

utilisés dans les applications IoT. Cependant, il est important de noter que la mise en œuvre 

réussie de cette technologie à des fins d'IoT dépend de la garantie d'un couplage 

électromécanique approprié lors de la conception. 

Le changement de phase qui se produit dans le SOFHE joue un rôle crucial dans la génération 

de la force motrice du moteur. Cette force provient du changement de masse de la vapeur et est 

responsable de la propulsion du moteur. Afin de maximiser le travail effectué par la force de 

changement de phase sur le bouchon liquide, ce qui maximise l'amplitude de l'oscillation, il est 

nécessaire que cette force soit en phase avec la vitesse. Idéalement, un taux de changement de 
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phase synchronisé avec la position se traduirait par une force en phase optimale avec la vitesse. 

Cependant, l'analyse du taux de changement de phase en fonction de la position pour le SOFHE 

révèle que la force est en fait déphasée par rapport à la vitesse. 

Pour aborder cette question et explorer des solutions potentielles, j'ai mené une étude impliquant 

deux mécanismes de changement de phase différents : l'un sans la fibre et l'autre avec la fibre. 

En outre, deux fluides de travail différents, l'eau et l'éthanol, ont été examinés. L'objectif était 

de manipuler l'angle de phase entre la force de changement de phase et la vitesse afin d'obtenir 

des performances optimales. Pour évaluer cet angle de phase, j'ai analysé le produit de la force 

de changement de phase et de la vitesse sur un cycle à différents angles de phase. En calculant 

le travail maximal à l'angle de phase idéal, j'ai établi un nombre sans dimension appelé φ (phi), 

qui représente le rapport entre le travail de changement de phase et le travail maximal. 

L'analyse des profils de changement de phase a révélé que l'eau présentait un indice φ de 0,56, 

ce qui indique que son profil de changement de phase peut encore être amélioré. En revanche, 

l'éthanol présentait un indice φ de 0,99, ce qui indique un profil de changement de phase très 

efficace. La mise en œuvre d'un profil de changement de phase plus efficace a entraîné une 

augmentation de 2,5 % de l'efficacité de la deuxième loi de la SOFHE. Cette étude fournit des 

indications précieuses sur l'ingénierie du processus de changement de phase afin d'optimiser 

l'amplitude de l'oscillation, la puissance de sortie et l'efficacité globale. 

En comprenant la relation entre le changement de phase et les performances du moteur, cette 

recherche ouvre une nouvelle voie pour améliorer la conception et le fonctionnement du 

SOFHE. Les efforts futurs se concentrent sur l'amélioration du profil de changement de phase, 

ce qui conduira finalement à une amélioration des performances en termes d'amplitude 

d'oscillation, de production d'énergie et d'efficacité globale. Pour améliorer le contrôle du 

processus de changement de phase en termes d'amplitude et de phasage, la mise en œuvre de 

structures de mèche sur mesure s'avère être une technique prometteuse. Afin d'incorporer de 

telles structures dans le SOFHE, une nouvelle conception est proposée, utilisant un processus 

de microfabrication standard pour créer diverses microstructures de mèche. 

La conception initiale du SOFHE à l'échelle microscopique comprend un microcanal à section 

carrée, qui sert à émuler le rôle d'une fibre de mèche grâce à l'inclusion d'angles aigus. Pour 

améliorer encore le changement de phase, des chemins capillaires de différentes largeurs sont 

gravés dans la conception à l'aide d'un processus de microfabrication à deux niveaux de 

masquage. Il a été observé que l'incorporation de ces chemins capillaires gravés a permis de 

multiplier par deux l'amplitude de l'oscillation et, par la suite, de multiplier par cinq la puissance 

mécanique de sortie. 

Les résultats de cette recherche nous présentent une conception mieux optimisée pour le SOFHE 

en tirant parti de l'inclusion de structures de mèche, ainsi qu'en augmentant la température de 

fonctionnement et en diminuant la longueur du bouchon liquide. En incorporant des structures 

de mèche sur mesure et en optimisant ses paramètres de conception, l'approche proposée offre 

un meilleur contrôle et de meilleures performances dans le processus de changement de phase 

du SOFHE. Les résultats de la recherche contribuent à l'avancement du domaine et fournissent 

une base pour les recherches futures afin de libérer tout le potentiel de la technologie SOFHE. 
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8.2. Deliverables 

Les résultats préliminaires de l'approche expérimentale pour mesurer le cycle thermodynamique 

et la méthode analytique pour calculer le travail et la puissance mécanique du cycle ont été 

partagés avec la communauté sous la forme d'un article de conférence présenté lors du 

Symposium international sur les caloducs oscillants/pulsants, Daejeon, Corée du Sud, 25-28 

septembre 2019. La caractérisation complète à différentes températures de fonctionnement avec 

des paramètres de conception variables est publiée dans un article de revue intitulé 

"Experimental Characterization of the Thermodynamic Cycle of Self-Oscillating Fluidic Heat 

Engine (SOFHE) for Thermal Energy Harvesting" dans le journal of Energy Conversion and 

Management, 258 (2022) 115548. 

La technique d'utilisation d'une fibre mèche pour améliorer le changement de phase dans un 

écoulement oscillatoire à deux phases est présentée au 28e atelier international sur l'étude 

thermique des circuits intégrés et des systèmes (THERMINIC 2022), à Dublin, en Irlande, en 

septembre 2022. J'ai reçu le prix du meilleur jeune présentateur pour cet article. L'article est 

publié dans le cadre d'une conférence intitulée "Time-Resolved Measurement of Enhanced 

Phase Change by a Fiber in an Oscillating Two-Phase Plug Flow" (Mesure résolue dans le temps 

de l'amélioration du changement de phase par une fibre dans un écoulement oscillant à deux 

phases). La méthode proposée pour évaluer l'efficacité du changement de phase dans un tel 

écoulement oscillatoire est publiée dans un article de revue intitulé "Importance of Phase 

Change Timing in a Self-Sustained Oscillatory Flow" dans l'International Journal of Heat and 

Mass Transfer, 213 (2023) 124327. 

La fabrication et les essais de la nouvelle version miniaturisée à changement de phase du SOFHE 

sont partagés avec la communauté lors de la 21e conférence internationale sur les micro et 

nanotechnologies pour la production d'énergie et les applications de conversion d'énergie 

(POWERMEMS 2022), dans l'Utah, aux États-Unis, en décembre 2022. L'amélioration du 

changement de phase par l'ajout d'un chemin capillaire à la conception de la micro-SOFHE est 

soumise comme extension de la conférence à un numéro spécial offert par le POWERMEMS 

dans le Journal of Micromechanics and Microengineering. 

8.3. Autres contributions scientifiques 

J'ai également eu la chance de contribuer à d'autres publications scientifiques, en collaboration 

avec mon collègue A. Nikkhah, sur la modélisation numérique de la force de frottement dans le 

SOFHE [111] et dépôt du film liquide mince à partir d'un ménisque oscillant dans un tube 

capillaire [62].    

8.4. Recherches futures 

Au cours de mes recherches doctorales, je me suis attaché à comprendre et à caractériser le 

SOFHE. Bien que j'aie étudié plusieurs paramètres de conception et de fonctionnement, il en 

reste encore quelques-uns à explorer. À court terme, il serait intéressant d'examiner les effets 

des paramètres suivants sur les performances de la SOFHE: 

 Conductivité thermique de la paroi : Analyse de l'influence de la variation de la 

conductivité thermique de la paroi du moteur sur ses performances. 
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 Essai d'une plus large gamme de fluides de travail : étude de l'influence de différents 

fluides de travail sur l'efficacité et la puissance de la SOFHE. 

 Effet du diamètre : Exploration de l'impact de la variation du diamètre du microcanal sur 

les performances du moteur. 

 Réduction du frottement sans diminution de l'amplitude (à l'exclusion de la longueur du 

liquide) : Identifier les techniques permettant de réduire les frottements dans le SOFHE 

sans compromettre l'amplitude de l'oscillation. 

À long terme, je propose trois axes de recherche prometteurs: 

 Conception et optimisation de structures de mèche sur mesure : Améliorer encore le 

contrôle du processus de changement de phase en développant et en optimisant différents 

types de structures de mèche sur mesure pour le SOFHE. 

 Développement d'un transducteur compatible : En s'appuyant sur les connaissances 

acquises sur le SOFHE, se concentrer sur la conception d'un transducteur compatible et 

établir un couplage fort entre les deux composants. 

 Conception et optimisation d'un éjecteur ou d'une valve Tesla : Exploration du potentiel 

d'intégration d'un éjecteur ou d'une valve Tesla dans le SOFHE, offrant de nouvelles 

possibilités d'applications telles que les pompes microfluidiques. 

En poursuivant ces lignes de recherche à long terme, nous pouvons continuer à faire progresser 

la compréhension et l'application de la technologie SOFHE, en optimisant ses performances et 

en explorant de nouvelles possibilités d'utilisation dans divers domaines. 
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Appendix A 

A. Details on the role of the wicking fiber  

To better understand the role of the wicking fiber, we conducted a series of tests to change the 

length of the fiber inside the evaporator. The setup shown in section 3.2.2 and the experimental 

protocol described in section 3.2.2 are followed for this set of tests. The amplitude and pressure 

were measured at each fiber length to calculate the phase change rate. 

A.1. Amplitude of the phase change rate 

Figure A.1 shows the phase change rate and the displacement of the oscillations as a function of 

time for different lengths of fiber inside the evaporator at 𝑇𝑣 = 110 ̊C. The measured frequency 

of the oscillations is at 16 Hz. We observed a remarkable eightfold increase in the phase change 

rate from 95 µg/s to 825 µg/s at the shortest (1.7cm) and the longest (5.5cm) fiber lengths, 

respectively. This is explained by the fact that the fiber creates two corners with the glass tube 

(section 4.3.2) acting as angular capillaries pumping liquid from the liquid plug towards the 

evaporator. Therefore, a long thin film with a low thermal resistance forms along the fiber that 

facilitates the evaporation rate. This initiates the start-up and yields stable oscillations with a 

constant amplitude. As we increase the length of the fiber, the phase change rate experiences a 

significant increase until the Lfiber= 3cm. From that length onwards, the amplitude of the phase 

change rate remains almost constant. This is because of the limited pumping capacity by wicking 

action. We verified that by measuring the length of the thin film that exists only 3-4 cm along 

the fiber even if the length of fiber in the evaporator is higher. We monitored the thin film around 

the fiber throughout the experiments and it never dries out. 

 

Figure A.1 Enhancement of the phase change rate and the displacement as a function of time at different Lfiber.   
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A.2. Oscillation amplitude  

Figure A.2 shows the oscillation amplitude as a function of the fiber length inside the evaporator. 

We observed a fourfold increase in the oscillation amplitude from 1.5mm to 6.6mm as a result 

of the phase change augmentation by the fiber. We can see that the slope is steeper at lower fiber 

length due to the higher sensitivity of the phase change rate. This curve is reminiscent of the 

theoretical bifurcation diagram showed in [59]. When there is no fiber, we have no start-up while 

it will start oscillating once the fiber is inserted for less than a few millimeters. However, the 

graph shows a plateau at higher fiber length that is attributed to the end of the thin film because 

of the limited wicking capacity.  

 

Figure A.2 Increase of the amplitude of oscillations by increasing the fiber length, Lfiber. 

A.3. Phasing of the phase change rate 

 As discussed by Tessier-Poirier et al. [48], a phase change profile that is completely out of 

phase with position produces a force in phase with velocity which in turn increases the amplitude 

of motion. One example of a phase change profile that yields such an ideal phasing is a linear 

one discussed in more details in Tessier-Poirier et. al [48]. In their model, the evaporation is 

considered only from the oscillating meniscus that is a function of the thermal resistance and 

the temperature difference between the wall and the saturation temperature at liquid-vapor 

interface. This simplified model can very well describe the effect of the phase change on the 

system’s dynamics. They concluded that to keep the system unstable for self-oscillations, we 

need an oscillating net phase change that has to be out of phase with position (linear profile). 

The more the force is in phase with velocity, the more energy is injected into the system which 

in turn increases the amplitude of the oscillations. To see how the phase change profile evolves 

as the meniscus oscillates between the evaporator and the condenser; we plotted the phase 

change versus the meniscus displacement in Fig. A.3. As shown, the phase change profile in the 

presence of the fiber is far from a linear profile. Therefore, adding the fiber contributes to 

increasing the amplitude of the phase change profile by pumping liquid into the evaporator and 

having more evaporation while its phasing with motion still has room for further improvement. 
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This graph also shows that the fiber length does not affect the phasing of the phase change rate 

with respect to the position. The phase-change effectiveness number (φ) varies between 0.4-0.5 

for all the fiber length. Therefore, fiber length only changes the amplitude of the phase change 

rate not the its phasing with respect to the position.  

 

A.3 The experimental measured phase change profile resulting from the evaporation-condensation, as a function 

of the displacement, at different Lfiber compared to the theoretical ideal profile discussed in [48]. 
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Appendix B 

B. Effect of phasing on SOFHE efficiency 

A more effective phase change profile for ethanol compared to water (see section 4.3.2 and 

4.3.3) leads to a 10% increase in the thermodynamic efficiency and 2.5% increase in the second 

law efficiency. The thermodynamic efficiency and second law efficiency of the SOFHE 

calculation is explained section 3.3.3. 

 

Figure B.1 The phase change rate as a function of time with water and ethanol as the working fluid. 

Table B.1 Comparison of the thermodynamic and second law efficiency for water and ethanol with a more 

effective phase change profile.  

 water ethanol 

𝑄𝑖𝑛,𝑤 = 𝑚𝑔 ∗ ℎ𝑓𝑔 15.6(µg)*2260(J/g)=0.0353J 25(ug)*846(J/g)=0.0213J 

Wnet 0.245 ∗ 10−3 0.193 ∗ 10−3 

𝜂 =
𝑊𝑛𝑒𝑡
𝑄𝑖𝑛

 0.69% 0.9% 

ηCarnot 
140−20

273+140
= 0.291=29.1% 

89−20

273+89
= 0.191=19.1% 

ηratio 2.3 % 4.7 % 
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Appendix C 

C. Effect of the adiabatic distance on phase change 

This appendix is on the effect of the adiabatic length (Ladb) on the SOFHE performance. The 

tests are carried out using the experimental setup described in section 4.2 with similar test 

procedure. To adjust the adiabatic distance, the bottom Peek insulating part with a slot is used. 

We tested two adiabatic distances at 1, and 10 mm at heat source temperatures TH=140 ℃, liquid 

length 9 cm, and vapor length 6 cm. A small difference in the amplitude (from 11.9 to 12.2 mm) 

is recorded. The phase change profile and the phase-change effectiveness number (φ) are 

presented in Figure C.1. Varying the adiabatic length changes the shape of the phase change 

profile but the effectiveness number remains almost constant (0.9 for Ladb=2 mm and 0.85 for 

Ladb=10 mm). The amplitude of the phase change rate (the inset graph in Figure C.1) is at 4.9 

and 5.2 µg/s. The adiabatic length changes the temperature profile that is seen by the oscillating 

meniscus where mostly condensation happens. In the presence of the wicking fiber, the 

evaporation mostly happens from the thin film around the fiber in the hot zone that is less 

dependent on the temperature gradient at the adiabatic zone. For the shorter adiabatic length 

from A to B and vice versa, the rate of condensation is higher since the meniscus touches the 

tube wall that is in contact with the cold block. The higher condensation is not favorable for 

forward motion while it contributes to the backward motion. For the longer length, it is the exact 

opposite. Having less condensation during forward motion that is desirable while less 

condensation on backward motion that is not efficient. 

 

Figure C.1 Phase change rate as a function of position (and time as an inset) at two different adiabatic lengths 2 

and 10 mm.   
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Appendix D 

D. Effect of vapor length 

Theoretically, the SOFHE power is proportional to the square of amplitude and frequency. 

However, it is not clear how amplitude and frequency, and consequently the power, is affected 

as we change the length of the heated zone (that mostly equals to the length of the vapor bubble). 

In this paper, the length of the heated zone is experimentally varied and the pressure, amplitude, 

and frequency measurements are carried out to evaluate the power of SOFHE. 

D.1. Experiments 
To carry out the test, the experimental setup described in section 4.2 is used. To adjust the length 

of the heated zone that equals the vapor length, tube supports at different lengths are used. The 

test protocol described in section 4.2 is followed. The tests are carried out at four evaporator 

lengths (Lv) of 7, 5, 3, and 1 cm while keeping the fiber length at 1cm inside the evaporator, the 

heat source temperature at 120 ̊C, the liquid length (Ll) at 5.5 cm, and the adiabatic length at 

4mm. The total volume of the SOFHE equals the product of the cross-section area (A=πD2
out/4) 

and the total length (LT= Lv+Ll) that varies between 1.6 and 0.8 cm3 depending the length of the 

evaporator.  

D.2. Results 

D.2.1. Amplitude and Frequency 
Figure D.1 shows that as the evaporator length decreases from 7 cm to 1 cm, the peak-to-peak 

amplitude of the oscillations decreases from 5.9 to 1.5 mm while the frequency increases from 

27 to 52 Hz. The variation of frequency with evaporator length is in agreement with the natural 

frequency of the equivalent mass-spring system in which the frequency is inversely proportional 

to the square of vapor length [48]. To explain the decrease of the amplitude, we need to calculate 

the net evaporation rate on which the amplitude is highly dependent [115,120]. The net 

evaporation rate is discussed in section D.2.2. 

 

Figure D.1 The frequency and oscillation amplitude of the SOFHE as a function of the evaporator length. 
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D.2.2. Net Evaporation Rate 
The net evaporation rate (rate of change of vapor mass) is calculated using the ideal gas law 

(mv=RTv/PvVv) and experimental data on pressure (Pv), volume (Vv), and temperature (Tv) [120]. 

Figure D.2 shows the net evaporation rate as a function of time at four different evaporator 

lengths. The negative and positive values show net condensation and net evaporation, 

respectively. The results show the decrease of net evaporation rate (peak-to-peak amplitude 

decreases from 1027 to 242 µg/s) as the evaporator length decreases leading to the decrease of 

the amplitude.  

 

Figure D.2 The net evaporation rate as a function of time for four different evaporator lengths. 

D.2.3. Work and power 
To evaluate how the variation of amplitude and frequency affect the power of SOFHE, the 

thermodynamic cycle (Pv-Vv) of SOFHE at different evaporator lengths are plotted in Figure 

D.3. The integration of the area in the Pv-Vv curve yields the work done in each cycle. The cycles 

shrink as the evaporator length decreases leading to a decrease in the thermodynamic work per 

cycle. It is shown that for SOFHE at optimum load, nearly half of the thermodynamic work per 

cycle is used to overcome the viscous friction [115]. Therefore, the available net work per cycle 

that can be harvested by a transducer can be estimated as half of the thermodynamic cycle work. 

The power of SOFHE is the product of the net work per cycle and frequency. As Tessier-Poirier  

showed [48] [45], the generated power by SOFHE is from a velocity damped force (Fd = cẋ) 

created by the net evaporation rate (the change of mass of vapor). Theoretically, the power from 

this force in an oscillating motion (x = A sin(ωt)) is proportional to the square of amplitude and 

frequency (Power=cA2ω2/2). Figure D.4 shows the power of SOFHE as a function of the 

evaporator length. A decreasing trend for power shows that the negative effect of decreasing 

evaporator length on the amplitude overcome the positive effect of frequency increase. 

However, at smaller evaporator length, the slope of the graph flattens implying the fact that the 

power is less and less dependent on the evaporator length. 
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Figure D.3 Thermodynamic cycle (Pv-Vv) of SOFHE for four different evaporator lengths. 

 

Figure D.4 Power of the SOFHE as a function of the evaporator length. 
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