
UCLA
UCLA Electronic Theses and Dissertations

Title
A Multi-scale Study of Inorganic Aqueous Solution (IAS) for Advanced Heat Pipe Applications

Permalink
https://escholarship.org/uc/item/2pb9s92v

Author
Amouzegar Ashtiani, Ladan

Publication Date
2015
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2pb9s92v
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

A Multi-scale Study of Inorganic Aqueous Solution (IAS) for 

Advanced Heat Pipe Applications 

 

A dissertation submitted in partial satisfaction 

of the requirements for the degree Doctor of Philosophy in 

Mechanical Engineering 

 

by 

Ladan Amouzegar 

 

 

2015 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by 

Ladan Amouzegar 

2015



  

ii 

 

ABSTRACT OF THE DISSERTATION 

A Multi-scale Study of 

Inorganic Aqueous Solution (IAS) 

for Use in Advanced Heat Pipe Applications 

 

by 

Ladan Amouzegar 

 

Doctor of Philosophy in Mechanical Engineering 

 

University of California, Los Angeles, 2014 

 

Professor Ivan Catton, Chair 

 

 

This dissertation is a comprehensive study of a novel category of working fluids, referred to as an 

Inorganic Aqueous Solution (IAS), for use in phase-change heat transfer devices (e.g. capillary 

heat pipes). The motivation for exploring IAS comes from investigation of an inorganic aqueous 

solution that was central to the Qu-tube cooling device. Although the tubes performed well, the 
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explanation of their heat transfer mechanism was suspect. This study in part examines the heat 

transfer mechanisms occurring in an IAS-heat pipe device and leads to the introduction of a novel 

wicking mechanism termed Thermo-Hydro-Chemo (THC) wicking. 

A broad exploratory study was performed to understand what the Qu-fluid (and IAS in the 

broader sense) is and the role it plays in a phase-change based cooling device. Prior to this 

dissertation there was no systematic verification of the performance of the Qu-fluid. The most 

significant outcomes of this exploration are the development and successive improvements of IAS 

and the introduction to THC mechanism.  

A custom flat heat pipe (FHP) facility was designed and built to enable systematic comparison 

of the working fluids with different wick geometries by enabling one to make precise 

measurements and to visualize the thermophysical processes. Using the FHP facility, the thermal 

performance of IAS fluids was investigated and compared to the performance of water and to 

understand how IAS working fluids behave during heat pipe operations. This part of the work is 

mainly concerned with quantifying the methods and capacity that designer fluids have to enhance 

heat transfer. Different hypotheses the observed performance were explored using the FHP device 

and it was found that  the impact of IAS on heat transfer performance and the involved mechanisms 

were more complex than previously thought. 

The parameters that could be the reason for the enhanced performance of IAS were determined 

and investigated. A biporous wick experiment served as a model to determine the corresponding 

causal variables. To this end, each of the parameters that could contribute were investigated, i.e. 

the thermophysical properties of the Qu-fluid were measured and compared to those of water.  
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In addition, the chemistry of the Qu-fluid was unraveled, leading to development of an IAS. 

After in-house formulation of the IAS fluid, the effort to explain the prevalent thermal mechanisms 

of IAS continued. In particular, a multi-scale study was performed to better understand the IAS 

thermal performance and micro-scale studies were performed to understand the results of the 

device-level measurements. These studies are supported by empirical evidence obtained using 

optical microscopy, SEM/EDS analysis, and theoretical studies using a commercial computing 

engine developed by OLI Systems, Inc.  

Finally, an exploratory optimization study of IAS was carried out using rectangular capillary 

grooved wick geometry. The existence of an optimum molality, and an optimum chemical 

composition that could maximize the heat removal capability of the copper grooved-capillary heat 

pipe was established. This study was limited to certain parental chemical constituents, based on 

which a “family of IAS” was designed and presumed to be the best generation of IAS, which thus 

far holds valid. 

The findings presented in this thesis along with the work of other UCLA researchers resulted 

in a patent for the IAS fluid, which has enabled the use of water in aluminum heat pipes for the 

first time, a particularly important feature for the aerospace industry. The IAS fluid not only 

increases the cooling capacity for a broad range of closed evaporative based heat transfer devices, 

but also opens several research avenues for further exploration of its fundamentals and general 

applications. In particular, the new THC pumping mechanism requires an interdisciplinary 

approach to be fully characterized even more improvements.  
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Time, [s] 
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thickness[m] 
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Contact angle between a liquid and a solid surface 
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Chemical potential, [Joule/mole] ; Dynamic Viscosity, [Nm-2s-1] 

 �̅� 
chemical potential in a chosen standard state  
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Kinematic Viscosity, [ m2/s] 
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Surface tension, [N/m] 
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ψ 
Grand potential, [J/mole] 

ω 
mass fraction, [kg/kg] 

Subscripts and Superscripts 

c 
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e 
evaporator 

eff  
effective 

exp  
experimental 

i 
index 

in/out 
inlet (or initial)/outlet condition 

l 
 liquid 

lim  
 limiting 

max 
maximum value 

min 
minimum value 

s 
solid 

sln 
solution 

v 
vapor 

w 
water, wick  

ɣ 
solute, dispersed particles or species 
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CHAPTER 1 

 

 Introduction 

Development of a “designer fluid”, denoted as “Inorganic Aqueous Solution (IAS)”, for use in heat 

recovery applications began as a result of encountering a commercial cooling device with 

anomalous heat transfer performance, known as “Qu-tube”1 ( [1], [2], [3], [4]). A particular fluid 

was involved in manufacturing Qu-tubes, herein named “Qu-fluid”. UCLA showed that (i) the Qu-

fluid itself has potential for use as a working fluid in “phase-change heat transfer (PCHT)” devices 

and [5], and (ii) it could be a compatible working fluid for use with aluminum [6].  

Essentially a multi-component aqueous mixture, IAS is regarded as a new class of heat transfer 

fluids with variations for use in PCHT devices (i.e. heat pipes). The two most important outcomes 

of the present study are its contributions to successive development of IAS [7] and discovery of 

novel wicking mechanisms, herein referred to as “Thermo-Hydro-Chemo (THC)” wicking.      

This chapter begins with an overview of the various applications that have fueled innovative 

research in the realm of thermal management, with an especial focus on the use of heat pipes for 

                                                 

1 Qu-tube is also referred to as “Solid State Heat Pipe” (SSHP) or “supertube”.  
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electronics cooling. The chapter concludes with a statement of the specific objectives of the 

research along with the organization of the document. 

 Motivation of the Present Study 

Energy management and cooling systems for advanced lasers, radars, and power electronics are 

gaining importance, resulting in requirements for dissipation of ultra-high heat fluxes, reducing 

system energy usage, and increasing system efficiencies. The market for thermal management 

technologies was valued at $6.7 billion in 2011 and reached $7 billion in 2012. The total market 

value is expected to reach $10.1 billion by 2017 accounting for the computer industry (57.1% of 

total revenues), telecommunication applications (13.6%), and medical/office equipment (11.5%) 

[8]. This ever-increasing demand for high heat flux removal resulted in the shifting of cooling 

technologies from single-phase heat transfer to two-phase heat transfer.  

Among many different types of heat transport systems, heat pipes are the most efficient and 

widely in use cooling systems to this day. The heat pipe, essentially a passive (mechanical pump-

less) PCHT device, offers considerable advantages versus solid-state devices. Heat pipes transfer 

heat by way of sensible heat vaporization as well as latent heat of vaporization, which makes them 

effectively super-thermal conductive devices. Other outstanding advantages of heat pipes are their 

constructional simplicity, flexibility, accessibility to control, ability to transport heat at high rate 

over a considerable distance with extremely small temperature drop, and above all no external 

pumping power requirements. 
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Heat pipe applications vary from the thermal control of integrated electronic circuits packaging, 

laser diodes, photovoltaic cells, infrared (IR) detectors, and space vehicles to the removal of heat 

from the leading edges of stator vanes in turbines and non-surgical treatment of cancerous tissue. 

Given the variety of applications, it is evident that the challenges facing heat pipe design and 

technology varies depending on the application. It is however safe to say that the general trend 

aims for miniaturization, higher heat flux and temperature ranges, ease of manufacture, and 

operating reliability. In avionic applications, for instance, the leading design requirements 

correspond to a stringent operating window, i.e. extreme temperature ranges, high g-force 

operability, and the low weight/volume requirements (see [9]). 

The selection of a suitable working fluid is of primary importance, given that the superiority of 

heat pipes is due to the fluid's phase change phenomena. Factors that are to be regarded in selection 

of the working fluid include operating temperature range, thermal instability, an operating vapor 

pressure that is neither too high or too low over the operating temperature range, acceptable 

freezing point, and chemical compatibility with the case/wick materials [10].  

As dictated by the application, the desired operating temperature limits the choice of working 

fluids. In other words, as the fluid reaches critical or triple point conditions, the heat pipe ceases 

operation. Another preliminary design factor in selecting the working fluid is its chemical 

compatibility with the materials used in fabrication and sealing (e.g. braze, solder, or weld filler). 

The chemical compatibility is paramount and the most common reason for heat pipes failures (i.e. 

corrosion and generation of a non-condensable gas [NCG]) [ [10], pp. 247].   
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Copper and water are two of the most reliable and proven heat pipe compositions for 

electronics. Water is the most common working fluid over a broad range of temperatures (e.g. 4 to 

200°C) as compared to other working fluids applicable at this temperature range, such as ammonia 

and alcohols. The particular appeal of water is in having high heat of vaporization, which results 

in a relatively large “Merit-number”, see [11]. Merit-number is formulated as σlλρl/µ1,  where σ1 

is the surface tension, λ the latent heat of vaporization, ρ1 the liquid density and µ1 the liquid 

viscosity. This number is essentially a criterion that allows a crude comparison of different 

working fluids in their effectiveness. 

Water, unfortunately, is not chemically compatible with aluminum in that pairing them leads to 

corrosion and hydrogen production that can seriously degrade the heat transfer performance. 

Therefore, aluminum heat pipes (particularly attractive in military or space applications, where 

weight is of paramount importance [11]) are paired with fluids such as ammonia or methanol, 

which suffer from lower specific heat capacity, and lower latent heat (comparing to water). Finding 

an ideal fluid for aluminum heat pipes (a fluid with the performance merit of water but also 

chemically compatible) has been an open issue for long time, which is why there is a distinct 

research path on IAS-developments for aluminum heat pipes.  

While the so-called passivation feature of IAS is important to be recognized here, it will not be 

the subject of this thesis (see [6] and [12] that are directed toward application of IAS for aluminum 

heat pipe). This thesis will focus on the ability of IAS to enhance thermal performance, for which 

copper is the most sensible pair of choice.  
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The IAS fluid not only increases the cooling capacity for a broad range of closed evaporative 

based heat transfer devices, but also opens several research avenues for future work in both the 

fundamentals and general applications. For instance, the new THC pumping mechanism (see 

chapter 6) requires an interdisciplinary approach to be fully characterized. Wetting studies are 

another example where new developments in the theoretical modeling of the phenomena are 

needed. There is no doubt that IAS gains its success through its ability to “smartly” manipulate the 

wettability of heated surfaces, which has not been addressed in wetting studies (i.e. contact angle, 

spreading rate, etc.). To highlight this difference, the accompanying mechanism is referred to as 

“THC wicking”.   

 Objectives and Scope of Work 

This dissertation is motivated by two research questions: (1) what is Qu-fluid? And  (2) What 

is it about the IAS that makes its performance superior to that of water when used as the working 

fluid in phase change heat transfer devices, i.e. heat pipes?” To examine these questions, the study 

is divided into three major parts. 

The first part is an explicit study of the Qu-fluid. The objective is to determine what the Qu-

fluid is and what it does in a phase change based cooling device. The rationale and necessity of 

this part of the study is clarified in Sec. 1.3. The objective for this phase of the study could be 

refined into a set of research questions that are listed below, along with the steps undertaken to 

address them. 
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Does Qu-fluid perform better than water in a given heat pipe? Solid evidence for the utility 

and uniqueness of Qu-fluid for heat pipe applications had to be established in first place. Primary 

heat transfer experiments were conducted using a biporous copper wick evaporator in a vapor 

chamber and was done in collaboration with Reilly (2012); see Sec. 3.1 for details. In addition, a 

series of tests were performed using a customized flat heat pipes (FHP) with two groove 

geometries. The design of the FHP facility, which was developed as part of the work of this thesis, 

and the corresponding wicking structures are detailed in Chapter 4. The performance results are 

presented separately in Chapter 5.  

What is the Qu-fluid? Once the above tests verified the merit of Qu-fluid as a working fluid, 

the chemistry of the fluid had to be uncovered. Thereby, the chemistry of the fluid and its behavior 

during thermal operation of heat pipe was identified and characterized. Inductively coupled plasma 

mass spectrometry (ICPMS) was used to identify the chemical compositions (elemental) of the 

fluid. The Naval Research Laboratory (NRL) provided UCLA a report [13] giving some insight 

into the chemistry of the Qu-fluid. This led to development of IAS, which forms the second phase 

of this research.  What happens to the fluid during operation in a heat pipe and what is the 

reason behind the fluid`s merit? The governing parameter(s), which lent the IAS its merit of 

performance were determined and investigated. To determine the corresponding causal variables, 

the biporous wick experimental outcome served as a model to address this task (Sec. 3.2). Then, 

each of the possibly contributing parameters was investigated, that is the thermophysical properties 

of the Qu-fluid (i.e. IAS#0) were measured and compared to those of water. The findings are 

summarized in Sec. 3.2. As part of this study, the effect of the IAS on the surface was inspected 



  

7 

 

by employing methods such as the contact angle measurements and scanning electron microscopy 

(SEM) of surfaces along with energy-dispersive X-ray spectroscopy (EDS).  

The second part of the thesis focuses on the in-house formulation of the IAS fluid. An effort 

to explain the prevalent thermal mechanisms of the IAS continue with the initial composition of 

the IAS well defined, allowing a more systematic study. A multi-scale study (device-level, 

microscopic-level, and molecular-level) 2was undertaken to develop a more detailed understanding 

of the IAS thermal performance features. The studies were the following:  

Following design and construction of the flat heat pipe (FHP) facility (Chapter 4), the thermal 

performance of IAS fluid was investigated and compared to that of water to understand how IAS 

behaves during heat pipe operation. The rectangular capillary structure was used for the test plates. 

This part of the work is mainly concerned with quantifying how designer fluids to enhance heat 

transfer. The IAS fluid (the UCLA design) was compared to the performance Qu-fluid (Chapter 5) 

Micro-scale studies were performed to understand the results of the device-level measurements. 

These studies are mainly supported by empirical evidence obtained using optical microscopy and 

SEM/EDS analysis. 

                                                 

2 The three levels of description involve different length scales: at the macroscopic level the dimensions of the 

system may be of the order of centimeters to meters; the microscopic level involves what is happening in the micron 

to the centimeter range; and molecular level involves ranges of about 1 to 1000 nanometers. 
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Molecular interpretations and chemistry: IAS is so complex and full of novel molecular based 

challenges that molecular theories are needed to interpret some of our microscopic findings. 

Furthermore, the chemical knowledge gained through theoretical works is incorporated for 

support. Chemical analysis is done using a commercial computing engine developed by OLI 

Systems, Inc. (OLI Analyzer Studio [14]); see Sec. 6.2.2. 

The third part of the thesis is to determine the effect of IAS molality on performance. The 

study   is of one particular wick geometry, i.e. rectangular capillary grooved wick. This study forms 

part of a broader future research in optimization of IAS. (See chapter 7) 

 A Historical Perspective on the IAS Puzzle 

The IAS-puzzle started as an ill-defined problem. Essentially, a combination of factors, including 

the peculiar claims of the inventor over the years and the misleading descriptions in the patent(s), 

the inconsistencies in the quality of marketed Qu-tubes, and the discrepancies cited on the 

performance of Qu tubes, handed a complicated puzzle to UCLA. This section puts matters in 

perspective and delineates the principal challenges in the IAS studies.  

The corresponding Qu-tube patents ( [1], [2], [3], [4]) provided essentially no information about 

the heat transfer mechanisms in a Qu-tube, but claimed that it is internally dry and coated with a 

‘superconducting heat transfer medium’ comprised of inorganic, non-fluid components, and that 

there were no phase change or mass transfer processes occurring inside. Super conductivity, and 

entirely dry operation as well as feasibility of using various tube materials over wide ranges of 

distance and temperature were claimed in the patents. The tubes reportedly [15] had an effective 
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thermal conductivity on the order of tens of thousands of times that of an equivalent solid silver 

bar, or thousands of times that of liquid-vapor heat pipes. 

Had these claims been correct, they would entirely revolutionize the field of thermal 

management. This was why Qu-tubes found considerable interests in the United States in late 90s. 

Prior to this work, a number of investigative efforts had taken place by nationally leading research 

teams. 

In 2003, NASA (Langley Research Center) considered the idea of using super tubes for their 

design of a heat exchanger targeted for emission-less aircraft applications [16]. They also 

mentioned Dr. Yuzhi Qu, the developer of Qu-tubes, was working on writing a book to explain 

the physics (i.e. a somewhat gradient-less energy transfer) that he discovered, which to our 

knowledge has never been published (see also [17], a report by NASA published in 2009). 

According to [18], the supertube technology was selected and tested for use in an advanced space 

radiator (part of MRHE technology development program in NASA`s Exploration Systems 

Research and Technology). These preliminary tests were conducted at the University of Alabama 

Huntsville (UAH), see [15], [19]. An extensive investigation on performance of Qu-tubes was also 

done by Texas A&M, and results were submitted to INTEL Corporation [20]. Thermacore, 

Rocketdyne, Air Force Research Lab (AFRL), United Technologies Research Center (UTRC), 

Stanford Research Institute International (SRI), and Hamilton Sunstrand (HS) are also among the 

organizations that acquired the Qu-tubes at one point or another and tested them. 

Unfortunately, the results of the above studies were rather contradictory and inconclusive, 

which is not surprising if the inconsistency in manufacturing process of the Qu-tubes is considered. 
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Nevertheless the consensus view that was drawn upon in review of their work was that (1) the 

performance of the tubes is gravity dependent (in contrast with the patented claims), and (2) the 

presence of liquid is essential for the operation of the tubes (i.e. the notion of solid-state based 

operation was rejected). Destruction tests verified the presence of both capillary structures and 

liquid residue inside the Qu-tubes by those that succeeded to perform as a cooling device [21].    

The initial investigations, which took place at UCLA over a period of three years entailed 

extensively studying the Qu-fluid 3 from different angles (essentially a matter of rediscovery). Due 

to the numerous dissolved materials and the chemically dynamic nature of the fluid, decoding it 

turned out to be rather complex when coupled with a phase-change device. Much achievement was 

made in different aspects during this phase of work. Most crucial of all, a method of synthesis was 

established, which allowed a close replication of the Qu-fluid, at hand. The most promising IAS 

mixture that was created was then used for further experimentations, herein referred to as IAS#2. 

This fluid afforded the opportunity for more meaningful experimentations, due to the known nature 

of the initial IAS chemistry.  

An operating heat pipe with simpler working fluids, such as water, already involves many 

complex governing factors, let alone when a complex working fluid (i.e. IAS) with multitude of 

                                                 

3: This particular batch of Qu-fluid (marketed as Mix 2.5) was acquired from Posnett Int. Co., the US representative 

of the Chinese producer. 
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forces and parameters at work, takes the place of water. Given the number of parameters governing 

the performance of a heat pipe, distinguishing those that could explain the heat transfer 

performance of IAS was a challenge as there are a myriad of possible rationales and hypothesis to 

investigate. 

Another complication is the complex chemistry of the IAS. At least nine chemical compounds 

(detailed in next section) are involved in synthesis of the current form of IAS, which produces a 

multi-component aqueous electrolyte system, which is inheritably of a complex nature (See [22], 

for example). In addition, when the IAS operates in a heat pipe, many factors could subject the 

chemistry of the fluid to changes. The reactions with the wicking/case materials, for example, as 

well as the change of temperature (both temporal and local) makes the system unpredictable, given  

current knowledge of the subject. Chapter 6 will qualitatively discusses how the resulting non-

uniform distribution of the species aids with the transport of the water, benefiting the performance 

of the heat pipe. 

As mentioned above, the complexity of the problem and the lack of well-defined solution paths 

brought a multi-lateral nature to this work. A morphological method of approach [23] was taken 

to tackle the IAS-problem and to explore the possible solutions to this multidimensional complex 

problem. [24]  

Before concluding this introductory chapter and outlining the organization of the document, a 

brief description of the IAS fluid and the version that was developed throughout the work of this 

research is given in the next section. The goal is to familiarize the reader with the working fluids 

that are used in this work.  
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 Development of IAS at UCLA 

As mentioned earlier, the initial investigations at UCLA entailed extensive study of the Qu-fluid 

(see Sec. 1.3 for more details). The chemistry of the Qu-fluid was characterized during the work 

of this thesis. Inductively coupled plasma mass spectrometry (ICPMS), for example, was used to 

identify the elemental composition of the fluid. The Naval Research Laboratory (NRL), also, 

provided UCLA an insightful report [13] on the chemistry of the Qu-fluid, which helped with the 

development of the IAS fluid. The first batch of the IAS fluid is essentially a close replication of 

the Qu-fluid, at hand.  

The most promising IAS mixture that was developed, herein referred to as IAS#2, was broadly 

employed by this work, affording the opportunity for more meaningful experimentations since the 

initial chemistry was known. In general, a representative form of the IAS fluid can be synthesized 

from primary chemical compounds that are presented in Fig. 1.  

 

Figure 1: Chemical substances that are used to produce IAS fluid at UCLA [7].  

The overall characteristics of the compounds (shown in Fig 1) are described below. Potassium 

permanganate (KMnO4), potassium dichromate (K2Cr2O7), and chromium trioxide (CrO3), are 

among common strong oxidizing reagents. Magnesium hydroxide (Mg(OH)2) is normally in the 

WATER  
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form of a suspension in water, commercially referred to as milk of magnesia and was first 

formulated for medicinal usage as a saline osmotic laxative, where high concentration of 

magnesium hydroxide draws water from the surrounding tissue by osmosis and retains the fluids 

already within the intestine [25]. Strontium hydroxide (Sr(OH)2), sodium hydroxide (NaOH), and 

CrO3 are among deliquescent compounds, meaning they are so hygroscopic that they readily 

dissolve in the water they absorb. When these materials are exposed to moist air, they start to 

become damp and cake-like. Therefore, care should be taken in the weight measurements during 

the synthesis of IAS, as they quickly gain mass (i.e. absorb water from the atmosphere) resulting 

in measurement errors. On this account, careful measures were taken in preparation of the IAS 

mixtures for the work of this thesis.  

Note that silver chromate (Ag2CrO4) is also among chemical participants as depicted in [7], but 

it was not contained in the IAS fluids in this work. The reason is that silver`s primary role is to 

afford aluminum its passivation (a functioning aluminum heat pipe, for that matter). As explained 

earlier, the factor of “passivation” is vital to the operation of aluminum heat pipes. Details about 

aluminum passivation using IAS can be found in [6] and [12].  

The method of synthesis and the formulation of IAS can be found in [7]. IAS#2, which was 

chosen to be the reference IAS for most parts in the present dissertation, is a result of mixing 14.5 

moles (in total) of the chemical compounds shown in Fig. 1 (or see Fig. 2) in a liter of water. The 

resultant IAS fluid produced following mixing the above components (with suggested 

concentration in [7]) results in a homogenous mixture containing 1) solute-size particles 

(molecular or ionic particles that are no larger than a nanometer); 2) dispersed particles, larger than 
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1µm as detected with an optical microscope. The mid-size particles (i.e. colloidal particles, which 

are on the order of 5-200 nm in diameter, if any, can be confirmed using an electron microscope. 

Note that, owing to reduction of Mn+7 upon exposure to copper, the initially red IAS turns to a 

yellow mixture while transforming to a new composition that is called “IAS-effluent”.  
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Figure 2: IAS is a dynamic fluid and adjusts its composition onto fulfilling the new equilibrium state.  
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The original form of the IAS fluid, upon synthesis, is also referred to as the “parent-IAS”. This 

is to highlight that any given IAS fluid can be transformed into other variations. For the reference, 

Fig 3 describes three sub-forms of the IAS fluid (IAS#2 was used as the parent form in the picture). 

Shown from left to right, these fluids are:  

(1) IAS in its original mixture form (“parent-IAS”); 

(2) “Filtered IAS” resulting from filtering out the insoluble particulates, mainly MgCrO4 (see 

Sec. 6.1); 

(3) “IAS-effluent” resulting from boiling the parent-IAS in presence of copper; and  

(4) “Yellow effluent” resulting from the portion of the IAS-effluent that approximates a dilute 

solution, as per IUPAC [26].  

 

Figure 3: An illustration on the sub-forms of a parent-IAS (here, IAS#2) fluid.   

(a) 

 

Parent-IAS 

--Mixture-- 

 

 

 

 

 

 

 

(e.g. IAS # 2) 

(b) 

 

Filtrated IAS 

--Solution-- 

 

 

 

 

 

 

    

     (e.g. IAS #1) 

 

(c) 

 

IAS-Effluent 

--Mixture-- 

 

 

 

 

 

 

    

Contains dispersed particles 

 

(d) 

 

Yellow-IAS 

--Solution-- 

 

 

 

 

 

 

 

Filtrated 

pH0 pH(2)=pH0 pH (3) > pH0 

 
pH(4) =pH(3) 



  

17 

 

Note that in the above figure, the fluids in Figs. 3-A and -C) were stirred right before their 

pictures were taken. In other words, at the room temperature, the parent-IAS (in Fig. 3-A) contains 

MgCrO4(s) and the IAS-effluent (in Fig. 3-C) contains MnO2(s) in addition to MgCrO4(s). See 

Chapter 6 for more details. IAS#1, for instance, a fluid that is mentioned occasionally throughout 

the thesis is a filtered form of IAS#2.  

The pH number is also noted in Fig. 3 to briefly point out that it is independent of the concentration 

of suspended particles (i.e. particle size > 100nm, see [143]) 

“Qu-fluid” (also referred to as IAS#0):  An inexplicit form of the IAS fluid that was obtained 

from Posnett Inc., the US representative of the Chinese producer of Qu-tubes 

IAS#2:  An in-house formulation of IAS that was synthesized based on the notion that a 

working mixture should at least contain the following: (1) a strong oxidizer, (2) ions to create a 

hydrophilic coating, and (3) ions to balance the electric charge. In addition, to make the fluid 

compatible for use with aluminum, passivation was also factored into the formulation of IAS#2 

(the reason behind the presence of silver ion). 

Yellow-IAS: the IAS derivative after the redox reactions are completed that is in form of a 

solution (i.e. contains the soluble salts)  
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 Organization of the Document  

A deliberate selection of metrics and their underlying phenomena (capillarity and evaporation) is 

discussed in more detail in the following sections and the link between the present research effort 

and the selected metrics will be established.  

Chapter 2 is a review chapter to clarify the place of the current study in this extensive arena. The 

focus will be on discussing some of the physics while reviewing the relevant literature. 

Chapters 3 entails the thermal performance measurements that were conducted in a vapor 

chamber using biporous wicks. A comprehensive search of the leading performance parameters 

is followed in Chapter 3, to understand the key to the IAS success.  

The visual inspection, which was aided by the design of the FHP (Chapter 4), afforded the basic 

understanding of the IAS dynamics during heat pipe operation (Chapter 5).  

Visual inspections, quantitative measurements, chemical analysis, etc. are integrated into Chapter 

6 in order to explain the dynamics of an IAS fluid during operation.  

An exploratory optimization study of IAS is carried out for one particular wick geometry, i.e. 

rectangular capillary grooved wick. (See chapter 7) 
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CHAPTER 2 

 

 Background 

A variety of phase-change based heat transfer devices, commonly referred to as “heat pipes”,   exist 

that take advantage of the high latent heat of vaporization of the fluids, and utilize the vapor flow 

to transfer large amounts of thermal energy over a large distance with a small temperature 

difference. A heat Pipe, in its conventional form [27], is a closed tube or chamber of different 

shapes that is lined with capillary wick. The net result can be a device with a high effective thermal 

conductivity (50,000 – 200,000 W/mK) [9] in the direction of vapor flow. Conventionally used 

capillary structures are wrapped screen, sintered metal (e.g., mono-porous, and biporous), open 

grooves (e.g. triangular, rectangular, and trapezoidal), combined structures and designer wick 

structures.  

In the past, many investigators have analyzed the conventional heat pipes using a variety of 

numerical and experimental techniques. Chi [28], Dunn and Reay [29] Peterson [10], Faghri [30] 

Peterson [31], Ivanovskii [32], and, most recently, Reay et al [11] have published articles 

describing several of these techniques, theories, and applications. Recent advances, however, in 

micromachining techniques, microfluidics and nanotechnologies, and the whole movement toward 

smaller and smaller devices is opening a new avenue of research in heat pipes. A highly 

informative summary of recent advances in the matter is included in [33].   
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The design characteristics of a heat pipe were discussed earlier in the introduction chapter. It 

was noted that to improve the performance of the heat pipe, there are three components to 

manipulate: (1) the working fluid, (2) the solid-phase materials, and (3) the geometrical variables.  

The general theory of heat pipe`s performance is so comprehensive, that for a detailed 

description, one must refer to the pertinent literature. A deliberate selection of metrics and the 

underlying phenomena (capillarity and evaporation) will be discussed in more details in the 

following sections and the link between the present research effort and these metrics will be 

established.  

Section 2.1 will be a discussion of the fundamental operating principles of a conventional 

capillary heat pipe. An important feature (in designing the heat pipe) that will be the focus of this 

section is the liquid transport, i.e. pumping mechanism, and the “capillarity”. There are two aspects 

of liquid transport (i.e. wicking characteristics) that are of particular importance: 1) prevention of 

evaporator dry-out (i.e. transport of liquid in the macroscopic flow field), and 2) increasing the 

evaporation rate per unit volume (i.e. micro-scale transport of liquid to the high evaporating 

regions of the menisci).  

The latter feature brings about the discussion of an extended meniscus and relevant concepts, 

such as disjoining pressure. The pioneering literature on this subject includes [34]  [35]  [36] [37] 

[38] [39]. In more recent literature (such as, [40], [41], [42]) flow and evaporation under various 

conditions (e.g., variable evaporation rate, surface roughness, and hydrodynamic slip at the solid–

liquid interface, etc.) were studied. The concept of an extended evaporating meniscus is in fact the 

result of the long-range van der Waals forces, which are also an extremely important matter of 
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discussion in spreading and wetting that is also of interest to the microfluidics literature. This is 

where the bridge forms between the two disciplines, which brings about a multidisciplinary 

discussion in this chapter.  

The interest in microfluidics revolves around transport of liquid, but the targeted application, 

thus the concerns, are different. For instance, a concern in designing a heat pipe is in its being 

passive, and that it won`t require any external source or constant care to be operational. 

Microfluidics, on the other hand, has been mostly concerned (at least up until now) with low 

temperature situations (e.g. biological systems), with major applications being lab-on-a-chip and 

Micro-electro-mechanical systems (MEMS). Having a fully passive pumping mechanism in such 

applications is not an issue and having control on the flow of the fluid is in fact desired.     

Another focus in this chapter will be on variation of the forces that are currently described in 

literature as driving the liquid. In the micro-domain where length scale ranges from millimeters to 

microns and nanometers, various physical effects become important. As a good starting point for 

a discussion, Fig 4 compares the magnitude of four governing forces of electrostatic, van der 

Waals, and surface tension with the gravitational force as a function of length scale. Note how the 

various forces scale differently with respect to the characteristic length scale. In the micro-domain 

where the length scale ranges from millimeters to microns and nanometers, various physical effects 

become important. The source of the first three, which are all governing in the intermolecular 

interactions, is electrostatic in the origin. For instance, the long-range van der Waals forces find 

importance in spreading (i.e. wetting). As was pointed out in the previous chapter, the biggest 

difficulty in the study of an IAS thermofluidic system arises from the underlying fundamental 
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intermolecular forces that are incomprehensible due to the complex chemistry. However, Chapter 

6 relies, in part, on fundamental molecular theories as an attempt to explain and rationalize the 

insights, which were realized from empirical evidence. Among several books and literatures that 

were reviewed in an effort to develop a fundamental understanding pertinent to the IAS research 

at hand, [43], [44], and [45] were found resourceful.  

 

Figure 4: Various forces scale differently with respect to the characteristic length scale. (Adapted from 

[46])  

 Operating Principles in a Capillary Heat pipe 

The working principle in a two-phase heat transport system (i.e. Heat Pipes) is illustrated in Fig. 

5. When in operation, the heat pipe divides into three parts: evaporator, adiabatic section, and 

condenser. The evaporator absorbs heat from an external source, and relays the heat to the working 

fluid (liquid) which in turn vaporizes through boiling or evaporation. The resulting pressure 
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difference induces flow of vapor from the evaporator to the condenser where it condenses releasing 

the latent heat of vaporization to a heat sink. To close the cycle the working fluid must return to 

the evaporator via some passive pumping mechanism, needing no input or machinery to function. 

Typical of capillary heat pipes, vaporization causes the meniscus to recede at the evaporator 

section, while at the opposite end condensation causes flooding at the condenser. The result of this 

evaporation-condensation is variation of meniscus curvature along the axial length of the heat pipe, 

which results in the capillary pressure gradient that pumps the liquid from the condenser to the 

evaporator. In other words, the axial capillary pumping head is governed by the pressure difference 

between two points in the axial direction. What determines the limit of this capillary pumping is 

reflected in the following paragraphs. 

 

Figure 5: Illustration of capillary pumping mechanism acting at device level. The wick is of arbitrary 

chosen geometry. Image adapted and reproduced from [ [10], pp. 45].  
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First of all, note that as the heat input increases (and thus the evaporation rate), the liquid 

meniscus (i.e. “evaporating meniscus”) evolves and adjusts its shape to accommodate for the 

required liquid flow rate in the micro-scale evaporating meniscus (explained next). Regardless of 

what happens at the micro scale, the curvature of the meniscus (at macro scale, illustrated in Fig. 

6) keeps increasing with heat flux from a zero curvature (at no heat load condition) to some 

maximum, beyond which the curvature cannot sustain. This point corresponds to the capillary 

pumping limit, at which maximum heat transfer capacity of the heat pipe, i.e. capillary limit heat 

flux (CLHF) occurs.   

        

Figure 6: Evolving evaporating meniscus (Macro-scale) upon increase of heat flux input. Images were 

taken of evaporating water meniscus in a copper rectangular capillary (1 mm width). 

As discussed above, the driving force for liquid transport from the condenser to the evaporator 

(i.e. macro-scale transport) is determined by the meniscus curvature (defined for the meniscus 

region far from the contact line). The corresponding capillary potential is, in general, determined 

by the Young–Laplace equation (Equ. 1), which essentially describes the pressure gradient across 

the liquid-vapor meniscus.  
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∆𝑝𝑐 = 𝜎𝑙𝑣(
1

𝑟𝑒𝑓𝑓
) 

 (1) 

In the above equation, 
lv is the surface tension (between liquid and vapor), and 𝑟𝑒𝑓𝑓 =

𝑟

𝐶𝑜𝑠θ 
, 

in which  𝑟 is radius of curvature at a point on the meniscus (for simplicity the curvature radius on 

the direction into the page is assumed infinite)--see [28] for more details. The importance of the 

contact angle (θ) on the capillary pressure is manifested in this equation, explaining in part why 

the low contact angle is a desired characteristic of the wick material (particularly in the evaporator). 

Another important topic to point out here is the flow of liquid inside the meniscus itself 

(microscopic-view). This is illustrated in Fig. 7, which assumes a sectional view of the evaporating 

meniscus (macroscopic) in a rectangular groove—that is, for a perfectly wetting situation (i.e. θ = 

0). This figure features the well-established concept of “contact line region” [47, 48, 49, 50], and 

“thin film evaporation” [ [51], [52]] for that matter, which is responsible for heat transport in 

evaporative capillary heat pipes. This evaporation, for all practical purposes, takes place within a 

few hundred-nanometer region near the solid-liquid-vapor junction of meniscus, delivering 

evaporative heat transfer coefficients on the order of 1.0 E+4 W/m2K [53]. This region is often 

referred to as the “transition region” (see Fig. 7). In general, depending on the liquid film thickness 

and the curvature, a meniscus can be divided into three regions, see Plawskey et al [50]. These 

three regions are the following: 
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1. The adsorbed thin film region, which is held in place by strong adhesion forces between the 

solid and the liquid leading to negligible evaporation (the liquid-vapor interfacial heat transfer 

resistance is large due to intermolecular forces).  

2.  The transition region, where the attractive forces of the solid are much weaker and the liquid-

vapor interface has a measurable curvature. The gradient in the thickness and the curvature of 

the liquid-vapor interface drives the flow of liquid towards the transition region via capillary and 

intermolecular forces. In other words, the fluid is supplied from the bulk region to the transition 

region where the attractive force becomes stronger. 

3. The bulk fluid region, where interface curvature becomes nearly constant. This region is the 

reservoir that supplies fluid to the transition region. (The increased film thickness in this region 

sharply increases the conduction resistance, hindering the heat transfer). 

  

Figure 7: (a) Side view of an evaporating liquid in a rectangular groove; (b) Contact line region for the 

evaporating meniscus in the case of a perfectly wetting fluid.  
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Initially described by Plawskey et al. [50], the decrease in contact angle (through manipulating 

the physical or chemical properties of the liquid-solid-vapor system, for instance) could result in 

the extension of the transition region (i.e. increased evaporation area). The gain is therefore a 

better evaporation rate, which is evident by the following equation of evaporative heat transfer. 

 
 (2) 

It follows from the above discussion that the key role of the evaporator is that (1) it is 

responsible for inducing the highest capillary pumping power and therefore determines the 

occurrence of capillary limit (dry-out); and (2) that the evaporation rate depends on the effective 

evaporating surface area. Accordingly, among the considerations for designing an evaporator wick 

are (1) how to increase the number of evaporating menisci, and (2) to increase the evaporating thin 

film area for each meniscus.  

 Recent Approaches to Improve Heat pipe Cooling Capacity  

As pointed out, liquid transport (return of liquid to the hot spot) is a vital aspect of a heat pipe`s 

operation. There are multiple ways (i.e. pumping mechanisms) to transport the liquid from the 

condenser to the evaporator. Because a new method of liquid transport for heat pipe applications 

will be discovered from the IAS investigations in this thesis, the introductory part of this section 

provides a brief overview of the different transport mechanisms that are currently understood to 

exist for heat pipes. 

inQ hA T 
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The simplest type of heat pipe, known as a thermosyphon, is a “gravity-assisted heat pipe”, in 

that vapor travels upward due to buoyancy, condenses, and then travels back to the evaporator 

under the force of gravity. It is evident why thermosyphons are called Diode (one-way) heat pipes. 

In other devices, such as capillary heat pipes (CHP), the fluid is wicked via capillary pumping to 

the evaporator area. The pumping is a result of the interaction of a micro-structured surface and 

the surface tension of the fluid. Loop heat pipes (LHP) operate under a similar principal, but use a 

design where the pressure from the generated vapor helps push the liquid back to the evaporator 

region. Pulsating Heat Pipes (PHP), a relatively new type in the field, are similar to LHPs, except 

that the liquid moves in the form of oscillating slugs and not through capillary pumping power, 

that is, the heat transfers via the movement (i.e. oscillation) of the liquid slugs and vapor plugs 

between the evaporator and the condenser ( [11], pp. 142). Other means of liquid transport that are 

made use of in the heat pipe industry are based on the notion of centripetal force (Rotating Heat 

Pipe), osmosis, and electro-hydrodynamics (see Table 1). 

The subject of liquid transport over length scales comparable to those in a capillary heat-pipe 

is studied in a variety of technical fields. For example, microfluidics is a field dedicated to the 

study of miniaturized plumbing and fluidic manipulation. While the field targets applications in 

organic chemistry, biology, and medicine (where high temperatures are avoided), there are some 

ongoing efforts to transfer this knowledge to heat management applications. Osmotic heat pipes 

and electro-hydrodynamic pumps are examples of the results of these efforts. In conclusion, many 

include active pumping, the use of an external force such as electric field, to overcome the 

shortages with passive pumping in capillary heat pipes. Those, continuing to use passive methods, 
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have improved on and optimized the system mainly by examining the optimum configurations (i.e. 

enhancing the capillary structures). Unfortunately, not many innovative solutions have resulted 

[11] that are helpful for the design of heat pipes.  

Table 1: Variety of existing forces for “liquid transport” in a closed phase-change based heat transfer 

device. 

Recent advances in our understanding of biporous wicks are a testament to the general trend of 

the technological approaches taken to improve its performance. From the early studies of biporous 

wick structures by Vityaz et al. [54] in 1984 until the more recent work found in [33], the state-of-

the-art technology was mainly driven by optimization of geometrical parameters or marrying the 

biporous wick with other capillary designs (i.e. hybrid wick) [55] [56]. Hwang et al., for instance, 

Methods of Condensate Return   

Gravity (passive) Thermosyphon 

Capillary force (passive) 
Standard heat pipe  

LHP  

Centripetal Force (active) Rotating Heat pipe 

Electro kinetic forces (active) 
Electro-hydrodynamic heat pipe 

Electro-osmotic heat pipe 

Magnetic Forces (active) Magneto-hydrodynamic heat pipe 

Osmotic Forces (active) Osmotic heat pipe 

Bubble pump  Inverse thermal syphon 
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studied the use of hybrid liquid return structures (shown in Fig. 8). Principle idea behind their 

design was in separating and optimizing different parts of the device based on their function (e.g. 

adiabatic wicking was optimized for a better liquid supply function, and evaporator`s wick for 

increased evaporation rate). Their design obtained significant increase in CL heat flux [56], with 

the goal of sustaining evaporation from a thin monolayer of 60-micron particles (for cooling a 10 

mm × 10 mm hot spot). 

 

Figure 8: hybrid wicks: separation of the two tasks of wick, i.e. heat transfer at the evaporator and 

liquid supply along adiabatic section. (A) Columnar cylindrical arteries; (B) converging 

lateral arteries; (C) and powdered biporous structure [57] [58] 

A more recent trend has been to enhance the surface properties of the wick to improve both 

capillary performance and the properties of evaporative menisci [59], [60], [61]. This is 

particularly advantageous in the case of copper-water heat pipes, where the relatively poor 

hydrophilicity of copper (the static contact angle of air-exposed Cu is often greater than 70˚ [62], 

i.e. θ≈ 90˚) compromises their performance. There are many methods proposed in the attempt to 

alter and control the surface wettability of copper--and other prevalent materials, such as silicon 

(of particular interest in MEMS), for that matter.   
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The well-known models of Wenzel [63] and Cassie-Baxter [64] demonstrate that the surface 

wettability can be tuned by altering its morphology (e.g. surface roughening) as well as the surface 

energy (e.g. chemical modification). This has led to a growing trend to incorporate nano-structures 

on surfaces (referred to with the terms such as “nanocoating”, “nanocarpeting” [65], and 

nanowicking [66]) in heat pipe related technologies. Conventional wick microstructures are 

directly coated with nanostructures in order to increase wettability and total thin-film area for 

enhanced evaporation heat transfer. The state-of-the-art literature, which incorporated nano-

structuring 4 of the surface into their design for improving the phase-change heat transfer are 

discussed next ( [33], [67], [68], [69] [70]). 

In particular, Nam et al. (see [67], [68]) evaluated different controlled chemical and thermal 

oxidation processes to create nanostructures having desired wetting characteristics. Adopting the 

chemical schemes, they covered a copper micro-post wick with needle-like CuO. The thermal 

performance of the wick was evaluated by submerging the lower edge of a sample into a pool of 

water and allowing liquid replenishment by capillary action to a 5 mm×5 mm heated area located 

above the pool. Samples with and without CuO nanostructures were compared. The nanostructures 

provided little improvement below 25 W/cm2. At higher heat fluxes, however, the nanostructure 

                                                 

4 The term “nano-structuring” is chosen deliberately here to include variety of categories, those that are textured 

(literally defined as having a surface that was designed so that it is not smooth “with or without changing the 

chemistry of the surface. 
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improved capillary performance (i.e. prevented local dryout of the post) and reduced the surface 

superheat of the posts. This improved capillary performance outweighed any conduction resistance 

added by the nanostructure layer. A 70% increase in the maximum dryout heat flux was shown for 

their nanostructured wick samples. 

Weibel and Garimella [33] recently reviewed and evaluated two potential configurations of 

nano-structuring for use as capillary wick structures:  

 Nano-wire (NW) arrays as the primary wick and evaporating structure—the idea behind 

this design was to lower the conductive resistance (potentially orders of magnitude lower 

than the typical sintered copper powder or screen wicks). This adversely lowered the 

permeability. To put this into perspective, the maximum possible wicking length was found 

to be 1cm for modest heat loads [69], which is inadequate for use in vapor chamber 

application.   

 Secondary nano-coating of conventional wick structures -- Weibel et al. [70] adopted this 

alternative approach to compensate for the low permeability of NWs, as previously stated. 

Figure 9 is an illustration of their design.  

The approach of surface nano-structuring was previously used to increase the capillarity of 

micro-post wick structures made of titanium [71] and copper [67]. The potential of this approach 

in increasing wettability and total thin-film area for enhanced evaporation heat transfer has been 

previously verified.   
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Figure 9: Illustration of nanowire-coated spherical particle (2D representation) for extreme cases of 

completely wetting and non-wetting nanostructures 

Considering the evaporator section of the heat pipe, nano-structuring the traditional micro-

structured wicks (e.g. porous, micro-grooves, etc.) could assist the heat transfer performance by 

potentially providing: 

 An additional capillary wick (smaller size scale) that can improve the wicking by creating 

a bi-modal wick structure, which somewhat resembles the biporous wicks. 

 Characteristic pore radii of a few tens of nanometers provide high capillary pressures to 

overcome the viscous drag on fluid flow at the microscale, delaying capillary dry-out.  

Enhancing evaporative heat transfer of conventional capillaries by coating them with a 

secondary fine layer is not a new idea. Wang and Catton [72], for instance, showed that the 

evaporative heat transfer in a triangular groove which is covered by a thin porous layer, is three to 

six times more effective than that in a groove without porous layers (see also [73], [74], [75]).  
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Figure 10: Representative evaporating meniscus in a groove, to demonstrate the major trend of studies 

on the subject.1- Liquid meniscus, 2- thin film (zone of extensive heat transfer with 

evaporation) 3– dry zone, Courtesy of L.L. Vasiliev, National Academy of Sciences of 

Belarus. (Also, see [72], [73], [74]). 

For the particular case of grooves, there have been a number of studies (see [76] [77] [78]) of 

evaporation phenomena in heat pipes, most of which focus their attention on liquid evaporation 

from menisci formed on smooth surfaces of grooves with extended thin films, see Fig. 10-a. 

Elevated heat transfer in the grooves occurs in the thin film region that extends beyond the intrinsic 

meniscus. However, the extended thin film in the grooves with different sections constitutes only 

a small portion of the total surface of the grooves (see Sec. 2.1). 

Another growing trend is augmenting the properties of working fluids [11]. Literature shows 

that changing the chemical makeup of the working fluid can have a positive impact on its phase 

change performance (e.g. using nano-particles). Wen [6] used nanoparticle suspension to increase 

the boiling heat transfer coefficient. However, Das [7] found that overloading the solution with 

nano-particles could negatively affect the boiling performance. 
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Wasekar and Manglik [79] investigated the addition of anionic surfactants to improve nucleate 

boiling of water, and found considerable enhancement in the heat transfer coefficient (10%- 65%, 

depending upon the concentration and heat flux) relative to that of water. The dynamic surface 

tension was found to have a primary role in the modification of bubble dynamics, and hence boiling 

heat transfer. Wen and Ding [80] studied the use of stabilized nanoparticle suspension to enhance 

the pool boiling heat transfer properties. There are similar efforts where nanofluids are used for 

enhancing heat transfer, the majority of which are intended for boiling heat transfer, not 

evaporative heat transfer. However, there are numerous conflicting findings on the performance 

of nanofluids for heat transfer applications [81]. These studies proved successful in improving the 

general performance of these fluids by altering their thermophysical properties.  

It is clear from the above review that modifying the surface of conventional wick structures is 

an effective method in enhancing the performance of heat pipes. This reason behind this 

enhancement is discussed in the next section. 
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 Literature Review on Special Topics  

How to increase the transition region of a meniscus, see Fig. 11, has been the subject of a large 

number of research efforts of which IAS is only one. Of these many studies, each provides different 

methods to manipulate the evaporating meniscus, in particular, by decreasing the contact angle 

[68]. Plawsky et al. [50] reports the results of many of the available methods.  As they describe, 

patterning a surface either chemically or physically alters three interrelated phenomena that are 

important in phase-change process: (1) the surface potential, (2) the shape of the liquid-vapor 

interface, and (3) the resulting fluid flow.  

The size and scale of the surface features, for example, determine which solid-liquid-vapor 

interactions are important. Macro-sized physical structures primarily serve to increase the contact 

area between the heat transfer fluid and the underlying solid, such as a biporous copper wick [82], 

or macro-grooves [83] [76]. Micro-sized features lead to a similar increase in solid-liquid 

interfacial [72] area but also increase nucleation sites for enhancing boiling [59]. Finally, 

submicron, nano-sized structures increase the surface potential (different adsorbed film thickness) 

and can also lead to an increase in nucleation sites and interfacial area [84] [85]. All processes 

(whether physical or chemical modifications) have the same goal in mind—maximizing the length 

of the contact line and hence the most active area for phase change. 
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Figure 11: Extended meniscus profile adopted from [50]in order to describe the impact of IAS on the 

transition region; δ is assumed the height above which the evaporation is negligible (large 

thermal resistance).  

Changing the surface roughness, for instance, could lower the contact angle and 

correspondingly increase the length of the transition region. Alternatively, the effective resistance 

of the fluid could be enhanced using nanofluids or surface-based nanostructures that also affect 

the contact angle by pinning the contact line to the substrate. For instance, nanofluids containing 

metal nanoparticles offer a means of altering the fluid’s effective thermal conductivity as well as 

the wetting properties of the fluid. In a thin film, the nanoparticles arrange themselves in an ordered 

fashion to form layers. This ordering creates an excess pressure in the thin film relative to the bulk 

fluid, known as the structural disjoining pressure. Chengara et al. [86] studied spreading and found 

that the structural disjoining pressure affects the spreading behavior of nanofluids pointing out that 

Fluid flow 



  

38 

 

the structural component of the disjoining pressure is strong enough to move a liquid wedge (Also 

see [87]).  

An extensive number of scientific investigations of the formation of efflorescences, a deposit 

of salts, within the stones and masonry walls of buildings and monuments has been documented 

[88]. These studies are mainly focused on the causes of the weathering (breaking down of the 

structure) in order to prevent it. Weathering is the result of crystallization and formation of some 

salts inside the pores of masonry walls. The underlying mechanism, which leads to the weathering, 

is somewhat similar to what is seen in an IAS system. To recognize the similarity, the weathering 

mechanism is explained (oversimplified). The dissolved salts are carried out into the stone with 

groundwater by capillary rise. As the water evaporates (due to the wind or heat of the sun), the 

supersaturation of the pore solution results in crystals formation. Initially, the evaporation takes 

place on the exterior surface. The formation of salts can accentuate the transport of water 

(containing the ions) toward the evaporated region because the previously built salts aids with the 

wicking. As a result, the crystal growth continues as the spatial confinement allows.  An overview 

of the underlying mechanisms was recently published and can be found in [89]. 

In this context, i.e. weathering phenomena, there have been many studies (see [90], [91], [92] 

and [93]) of soil salinization and related mechanisms, where dissolved salts are transported under 

the influence of viscous forces, capillary forces, gravitational forces, as well as advective and 

diffusive fluxes. Often, in such cases, the concern is soil salinization because of continuous 

evaporation on the surface of soil, which promotes the transport of water containing solutes that 

will lead to salt accumulation and precipitation. Jambhekar [94], for instance, investigated 
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evaporation-driven transport and precipitation of NaCl in porous media. He described the transport 

of the dissolved NaCl and distribution in a porous-medium under the influence of capillary, gravity 

and viscous forces with advective and diffusive forces. The relevance of it to the present work is 

briefly explained below.  

The structural material, essentially porous structure, plays the role of primary capillary 

structure. Water, containing soluble salts, flows due to the capillarity.  Local evaporation of water 

due to the atmospheric conditions promotes the capillary flow of the saline water. This is an 

advective transport mechanism. The result is accumulation and precipitation of salts (on top of the 

structures). The formation of salts then further increases the capillarity, which increasingly results 

in salt accumulation. The crystallization pressure from the salts cause damage to the building. The 

objective in those studies is to prevent the transport of the liquid (i.e. saline water). In contrast, for 

the case of a heat pipe, the transport of the liquid toward the evaporator is desired.  

In the case of weathering, the amount of salt (dissolved in water, sourced in the soil) is infinite 

but in the case of the IAS in a heat pipe, the amount of salt is definite. This amount needs to be 

optimized for different types of primary capillary structures that IAS will be intended to use with.  

In Chapter 7, it will be seen that increasing the amount of salts adversely affected the heat transfer 

performance of the grooves (open capillary).  

 Summary 

There is little or no information about working fluids as complicated as IAS. Studies of nanofluids 

(for use in heat pipes) are the closest findings in literature in terms of complexity; nanofluids is by 
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itself a relatively new field and a subject of exploration. For example, while different studies have 

shown that nanofluids demonstrate higher heat-transfer enhancement than those of base fluids, 

conflicting results on nanofluid performance and the mechanisms have also been reported [95]. 

Nanofluids, however, thrive on quite different physical processes where the use of homogeneous 

mixtures of nanoparticles in water creates a suspension that simply collect near the surface.  

Several research areas were investigated to find an explanation for the observed transport 

mechanism. No evidence of using the wicking mechanism, upon which IAS depends, was found 

in the literature, i.e. heat pipe. This mechanism is now referred to as THC-wicking (Chapter 6). 

Microfluidics, which is essentially a field dedicated to miniaturized plumbing and fluidic 

manipulation, was among the investigated fields. It might not immediately be evident why 

microfluidics, has not addressed the use of a highly soluble salt for liquid transport (the notion 

behind the THC mechanism).  

The idea of using the “spongy” behavior of these salts is so simple, that the lack of its 

application seemed, at first, quite surprising. One likely explanation for this is related to the thermal 

conditions that are required for the THC-wicking. As will be detailed in Chapter 6, for the so-

called THC pump to act, there needs to be a high local evaporation flux. Exposure to high 

temperature is an essential element in creating a steady passive driving force from the use of 

highly-soluble salts. Mainstream research in microfluidics, however, is targeted on applications in 

organic chemistry, biology, and medicine that desire low temperature environments and, as a 

result, has overlooked such a driving mechanism.   
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Two other fields were investigated that yielded insights to the wicking mechanisms in an IAS 

system were (1) soil salination and plant hydration mechanism in saline environment and (2) salt-

weathering phenomena in building materials. 
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CHAPTER 3 

 

 From “Qu-fluid” to the Designer Fluid: Parametric 

Exploration of IAS 

In this chapter results of earlier investigations focusing on understanding the so-called Qu-fluid 

(IAS#0) are presented. The work presented in this chapter seeks to provide a primary resolution to 

the IAS-puzzle (see Sec. 1.3). To date, there has been little reliable heat transfer data for the Qu-

tubes and no direct experimentation with the Qu-fluid in a PCHT device. This study therefore sets 

out to investigate the usefulness of the Qu-fluid for heat pipe applications.  

This chapter begins by presenting the results of a test conducted at UCLA [96] that tested the 

thermal performance of a Qu-fluid in a biporous wick relative to water (see Sec. 3.1). Later in 

Chapter 5, the performance comparison of the Qu-fluid with water is expanded to simpler wick 

geometries, i.e. open capillary grooves (Sec. 5.2 explains the reasons behind this choice). This 

chapter then goes on to identify the source of the improvements in heat transfer resulting from the 

usage of the Qu-fluid. A selection of the corresponding investigations, including the experimental 

details and the results of measurements, are discussed in this chapter.  
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 Performance Measurements Using Biporous Copper Wicks 

Early experiments with the Qu-fluid were with biporous copper material. The working fluids that 

were considered for these studies were with Qu-fluid (IAS#0), its corresponding effluent 

(yellow#0), and water as the reference. Two types of biporous wick were used for this study. One 

was an evaporator constructed of both biporous and monoporous layers, referred to as double-

layer wick (Fig. 12-B), and the other was a single biporous wick (Fig. 13-B). The design 

particularities of the wicks are irrelevant to the study`s goal (comparison of IAS and water) and 

were borrowed from a separate research study focused on advancing the design of biporous wicks 

for design of a thermal ground plane (TGP) prototype [97]. To perform the heat transfer 

measurements, a custom-built vapor chamber, previously designed and fabricated by Semenic (see 

[98], pp. 102 for the apparatus details), was used by Reilly [96] for the tests. The sequence of the 

experiments is such that water is always tested first, then the IAS#0, and lastly the subsequent 

effluent, if applicable.  

The results along with a schematic of the dedicated evaporator wick are shown in Figs. 12 and 

13. The nominal locations of temperature measurements are shown for reference. 

Reilly used IAS-biporous wick data in his model development to delineate the effect of IAS on 

the pore size distribution and thereof on the heat transfer. The relevant aspects of his work are 

highlighted through this discussion as needed. The tests with a double layer wick are detailed in 

[99]. The explanation for the performance gain, cited in [96], is integrated into the forthcoming 

discussion to include the necessary revisions to some of the previously incomplete speculations. 
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 The purpose of the study cited in [96] was primarily to establish the potential of the Qu-fluid as 

an alternative working fluid for phase change based cooling systems.   

The heat transfer performance is shown in Figs. 12-A, and 13-A.  

The performance curve for the Qu-fluid is seen to be highly nonlinear below a 50-W/cm2 heat 

flux, see Fig. 12-A. Following the performance curve from 0 to 3 on Fig. 12-A, it is noted that the 

performance of the Qu-fluid is less than water up to a heat flux of 50 W/cm2. Following an abrupt 

change at point 1 (maximum evaporative thermal resistance achieved), the performance steadily 

improves surpassing the performance of water at point 2. That is, beyond point 2 (i.e. ~50 W/cm2) 

the evaporative thermal resistance for the Qu-fluid is about one third that of water at 150 W/cm2. 

Finally, point 3 marks the onset of the dry-out, at ~ 160 W/cm2.   However, in testing the second 

wick, the scenario was found to be slightly different than that just described, in that both water and 

the Qu-fluid curves follow a seemingly similar trend (Fig. 13).  

Further inspection of the data for both wicks show that when the wall-temperature (Tw) 

increases to about 60˚C, the performance of IAS suddenly starts to improve, as illustrated in Figs. 

12 and 13. The higher resistance of IAS to nucleation, as compared to water, was previously 

presumed to justify the peak occurring in the IAS curve [99]. The present work, however, 

speculates that this point corresponds to the end of what is referred to as the start-up phase. Note 

that in the biporous tests reported above, the dry-out point could not be established. This, according 

to Reilly [96], was due to the limitations of the existing experimental apparatus.  Therefore, a semi-

empirical model, see Amouzegar et al. [100], is employed to estimate the maximum attainable 

heat flux (Appendix 4).   
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There are three curves on Fig 13. The blue is for results using water, the red for the first test 

using IAS#0 and the yellow for a second test using IAS#0. After inspection of the biporous wick, 

it was clear that the reason for the decrease in performance was clogging of the wick. The chamber 

used for the testing had entirely too much fluid availed to the wick and the continuous deposition 

slowly clogged it.  

 

Figure 12: (A) Performance comparison of the Qu-fluid (“IAS#0”) and water, utilizing a double-layer 

porous evaporator wick, shown in (B).  (Data courtesy S. Reilly, UCLA) 

1 
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Figure 13: (A) Performance comparison of Qu-fluid (IAS#0), and its effluent (Meta-IAS#0) against 

water. (B) The monotonously biporous wick (Data courtesy S. Reilly, UCLA).  

The capillary limit was estimated using a semi-empirical correlation, see Equ. 3 developed by 

Amouzegar et al. [100] that relates the capillary limit heat flux (CLHF) of an operating biporous 

wick evaporator to its thermophysical properties and the wick geometry.  

Tw ≈60˚C 
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The model is based on the hydrodynamics at the capillary limit, and was calibrated using the 

heat transfer and thermophysical data from 52 biporous wick evaporators that were tested by 

Semenic [82]. To test the validity, the model was confirmed against 20 additional experimental 

data points (average error: ±16%, maximum error: ±30%). The superheat at CLHF is estimated 

using a correlation developed by Vadnjal [53]. The predicted maximum heat flux (capillary) and 

its corresponding temperature are shown in Fig. 14. 

 

Figure 14: Effective heat transfer coefficient vs. heat flux. Capillary limit location (CLHF point) is 

predicted for the case of water. [*: experimental data by S. Reilly] 
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 Thermophysical Properties  

Explaining the superior thermal performance of Qu-fluid relative to water in a biporous evaporator 

wick (see Sec. 3.1) began with an evaluation of all the thermophysical properties that could 

contribute. Equation 3 can be written as    

 

 

(4) 

where µ and ρ denote the viscosity and density of the working fluid respectively; σ is the surface 

tension; λ is the heat of vaporization of the fluid; d, D, L, and, δ are representative geometrical 

parameters of the wicked device; θ is the contact angle which represents the solid surface energy. 

Equation 3 was developed for pure liquids, see Appendix 4, and as a result does not contain any 

information about the possible impact of chemical reactions (see Chapter 8). 

3.2.1. Viscosity, Density, and Surface Tension Measurements 

The measurements discussed in this section were performed for deionized water (as the reference) 

and two occurrences of the Qu-fluid (IAS#0): (1) the fluid in its initial composition, i.e. whatever 

it is prior to being operated in a heat pipe, and (2) the yellow effluent sampled out of an operated 

heat pipe. Both fluids were originally from the same batch of Qu-fluid.  

The fluid density was measured by method of weight and found to be 1.0068±0.0001 gr/mL, 

which is close to that of water. Viscosity was measured at room temperature using both a simple 

Ubbelohde capillary viscometer and a stress-controlled shear rheometer (AR-2000, TA 

surface contact     latentgeometrical viscosity density
tension angle     heatparameters

( , , , , , , , , , , )BP l v l vCLHF func d D L        
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instruments). As depicted in Fig. 14, the viscosities of the three fluids were identical. The 

description of the device and the method of measurements can be found in [101]. 

Surface tension measurements were done using the pendant drop method, [102], pp. 57. A 

general-purpose test facility (FTÅ 125 model), equipped with a micrometer screw-type syringe 

and a CCD camera, was used for the measurements. A picture of the facility is shown later in Fig. 

22 (see Sec. 3.3.3). The measurements followed a precise calibration of the device [103] and 

repeated a minimum of ten times (maximum deviation was ±1mN/m from the reported average 

data). Table 2 compares the surface tension of the two fluids with that of water, utilizing water as 

the control fluid throughout the measurements.  

Table 2: Surface tensions measured showing a less favored result for the Qu-fluids, IAS = Qu-fluid. 

 

 

 

Fluid 
Deionized Water  

(As reference) 

IAS-effluent 

(filtered) 

 Qu-fluid 

(IAS#0) 

Surface Tension [mN/m] ~71 ~66 ~67 
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Figure 15: Rheometer measurements: viscosity, the slope of each line, for “Initial-IAS”, “IAS-

effluent”, and water. 

3.2.2. Boiling Point, Freezing Point, and the Latent Heat Measurements:  

The freezing point and boiling point were measured and  found to be about the same as water, 

within margin of error (~ – 0.15 °C). To determine the boiling temperature of the solution, a 

thermometer was placed in contact with the solution, not in the vapor as in the case of a pure liquid. 

Care was taken to eliminate any superheating of the liquid phase. Electric heating was used to 

minimize the initial degree of superheating of the solution. Based on the small amount of dissolved 

ions   (0.132 moles/kg), the measurements were found reasonable. 

Another goal was to evaluate whether or not the cause of significant improvement in 

performance was due to IAS having a larger enthalpy of vaporization than water. By measuring 
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the vapor pressure of the solution (i.e. the IAS) at various temperatures, a P-T curve was generated 

from the data. Using the Clausius–Clapeyron equation, the data was then reduced to find the heat 

of vaporization. The experimental apparatus used for collecting the P-T data is referred to as the 

“boiling chamber” (BC). The BC was designed and built by Semenic [82] to measure the thermal 

performance of different wick combinations (the same apparatus was also employed in thermal 

performance measurements, see Sec. 3.1).  A simplified schematic of the experimental set-up 

adapted for generating P-T data for different working fluids is shown in Fig. 16. 

 

 

Figure 16: Boiling chamber apparatus for equilibrium P-T measurements, designed by Semenic [82]. 

The procedure used to make the P-T measurements is initiated by placing the fluid inside the 

boiling chamber, which is then closed and evacuated. The charge amount was kept the same for 

every test. The fluid was heated for ~10 minutes to liberate the NCG. The pressure was reduced to 
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about 0.08 bar within the chamber at the end of the degassing procedure. Circulating the water 

through the cooling coil (i.e. condenser in Fig 16) controlled the saturation temperature. Steady 

state data was collected by fixing the temperature (liquid temperature), and measuring the 

corresponding vapor pressure. The resulting P-T data are plotted for both water and Qu-fluid in 

Fig. 17. 

 

Figure 17 : Qu-fluid (dilute as it is in the bulk) versus water; the slope (at any temperature) is equal to 

the negative heat of vaporization (for that temperature) divided by the gas constant R.  

The heat of vaporization was estimated using the Clausius-Clapeyron equation to be 2,406 

(kJ/kg) for IAS and 2,257 (kJ/kg) for water. On the one hand, the 6% increase is within the standard 

error of measurements (i.e. tolerance interval is ±%20).  On the other hand, even a 20% increase 
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in latent heat is not enough to explain the factor of two increase in performance of IAS (estimated 

at 312 Watt/cm2) found in the biporous wick experiments. 

 Surface Characterization  

Whether it was through a serendipitous observation, a lack of promising evidence in the inspection 

of the fluid's thermophysical properties, or due to the reduced performance spotted after repeatedly 

using IAS in the tested biporous wicks, it was speculated that the merit of the Qu-fluid (IAS#0) 

originates from the changes it makes to the heater surface. To evaluate this speculation, a series of 

inspections were done, which are detailed in the following subsections.   

3.3.1. Scanning Electron Microscopy (SEM) of IAS-Operated Biporous Wick  

The biporous wicks from the study using Qu-fluid, see [99], were used to obtain SEM images. 

Figure 18 presents the results, where a porous-like coating can be seen on the surface of the copper 

particles. Initially, it was surprising that the permeability was not significantly decreased due to 

extensive clogging. It was concluded in [96] that IAS promotes the growth of a porous structure 

resulting in enhanced wetting and therefore benefitting the evaporating meniscus. This conclusion 

was not entirely inaccurate but somewhat immature in describing the phenomenological 

characteristics of IAS. Drawing upon these inferences, the study moved on to exploiting the effect 

of IAS on the surface and wetting performance.  
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Figure 18: SEM images showing a sporadically formed porous-like coating: Samples were taken from 

random and different parts of the wick, after successive operation of IAS in the vapor 

chamber (Sec. 3.1).  
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3.3.2. Surface Wetting Behavior  

Measuring the contact angle between a liquid and a surface is a common method for determining 

wettability of the surface by the liquid. Figure 19 shows some of the early contact angle 

measurements, which clearly illustrate the role of IAS in changing the wetting behavior of a 

surface. Three specimens (measured 1 cm × 1 cm) were prepared as follows: 

 A bare copper surface (polished and cleaned) for testing as a reference.  

 A droplet of IAS was spread over a similarly polished and cleaned copper surface and then 

heated at ~ 80˚C until the surface was dry. 

 A second substrate like the second was prepared followed by immersion in water to remove 

the soluble content of the coating.  

The wetting capability of each specimen was then quantified using the sessile drop technique 

of placing a droplet of DI-water on each of the three substrates and calculating the contact angle 

formed between the liquid and the surface, as shown in Fig. 19. This angle is called the 

“equilibrium contact angle”. The improvement in wetting behavior of the two substrates that were 

treated with IAS is evident in Fig. 19.  
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Figure 19: Contact angle (equilibrium) measurements of a water droplet on (a) bare copper, (b) IAS-

treated Cu, (c) IAS-treated Cu with light rinsing (less coating) 

A qualitative demonstration of the IAS potential to enhance capillary action is illustrated by the 

simple wicking experiment shown in Fig, 20. For the test, a flat copper substrate, measured 1 cm 

× 0.5 cm with 0.25 mm thickness, was prepared with its two sides conditioned differently: 

1) IAS-treated side, in preparation of which the surface was polished and cleaned, followed by 

wetting with IAS and heating until dry ; and 
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2)  Bare-copper side that was polished, and cleaned following the IAS-treatment to remove any 

copper oxide formed during the thermal exposure.  

3) As indicated in Fig. 20, the prepared substrate was then vertically dipped into a pool of water. 

Along the coated side, water rose more significantly than it did compared to the bare surface 

on the opposing side. The rise of water eventually stops when the system reaches equilibrium 

on both sides. At this point, the macroscopic height of the meniscus formed along Side 1 (IAS-

treated) is about twelve times (h1/h2≈12) larger than that of Side 2. Here the liquid in the 

meniscus is in equilibrium with the liquid bath. The factor of twelve enhancement was a 

surprise. 
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Figure 20: Capillary rise of water along the IAS-coated compared to the bare side of the copper 

substrate (at room condition) 

 

3.3.3. Dynamic Contact Angle Measurement 

The impact that IAS has on the wetting behavior of a surface is quite complex. For instance, under 

the right conditions IAS leaves some porous-like solid deposit on surface that contain salts of 
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different solubility characteristics. For the ease of discussion, herein the term “IAS-treated“ is used 

in reference to the collection of modifications that IAS introduces onto the surface, regardless of 

the exact nature and characteristics.  

In contrast with the common porous wicks that are non-transient structures (i.e. rigid and 

insoluble with a defined geometry), the pertinent IAS-wick is transient (dictated by thermal, 

mechanical, and chemical equilibrium). An explanation of the observed wetting behavior of such 

surfaces was not be found in past studies (see [62], [104], [105], or [106]).  

As mentioned earlier, a variety of contact angles (intrinsic, apparent, dynamic, etc.) have been 

defined in the literature (see [104] for example), each addressing a different situation. For instance, 

wetting behavior of water on copper is determined to be equal or above 70˚. Such a contact angle 

is thermodynamically described by well-known the Young`s equation [107], which reflects the 

wetting behavior of an ideal copper surface, in that the surface is rigid, smooth, homogenous, 

insoluble, and non-reactive.  

General examples from these studies are briefly discussed below for illustration. For the wetting 

behavior of structured surfaces for example, Nam [62] and coworkers [105] used static contact 

angle measurements to compare the wetting behavior of a variety of nanostructured (rough) 

surfaces, created with different copper oxides (Cu2O and CuO) such as sharp-needle like 

nanowires, as suggested by Yun et al., and 3D flower-like networks [106].   

Another relevant case to include in this discussion is the wetting behavior of permeable surface 

structures (e.g. porous copper), which are also insoluble and non-deformable. Transient 
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macroscopic contact angle measurement (referred to as the dynamic contact angle) is commonly 

used to characterize the porous wick structures because of the droplet infiltration into the micro-

scale and nano-scale pores. 

IAS surface deposits, as in this study’s prepared test subjects for the contact angle measurement, 

undergo behavior similar to porous structures where liquid water gets absorbed into the structure 

until the thermodynamic equilibrium is reached. What makes an IAS deposit different from a 

porous structure coating, however, are the variations in the driving forces that are in place. A rigid, 

porous coating (assuming the material is hydrophilic by Young’s standard) and an IAS-coating 

show the same macroscopic behavior. This behavior can be described as absorption, a phenomena 

where the absorptive substance (e.g. water molecules) enter some bulk phase (e.g. the porous 

coating or IAS-coating). However, in the case of a rigid porous structure, the solid structure is 

tightly kept together by covalent forces (consider the interatomic bonds in copper, for example) 

and evidently not soluble in water.  

In contrast, the relatively weak binding energy of the ionic salts of IAS-deposited solids allows 

them to be dissolved by the water molecules. Strictly speaking, a majority of the components that 

IAS leaves behind on the surface, upon dry-out are soluble salts (meaning the ionic lattice in them 

breaks up and the separate ions are then solvated). This indicates that the equilibrium contact angle 

of a water droplet that is placed on an IAS coated surface also requires consideration of chemical 

equilibrium (i.e. chemical potential). For more discussion, see Chapter 6. 

It should be noted that the impact of IAS on the surface is not limited to the soluble salts. Figure 

21 is a graphic illustration of different effects that IAS could generally have on a given surface 
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(i.e. copper). Surface roughness is the innate consequence of copper oxidation by strong oxidizers 

(i.e. Mn+7), which is then topped with insoluble deposits (such as MnO2, and MgCrO4).  

This soluble deposit is essentially in the form of a mixed crystalline salt (including chromate 

salts) and exhibits a strong affinity for water and moisture (in air). That is, an entirely dry IAS-

treated substrate gains weight over time (at room conditions). This resembles the behavior of what 

is commonly referred to as hygroscopic salts (the corresponding characteristics of the IAS deposit 

is discussed in Chapter 6) 

 

Figure 21: IAS surface microstructure wetting behavior is a result of several wetting phenomena  

Specimen preparation: To prepare the samples, commercially available copper foils (0.8 mm 

thickness, 1 cm × 1cm) were first polished (using 1500-grit sandpaper) and cleaned (20 min in an 
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ultrasonic bath of acetone, followed by rinsing with de-ionized water). Right before starting the 

IAS treatment, each surface was dipped into aqua regia (a mixture of nitric acid and hydrochloric 

acid) for 30 seconds to remove any pre-existing oxide layers. The samples were then rinsed with 

DI-water, and wiped dry with soft lint free paper. 

Method of measurement: A general-purpose goniometer (First Ten Angstrom 125 Series) 

equipped with a droplet dispensing system is used for contact angle measurements. A 

corresponding photograph of the experimental facility is provided in Fig. 22. The software 

automatically analyzes the drop shape and computes the contact angle. A screen-shot of the system 

in operation is shown in Fig. 22. With the specimen in place, a glass syringe is used to form a ~12 

µl pendant drop, which is then dispensed on the surface with as little falling  distance as possible 

to limit kinetic energy induced spreading. This is done by positioning the tip as close as possible 

to the surface, but far enough away to avoid premature detachment due to surface forces rather 

than the weight of the droplet.  

 

Figure 22: Experimental facility for surface tension and contact angle measurements; Water droplet is 

dispensed on the specimen 
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The contact angles were measured at the beginning (initial contact angle) and then every 33 

milliseconds until equilibrium was reached and the contact angle stabilized (referred to as 

equilibrium contact angle in this work). All the measurements were performed at room temperature 

and standard atmospheric pressure, and DI-water was the dispensed sessile droplet.  

 

Figure 23: Impact of Coating and the Treatment Temperature on dynamic of contact angle. IAS#0 

refers to Qu-fluid.  
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Figure 23 shows representative results of the dynamic contact angle measurement for different 

surface treatments. The annotation is done based on the following sequence: [The name of IAS 

batch, nominal surface temperature for IAS treatment, duration of thermal treatment, qualitative 

description of the final coating of the samples]. Examination of the results shows the impact of 

surface treatment temperature and the distinct impact of different coating layers (soluble and 

insoluble parts). The results are described as follows: 

1) Impact of the treatment temperature (~40˚, 60˚, 90˚ C): The samples that were only heated up 

to 40˚C performed worse than bare copper. Those IAS-treated under 70˚C and 90˚C (surface 

temperature) performed the best (rapid spreading and lowest contact angle.) The dynamic 

contact angle for these two samples, S2 and S3, reached an equilibrium angle (within 60 

seconds) of approximately θe=24˚ and θe=17˚, respectively. In the case of 90˚ C, the spreading 

happened spontaneously. 

2) Distinction of coatings: The surfaces (S2 and S3) with full coating (insoluble+ soluble layers) 

performed significantly better than the samples (S4 and S5), which were cleansed of the yellow 

chromate-based coating (the soluble part). Note that the wetting behavior of S4 and S5 is 

exclusively due to the deposited insoluble MnO2 based layer, as indicated by comparison with 

the wetting of the bare copper control sample.  

 Summary  

In summary, it has been shown that the merit of IAS, at least partially, is associated with its ability 

to enhance surface wetting. The enhanced thermal performance of a biporous wick evaporator, 
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when a baseline IAS (Qu-fluid) was used in place of water, was illustrated here. A semi-empirical 

equation of performance, which was previously developed by this author was adopted to establish 

a guideline for a crude parametric study.  

Thermophysical properties of Qu-fluid were measured and compared with those of water. The 

results of this investigation showed that surface tension, viscosity, latent heat of vaporization 

remains essentially the same as those of water. And, the changes in the boiling point and freezing 

point were not found significant. It is important to bear in mind that the above parameters can be 

conceivably different near the evaporating surfaces due to the extreme changes in the IAS 

concentration (See Chapter 8 for future recommendations).  

Furthermore, the performed surface characterization (such as SEM, EDS, and contact angle 

measurement) of IAS-treated copper substrates revealed that the merit of IAS, if not all but in part, 

is associated with its ability in enhancing the surface wetting. The impact that IAS has on the 

wetting behavior of the surface was found unexpectedly complex and far beyond the scope of this 

study. The preliminary findings however are included in Chapter 6 offering insights into the 

resulted wetting behavior. Taken together, the results of the parametric investigation concludes 

that bulk IAS properties are similar to those of water, and exposure to IAS makes the surface more 

hydrophilic. 
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CHAPTER 4 

 

 Flat Heat Pipe Experimental Apparatus 

A modular flat heat pipe (FHP) test facility was designed and built to address the following two 

major goals of this thesis. 

 Proof-of-concept: exploring the IAS fluid at a device level in order to gain insight into the 

mechanisms leading up to its thermal superiority over water; experimentations were done using 

two open capillary geometries, i.e. triangular and rectangular shaped grooves. The results of 

these two series of experiments are presented in Chapter 5.  

 Impact of molality on performance: examining how the molality variation in IAS affects the 

thermal performance. As detailed in Chapter 7, the IAS mixtures were variations of a state-of-

the-art mixture that previously showed a promising performance during the experimental 

studies reported in Chapter 5. The test plates for this study were made of copper with identical 

rectangular grooves.  

This chapter describes and discusses the details of the FHP experimental set-up and procedures.  

Throughout, the rationales behind the design choices and the subsequent modifications, if any, are 

explained. These choices are (a) a capillary structure for the test plates, (b) the heated viewing 

window, (c) variations in the amount of charge and (d) the angle of inclination. The methods by 
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which heat transfer data are obtained in this work as well as the measures taken to ensure well-

characterized conditions during the experiment are lastly discussed. 

 Design Rationales 

The rationale behind the design of the Flat Heat Pipe (FHP) test apparatus was as follows.  

 Having a highly adaptable platform that allows the easy interchange of test plates to 

facilitate the wicking studies (for different wick geometries and fluids).  

 Allowing visualization, a necessary part of obtaining the characteristics of IAS fluids 

throughout operation.  

 Enabling precise adjustment of the filling charge  

The FHP unit has several features that allow relatively valid conclusions to be reached from 

different configurations. Running just one experiment is a remarkable expense in both time and 

money, particularly when IAS is the working fluid being tested. A chemically active fluid, IAS 

reacts with the surface of the test plate module and alters its characteristics. The options are either 

using a new test plate or cleaning the same plate following an abrasive cleaning procedure. There 

are certain drawbacks and advantages with each of the options. 

 Details of the Wick of Choice 

The choice was made to use open geometry capillary grooves for the test plates to obtain the 

following benefits: 
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 Reduced number of geometric parameters: the choice decreases the number of uncontrolled 

variables that geometric complexities introduce into the system. For instance, the biporous 

wick introduces two characteristic pore sizes.  

 Reduced randomness: Homogenous capillaries reduce the possibility of uncontrolled 

random effects. The use of geometrically heterogeneous structures, such as porous 

structures, makes the work more susceptible to uncontrolled, random variations from one 

place to another and may lead to biased sample variations.  

 Ease of cleaning: choosing a grooved plate keeps the surface property of the wick 

consistent throughout different tests. Grooves are ideal for maintaining a repeatable 

polishing/cleaning procedure whereas it is near impossible to clean enclosed capillaries. 

The same applies to sintered capillaries. For example, in the manufacturing of screen 

grooves, the complications resulting from the sintering process may be a source of error. 

Once the primary experiments were concluded with both triangular and rectangular capillary 

plates, it was decided to fix on the groove geometry for further experimentations for the 

following two reasons.  

 Faster and lower cost CNC machining of rectangular shaped grooves. 

 Thermal performance of the triangular-capillary plate proved more sensitive to the liquid 

charge. This is because the volume of the triangular groove is smaller than that of a 

rectangular despite the groove depth and the total number of grooves per plate being the 

same for both. A top view of the plate and a cross-sectional view for each is shown in Fig. 

24 (detailed dimensions are applicable to both capillary plates). 
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                  Figure 24: Dimensions of the capillary plates, as manufactured. 

 Experimental Set-up 

A detailed schematic of the FHP test apparatus is shown in Fig. 25.  As can be seen, FHP apparatus 

consists of a vapor chamber, vacuum line, heating and cooling systems, supporting structures, and 

the data acquisition system. Figure 26 details a simplified cross sectional schematic of the flat heat 

pipe vapor chamber, along with the test plate modules that were utilized in this research (i.e. 

rectangular and triangular grooved plates). 
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               Figure 25: Diagram of the overall test facility and the flat heat pipe assembly (axial view). 

 

 

         Figure 26: The cross section schematic of the flat heat pipe chamber (cross-sectional view) 

The vapor chamber measures 3 cm × 13 cm × 1 cm internal volume. The FHP enclosure is 

made of a 1 cm square cross-section stainless steel frame (sides), which is confined by a see-

through sheet on the top and the test plate on the bottom. The three components (Figs. 26 and 27) 

snap together, while the cutouts (not detailed in the image below) machined on top and bottom of 

 

2 mm 
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the stainless steel frame accommodate an O-rings for each side. The O-rings (FDA-Compliant 

Viton® Fluoroelastomer5, 0.103" width) were used to hermetically seal the enclosure. 

                      

Figure 27: The vapor chamber`s components. An external platform anchors the chamber, the cooling 

block, and the heater stem in place. (The copper plate is made transparent for better view.) 

To assemble the vapor chamber the test plate would be sandwiched by the lower and middle 

stainless-steel frames. Between the middle and upper stainless steel frame there is a viewing 

window.  

                                                 

5 McMaster Carr, 1092T24 

http://www.mcmaster.com/nav/enter.asp?partnum=1092T24
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A container-like ceramic platform was made out of 1” thick Cotronic Rescor 914, having k=0.4 

W/m/K, to sandwich the test chamber into a tight seal while providing excellent insulation and 

stability for the test setup. The ceramic case also allows for proper alignment of the entire test 

chamber, as well as the heater stem and the cooling block. This particular choice not only made 

the assembly procedure easier but most importantly had to do with reliability and quality of the 

comparative measurements. 

 

Figure 28: The assembled FHP apparatus (picture taken of the evaporator side) Compact Hold-Down 

Toggle Clamps 

The details of the two heater stems and the cooling block are shown in Fig. 29. The heat input 

is generated by two 100-W cartridge heaters embedded in a copper block of cross-section 2.54 cm 

× 2.54 cm (3/4" thick). The copper cross section is then reduced to form the desired evaporator 

cross sectional area in the experiment. The heat input is concentrated and conducted to the 

evaporator section through this 6.86 cm long heater stem. The 1 cm×1 cm heater stems shown in 
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Fig. 29-b was employed for the experiments reported in Chapter 5. For the experiments that are 

concerned with variation of molality in IAS fluid (Chapter 7), the size of the evaporator was 

increased to 3 cm×1 cm (Fig. 29-c). 

At the other end of the plate the condenser section measures 2.8 cm × 2.8 cm area and is cooled 

by a cold plate made of copper, in which cooling water is pumped using a peristaltic pump at 

2.5±1.1˚C (Tcw-in) with a flow rate of 1.8±0.1 mL/sec.  

        

        Figure 29: (a) Cooling block component; (b) the heater block 1; (c) the heater block 2  

4.3.1. The Viewing Window 

As can be seen in Fig. 30, a 0.015-inch diameter Chromel wire is embedded between two ¼-inch 

thick polycarbonate6 sheet (Impact-Resistant) sheets forming the top viewing window to uniformly 

                                                 

6 McMaster Carr, 8574K26 

(a) 

(b) 
(c) 

http://www.mcmaster.com/nav/enter.asp?partnum=8574K26
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heat the window during the operation of FHP to prevent condensation from occurring on the glass. 

The undesired consequences of allowing the condensation on the window are the following. 

a) It blocks the optical view.  

b) It introduces a bias in the measurements. For example, running a test with IAS fluid leaves 

a hydrophilic residue on the glass. As a result, more condensate accumulates on the glass, 

when IAS is in operation (compared to water). This is problematic because thermal 

performance of the system is dependent on the amount of circulating working fluid, and 

arbitrary amounts of condensate, which cannot be measured, may invalidate test 

comparisons. 

c) Another consequence can be that the formed condensate on the glass falls directly onto the 

evaporator (or at random locations along the adiabatic section). The premature 

condensation, i.e. condensate dripping ahead of the condenser, is undesired for two 

reasons: (1) the liquid flow path (and the liquid flow resistance for that matter) decreases 

resulting in over-prediction of performance measurements, (2) causes instabilities in 

temperature recordings. 

Figure 31 shows the window during operation with and without controlling the temperature of 

the viewing glass. The amount of heat input through the window is controlled such that the interior 

surface temperature of the glass stays at saturation temperature during operation.  
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                         Figure 30: Viewing window with Chromel wire installation pattern 

 

Figure 31: Operating flat heat pipe top view (A) after installation of the Joule heated window (water); 

(B) with no window`s heater installed (IAS) 

4.3.2. Instrumentation and details of the data acquisition  

The back of each test plate is instrumented with fifteen T-type thermocouples, each attached onto 

the surface with a high thermal conductivity metallic putty (see Fig. 34). The corresponding 

thermocouple, heater and condenser location, and test plate dimensions are shown in Fig 32 and 

33. 

(A) (B) 
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Figure 32: Distribution of thermocouples on the back of the plate (as employed in the measurements of 

Chapter 5) 

 

Figure 33: Distribution of thermocouples on the back of test plate, as per purpose of experiments in 

Chapter 7 
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Figure 34: Preparation of the plate for testing in FHP. Thermocouples were first attached to the surface 

using “High Thermal Conductivity Metallic Putties, Epox-EEZ500ºF”  

A K-type thermocouple with an exposed junction is inserted inside the vapor chamber above 

the evaporating section to monitor the vapor temperature (Tvap). Five K-type thermocouples are 

inserted into the 1.2 mm diameter holes manufactured into the heater stem at a uniform separation 

distance of 1.52 cm. The last thermocouple (T5) is 2.54 mm from the tip. Since the heat flow into 

the tip is practically one–dimensional, the measured linear temperature gradient can be used to 

calculate the supplied heat input rate (Q) to the heating area (Ah). 

Data acquisition consists of temperature and voltage measurements. Temperatures were 

measured with a Personal Daq/56 (with PDQ1 extension) and a 22 Bit A/D converter. The unit 

allows direct thermocouple measurements, as it is equipped with a built-in cold-junction 

compensation system that converts acquired voltage readings into compensated-linearized 
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temperature with an accuracy of ±0.5 ºC (IOtech Inc. 7). Temperatures were measured with K- and 

T- type thermocouples at a sampling rate of 0.189 Hz and averaged over 310 ms intervals. Given 

the sampling rate and the type of thermocouples, IO tech Inc., specifies the accuracy of the 

temperature measurements (0-200 ºC) to be at least 0.4 ºC (Thermocouple accuracy excludes cold 

junction compensation error). 

The input voltages to the Joule heaters, i.e. the cartridge heater and the Chromel element, were 

measured using a digital TRMS multi-meter (Fluke 87). The thermocouple measurements were 

acquired using a data acquisition system interfaced to a personal computer and controlled using 

DASYLab. 

 Test Procedure 

In this section, the procedure used to operate the FHP experiment is detailed. 

4.4.1. Polishing and Cleaning of the Plates 

The interior surface of the grooves was lightly polished with 1500 grit sand paper. The polishing 

was a measure to reduce the possible discrepancies between the test plates by controlling the 

surface roughness. Both brand-new plates and those in re-use were polished. For the brand new 

plates, manufactured using CNC milling, the cutting action of the bit tends to leave a “directional” 

finish, with irregularities oriented in particular direction. The concern with the previously tested 

                                                 

7 IOtech Inc., 2003, Personal Daq User’s Manual, p/n 491-0901, Rev. 5.0 
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plates, on the other hand, was due to possible effect of surface reactions on surface roughness. 

Once polished, the plates were either shelved for later use or proceeded processed for chemical 

clean up, and testing.  

Immediately prior to start-up, the active part of the testing plate was cleaned with acetone to 

remove any oil, grease, or dirt; and then rinsed with de-ionized water. The grooves are then cleaned 

with aqua regia (mixture of nitric acid and hydrochloric acid in a volume ratio of 1:3 diluted to a 

1M solution) to ensure that the pre-existing oxide layers are removed from the surface. These kinds 

of surface contaminations can strongly affect the surface wetting of copper [28]. 

4.4.2.  Apparatus Assembly 

Once the copper plate is prepared with all the thermocouples mounted on its back, the plate is 

ready to be positioned on the lower ceramic bed. The following steps get the FHP apparatus ready: 

a) The cooling block and the heater stem are secured in the ceramic platform. To reduce the 

effect of contact resistances, a thin layer of high thermal conductivity paste 

(OmegaTherm®201) with a thermal conductivity of 3.5 W/mK is applied between the 

plate, and the cooling block and the heater.  

b) The thermocouples are now located and secured on the surface of heater (T6L, T6, and T6R 

in Fig. 33). With both heater and condenser adjusted and the plate seated on the ceramic 

platform, the other parts of the modules of the chamber are assembled as shown earlier in 

Fig. 27.  
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c) Next, the desired amount of working fluid will be added to the chamber. Then the viewing 

window, top stainless steel frame, and the ceramic frame are carefully mounted on top, and 

the assembly is clamped to achieve a seal. 

d) Finally, using a press screw, the condenser block is pressed tightly onto the plate. Similarly, 

the heater is pressed against the plate. A good thermal contact between these two 

components and the plate is the key to obtaining reliable data.  

e) The last step is degassing the apparatus. 

4.4.3. Degassing Procedure, Liquid Charge Control, and Screening Tests 

A vacuum pump (Alcatel 2005 SD) connects to the chamber at the condenser side while two 

Swagelok valves (A and B in Fig. 35) separate the pump and the chamber. The valves and the 

allocated space between them are used to control the degassing procedure. 

            

                                          Figure 35: The FHP setup inclined for degassing.  
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Degassing procedure: The chamber is inclined down toward the heater at a 4-degree angle (φ 

= -4˚). The tilting is to confine the liquid at the evaporator end, far from the vacuum-output, so 

that the liquid is prevented from escaping when the vacuum is applied later in the process. The 

chamber is then heated until the liquid starts to boil. The intense boiling helps degas the liquid. 

After ~5 minutes of heating/boiling, the heater is turned off and the chamber is left to cool down 

to room temperature (to speed up the cooling, cooling water cycles through the condenser). Once 

the evaporator section of the plate reaches room temperature, the degassing procedure begins. To 

degas the chamber, the following purging cycle was repeated 15-20 times. With valve-A closed 

and valve-B open, the small intermediate space between the two valves is evacuated (with the 

vacuum pump on). Then, by closing valve-B, and opening valve-A, FHP chamber connects to the 

intermediate space (reaching pressure equilibrium). Valve- A is then closed and the intermediate 

space is purged into the vacuum line by opening valve-B. By such an incremental degassing 

method, the liquid loss due to sudden exposure to a strong vacuum is minimized and consistency 

is maintained through all the experiments. 

Pressure of the FHP chamber: After degassing, the degree of vacuum reached in the tests 

measured -28in Hg. To ensure that the chamber was kept sealed during the test the pressure was 

checked at the end of each experiment (at the room temperature), i.e. if the final pressure read a 

higher pressure than -28inHg, then the corresponding experimental data was discarded. 

The tolerance intervals (Screening Tests): An acceptable range of factors such as inclination 

angle and liquid charge were found for both a triangular grooved and a rectangular grooved plate. 

Before running any tests with IAS fluids, several dry run tests were carried out using different 
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amounts of water at different tilt angles. The goal was to determine the appropriate amount of 

liquid fill and inclination angle for our comparative study. 

Fill Charge and Inclination Angle: Since the goal is to compare the working fluids (i.e. water 

versus IAS variations), it is immaterial whether or not the exact optimal charge is used but it must 

be consistent. The criteria in selecting the desired fill charge was based on the performance of 

water, such that (1) Early dry-out would not occur for a tilt angle as low as Φ = 3.3˚ and that (2) 

pool boiling would not occur for Φ  = 5˚. Based on a common notion [10, 28], the optimal charge 

for a wicked heat pipe is approximately equal to the effective wick volume (which equals the 

volume of the wick times its porosity). Using that approach, we have estimated the total volume 

of grooves to be 2.9 mL and 5.8 mL for the rectangular and triangular grooves, respectively. In 

addition, as suggested in [11] some additional amount of liquid was considered to compensate for 

the liquid that is trapped at the corners and crevices inside the chamber. The total amount was 

chosen to be 5 mL and 7 mL, respectively, which was decided after testing the FHP performance 

with a few different liquid charges (around its saturation amount). 

To ensure that the fluid loss during degassing was negligible, the final amount of the working 

fluid was measured and compared to the initial charge input. That is, at the end of each experiment, 

while disassembling the setup, the remaining working fluid in the flat heat pipe was collected 

(using precision syringes) and measured. If the difference was greater than 0.5 mL, the test result 

was disregarded as the goal is to explore the performance of the given IAS in relation to water. 

The charge variations among the experiments are detailed for both triangular and rectangular test 

plates in Chapter 5. 
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4.4.4. Heat Transfer Performance Test  

After the degassing procedure, the chamber was well insulated (with a high temperature 

amorphous silica blanket) and adjusted for the desired inclination angle (φ) with the evaporator 

above the condenser. The system was then considered ready for testing (See Fig. 36).  

                          

        Figure 36: Flat heat pipe test facility (ready-to-run at inclination angle φ) 

The experimental procedure was to measure the temperatures at different heat loads. The heat 

load was adjusted using a variac to control the voltage applied to the electric heater. Different test 

procedures were used to make the measurements (collection of steady state data for different heat 

loads). A common practice, for instance, involves fixing the angle of inclination (φ), and 

increasing the heat load in finite increments until the dry-out is reached. Other variations in the 

φ 

Vacuum pump 

Condenser side Evaporator 

Cooling water pump  

Variacs 
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operation were included for data collection in this work, thereof the different modes of operation 

can be recognized as follows.  

- Durin the first run, the heat flux was always incrementally increased in expectation of 

discovering the dry-out (mode I). 

- -Once onset of the dry-out was achieved, the test procedure was to decrease the heat flux 

in increments (mode II). 

- Heat input was then adjusted in no particular order to obtain random heat fluxes. This was 

not done until mode I and II of the operation were completed (mode III).   

- While most of the data points were collected following the above three modes with the 

inclination angle fixed, data was also collected by varying the inclination angle for a fixed 

heat flux. 

Figure 37 illustrates the first three modes, in that the transient temperature collected by one of 

the thermocouples (located at the evaporator) is plotted over 10 hours. (The data belong to Exp.1, 

detailed in Chapter 5). 
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Figure 37: Evaporator temperature in the course of experiment (Exp. 1), an illustration of the 

designated modes of operation for FHP experiment.  

Transient and steady state temperature measurements were carried out. For each heat load, 

thermally stable condition usually reached within 25 to 30 minutes. The steady state temperatures 

were recorded for 10 minutes yielding about 120 temperature readings, which were averaged for 

each step. The heat input (Joule heated) to the viewing window was controlled such that the inner 

surface temperature of the glass stayed at the saturation temperature. The total heat generated by 

the Chromel wire (inside the viewing window) was kept less than 2% to 5% of the heat load at the 

evaporator for low and high heat fluxes, respectively. The cooling liquid bath (Tc,in ) was kept at a 

constant temperature  2 ± 0.5˚C throughout. 

The steady state data was reduced to determine the temperature of the evaporator surface (Te), 

condenser wall (Tc), vapor (Tv), and the heat input (Qin) and heat output removed by cooling water. 

Note that the evaporator temperature was determined differently depending on what size heater 

Exp.1 

5 mL water 

Triangular Grooved plate 

T
6
 [

ºC
] 

 Time [hr: min: sec] 

 Mode I  Mode II  Mode III 

Steady states  
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stem used in the tests. As mentioned earlier, the FHP set up was used for two different purposes. 

An earlier set of experiments (detailed in Chapter 5) was designed, primarily to explore the use 

and potentials of the IAS as a working fluid in a heat pipe (in comparison with water). For these 

experiments, the heat load was applied through a 1cm × 1cm area, and the evaporator temperature, 

Te, was assumed as the average of the T6, T6L, and T6R temperature readings. The corresponding 

thermocouples are located adjacent to the evaporator (see Fig. 32).  

In later experiments, which were designed for studying the effect of IAS molality on thermal 

performance (detailed in Chapter 7), the evaporator area was increased to 1cm × 3cm, and Te was 

taken as the average of the three thermocouples located directly on the evaporator (see Fig. 33).  

Assuming one-dimensional conduction through the heater stem (thus, the heater tip), the heat 

input to the evaporator was calculated from   

 

   

      (5) 

where the gradient was taken to be the slope of a linear fit to the measured temperatures at known 

x-locations along the heater stem. The calculated heat flux in this manner, includes all the heat 

losses through the heater block and loss through the insulation. As a secondary measure, the 

amount of rejected heat was calculated based on the sensible heat balance across the coolant inlet 

and exit, i.e.  

in h cu

dT
Q A k

dx
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                             (6) 

                                                    

  (7) 

The total amount of heat transported by the heat pipe, or the axial heat transport capacity, was 

then estimated by averaging the input power (heat flux input × evaporator area), and the heat 

rejected.   

To spot the occurrence of dry-out (onset), which corresponds to the maximum transport 

capacity, the axial temperature distribution along the outside surface of the plate was monitored 

during the operation. A sudden temperature rise at the evaporator was perceived as the onset of 

dry-out (capillary limit). The progression of this spike was associated with the location of the 

dryout point, which continues with increased heat loads until the entire evaporator portion is 

completely dried out.  

To compare the performance for different fluids, loadings and angles of tilt, , two measures are 

accounted for by (1) comparing the critical limit heat flux (CLHF) and (2) comparing the overall 

conductance. From thermal management point of view, it is necessary to know which system is 

capable of removing more heat at a predetermined wall temperature and what the limiting heat 

flux is. The focus of this thesis, however, will be on the overall (device-level) conductance (Equ. 

(8)) versus heat flux , when the heat pipe is treated like a monolithic thermal conductor, 
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  (8) 

where ( ) is the measured temperature difference between the condenser (T12) and 

evaporator (Te) ends. Since the distance between the evaporator and condenser, i.e. , is 

constant in all experiments it will not be factored into the calculation. The total (axial) 

conductance, Uaxial, was determined as,  

 

 Summary  

A modular test facility was designed and built to that would enable systematic comparison of the 

working fluids with different wick geometries by allowing for precise measurements and 

visualization. The rationale behind the design of the test apparatus and the choice of using open 

geometry capillary grooves was explained. 
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CHAPTER 5 

 

 Proof of Concept:  FHP Heat Transfer Measurements 

The data resulting from the biporous wick testing discussed in Chapter 3 showed that IAS performs 

better than water. However, the complex nature of the biporous wicks made it very difficult to 

develop an explanation. As a result, a unique test apparatus, herein referred to as “flat heat pipe 

(FHP)” was designed and built to enable a more systematic study. The FHP apparatus and the 

experimental procedures were detailed in Chapter 4 and the present chapter will focus on the 

results, in particular obtaining measurements with the following objectives in mind:  

 Establish solid evidence of the utility and uniqueness of IAS for heat pipe applications 

 Gain insight into the heat transfer mechanisms and the convoluted characteristics of an IAS 

heat pipe 

 Compare the performance of two IAS mixtures (the Qu-fluid and a custom mixture of IAS) 

to illustrate the potential of IAS as a designer working fluid  

This introductory section provides an overview of the terms (e.g. modes of operation) that will 

be encountered throughout the chapter. The first section details the working fluids used in the 

experiments (Sec. 5.1). Next, the rationale behind the choice of groove-capillaries (open 

rectangular and triangular shape) is explained (Sec. 5.2). Measurement results and accompanying 
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visual assessments are provided at the end for the triangular-grooved and the rectangular-grooved 

plates.    

 

 The Working Fluids Used in FHP Experiment 

Three working fluids were utilized in this comparative study: (1) water, (2) IAS#0, and (3) IAS#2 

with water serving as a reference working fluid. As detailed in Sec. 1.4, IAS#2 refers to the first 

successful in-house formulation.  

It is important to note that IAS#0 is the only mixture tested in the triangular-grooved plate due 

to the time lag between the preliminary explorations of the Qu-fluid (IAS#0) and the in-house 

development of IAS. However this is inconsequential for the purposes here as the tests were 

targeted to explore the potential of Qu-fluid to enhance thermal performance. See Sec. 1.4 for 

further details, such as the chemical composition. 

pH of the IAS mixtures: For a given IAS, i.e. fixed composition and charge, the final pH, and 

chemistry of the system depend on availability of copper for reaction [108]. For instance, once the 

surface of copper is passivated (see Sec. 6.1), the IAS/copper reactions, and therefore the increase 

of pH (as measured at room conditions) will terminate. If during the operation, a copper surface is 

exposed to IAS, the reactions will continue and the pH will increase to a new equilibrium state. 

For this reason, the pH of every IAS fluid that was tested in FHP experiments was measured before 

and after the test. The average was then found over the total number of trials (trials: Exp. 1, 2, and 
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etc.). The average pH of the effluents was found to be 6.4 and 6.8 for IAS#0 and IAS#2, 

respectively. This knowledge is used in chemical simulations using OLI (Sec. 6.2.2). 

The elemental compositions of the two IAS fluids tested in the FHP apparatus are listed in Table 

3. Mass spectroscopy method ICPMS was used to determine the compositions. The initial pH 

numbers (pH0) for both IAS mixtures are also given. 

 

Table 3: Elemental composition of IAS#0 and IAS#2  

 Selection of the Capillary Wick 

The choice made to use an open groove geometry for capillarity of the test plates has the following 

benefits: 

 IAS#0 IAS #2 [IAS#2]/[IAS#0] 

 mmol/lit mmol/lit 

K 57.931 71.033 1.23 

Cr 71.813 77.130 1.07 

Ca 25.924 20.491 0.79 

Mn 1.825 13.002 7.12 

Mg 0.616 5.765 9.36 

Sr 0.761 0.856 1.12 

Na 6.556 -  - 

pH0(±0.1 accuracy) 6.2 6.4  
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 Reduced number of geometric parameters: the choice decreases the number of uncontrolled 

variables that geometric complexities introduce into the system. For instance, the biporous 

structure (an undesirable choice) introduces two characteristic pore sizes.  

 Reduced randomness: Homogenous capillaries reduce the possibility of uncontrolled 

random effects. The use of geometrically heterogeneous structures, such as porous 

structures, makes the work more susceptible to uncontrolled, random variations from one 

place to another and may lead to biased sample variations.  

 Ease of cleaning: the choice keeps the surface property of the wick consistent throughout 

different tests. In this vein, it is ideal to maintain a polishing/cleaning procedure but it is 

near impossible to clean enclosed capillaries. The same applies to sintered capillaries. For 

example, in the manufacturing of screen grooves, the complications resulting from the 

sintering process may be the source of error. 

Once the primary experimentations were concluded with both triangular and rectangular 

capillary plates, it was decided to fix on the groove geometry for further experimentations. The 

capillary grooves proved to be the better option for the following two reasons.  

 Faster and lower cost CNC machining of rectangular shaped grooves. 

 Thermal performance of the triangular-capillary plate proved more sensitive to the liquid 

charge. This is because the volume of the triangular groove is smaller than that of a 

rectangular despite the groove depth and the total number of grooves per plate being the 

same for both. A top view of the plate and a cross-sectional view for each was shown in 

Fig. 24 (see Chapter 4). 
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 Details of the Experiments 

Before presenting the measurement results, the experiments and modes of operation are briefly 

explained for clarification. 

5.3.1. Modes of Operation  

Here the term “modes of operation” (either I, II, or III; Sec. 4.4.4) is used to differentiate between 

the experiments' different operating procedures. All modes share the same FHP assembly with 

fixed inclination angle Φ = 3.3˚ unless otherwise noted. To collect the heat transfer data, the power 

input was deliberately changed in steps, and data was collected once the steady-state condition was 

reached (see Fig. 37 in the previous chapter). The differences between the modes are as follows: 

Mode I denotes that the data that was collected while incrementally increasing the heat 

load until espying the dry-out of the evaporator. All experiments begin in this manner, but 

may later diverge.  

Mode II denotes that the data are collected upon incremental decreases of the heat input.  

Mode III denotes that the data was collected while making random adjustments in the 

power input, which was done to verify the repeatability of the data. 

5.3.2. Inclination Angle and Fill Charge:  

The acceptable ranges for inclination angle (Φ) and fill charge were estimated based on several 

dry runs and the criteria that were detailed in Sec. 4.4.3. The fill charge and the angles of inclination 

were varied in the experiments performed with the rectangular grooved plate (i.e. Exp. 5-10). The 

inclination angle was fixed at Φ = 3.3˚ for Exp. 1-4.  
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5.3.3. Triangular Grooved Plate (Exp. 1-4):  

Four different experiments were performed in this series (Exp. 1-4). The different features of each 

experimental design are detailed in Table 4. Note that the only IAS available for these experiments 

was Qu-fluid (Sec. 5.1) and the experiments were aimed to explore the potential of Qu-fluid as a 

working fluid.  

Table 4: Specification of the experiments (Exps.1-4) performed using the triangular grooved plate  

The Exp. 1 and Exp. 2 compared water with Qu-fluid. Exp. 3 sought to determine whether the 

yellow-effluent plays a significant role in the device. Finally, Exp. 4 explores how sensitive the 

performance was to the amount of water.  

In Exp. 3 the role of yellow effluent (including all soluble salts) was eliminated, the surface 

modifications that are of quiescent state are preserved. By eliminating the role of yellow fluid, its 

significance, if any, would appear in the results. To do so, on completion of Exp. 2, the effluent 

was carefully removed with a syringe. Any remaining soluble residue on the plate was then 

 Exp. 1 Exp. 2 Exp. 3 Exp. 4 

working fluid water 
IAS#0 

(Qu-fluid) 
water water 

fill charge [mL] 5± 0.5 5± 0.5 5± 0.5 7± 0.5 

copper surface clean clean IAS-treated clean 

modes of operation I, II, III I, II, III I, III I, II, III 
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dissolved in deionized water, and similarly removed. Note that the impacts that IAS has on the 

surface include roughness, insoluble deposits, and soluble coatings (see Sec. 6.1). Following the 

above procedure, except for the effect of the soluble coating (salts), all other impacts, such as 

roughness and insoluble deposited wick, were conserved. The remaining plate that is herein 

referred to as “IAS-treated” was then reassembled and charged with 5 mL of fresh water (see Fig. 

45).  

5.3.4. Rectangular Grooved Plate (Exp. 5-10): 

A second series of FHP tests was performed using a rectangular grooved copper plate. Three 

different working fluids were considered in these tests: Water, IAS#0, and IAS#2. The goals are 

(1) to prove IAS performs better than water and (2) to establish that the in-house IAS (IAS#2) 

replicates the performance of Qu-fluid. Various features of these experiments are specified in 

Table 5 for reference. 

 



  

96 

 

T
ab

le
 5

: 
S

u
m

m
ar

y
 o

f 
v
ar

io
u
s 

fe
at

u
re

s 
o

f 
E

xp
. 
5
-1

0
, 
p
er

fo
rm

ed
 u

si
n
g

 r
ec

ta
n
g
u
la

r 
g
ro

o
v
ed

 p
la

te
. 
T

w
o
 I

A
S

 f
lu

id
s 

w
er

e 

te
st

ed
: 

an
 i

n
-h

o
u
se

 I
A

S
 f

lu
id

 (
IA

S
#
2
) 

an
d
 Q

u
-f

lu
id

 (
IA

S
#
0
).

 

  
  
 E

x
p
. 
1
0
 

  
  
  
w

at
er

 

  
  
  
  
7
  

3
.3

˚,
 5

˚,
 7

˚,
 1

0
˚ 

IA
S
#
2

-t
re

at
ed

 

  
  
  
 I

, 
 I

II
 

  
  
  
  
 E

x
p
. 
9
 

  
  
  

IA
S

#
2

 

  
  
  
  
  
 7

 

3
.3

˚,
 5

˚,
 7

˚,
 1

0
˚ 

  
  
  
  

cl
ea

n
 

  
  
 I

, 
II

, 
II

I,
 I

V
*

 

  
  
  
  
  
E

x
p
. 
8
 

  
  
  
  
IA

S
#
0

 

  
  
  
  
  
 7

 

  
3
.3

˚,
 5

˚,
 7

˚,
 1

0
˚ 

  
  
  
  
 c

le
an

 

  
  
 I

, 
II

, 
II

I,
 I

V
*

 

  
  
E

x
p
. 
7
 

  
  
IA

S
#
0

 

1
0
 

5
˚,

 7
 ˚

, 
1
0
˚ 

  
  
  
cl

ea
n

 

  
  
I,

  
II

, 
II

I 

  
 E

x
p
. 
6
 

  
  
w

at
er

 

1
0
 

5
˚ 

  
  
cl

ea
n

 

  
 I

, 
II

, 
II

I 

  
  
 E

x
p
. 
5
 

  
  
w

at
er

 

  
  
  
 7

 

  
  
3
.3

˚,
 5

˚ 

  
  
 c

le
an

 

  
  
I,

 I
I,

 I
II

 

   
w

o
rk

in
g
 f

lu
id

 

 f
il

l 
ch

ar
g
e 

[ 
m

L
] 

(±
 0

.5
) 

  
 T

il
t 

A
n
g
le

 (
Φ

˚)
 

  
 c

o
p
p
er

 s
u
rf

ac
e 

  
  
m

o
d
es

 o
f 

o
p
er

at
io

n
 



  

97 

 

 Results and Discussions 

Figure 38 compares thermal performance of the first four experiments (see Table 4) with varying 

modes of operations (see Sec. 5.3.1). Figure 38-a corresponds to mode I and Fig. 38-b shows the 

results of the experiments during mode II and III of operation. Note that Exp. 3 was ceased due to 

accidental loss of vacuum at the end of operation during the first run (i.e. mode I). The data from 

mode I is re-plotted in Fig. 38-b, as faded gray curves, for reference. First of all, it is clear from 

Fig. 38 that using 5 mL of water resulted in an early dry-out (at roughly 22 W/cm2 with the 

evaporator at 51˚C), whereas 5 mL of IAS is an adequate amount, outperforming water. That is, 

the maximum attainable heat flux is about three-fold improved for for given 5 mL.charge of IAS 

(from 22 W/cm2 to 62 W/cm2).  

The fourth experiment (Exp. 4) in this series was with 7 mL water with the expectation that this 

additional 30% amount would increase the performance of the water-based system to a level 

comparable with IAS performance. The experiment (follow Exp. 4 in the graph) led to a dry-out 

of heat flux of 58 W/cm2 at Te~73˚C. Note that this was outperformed by 5 mL of IAS (i.e. Exp. 

2)  

Next the data for Exp. 2 is compared between different modes of its operation. The data 

belonging to this experiment is shown in red triangular shapes (see Fig. 38-a, and -b). A 

discrepancy can be noted between the data obtained in the earlier phase of the test (i.e. mode I) 

and that of the later phase (mode II and III). These discrepancies can be attributed to the fact that 

for IAS to reach its full potential some initial transitional phase needs to occur. This transitional 

early phase of IAS operation is referred to as the start-up phase throughout this thesis (Sec. 6.1). 
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One explanation given here is that when fresh IAS pairs with a clean copper surface, the redox 

reactions explained later in Chapter 6 take place. Accelerated by heating, the chemistry of the 

system eventually reaches somewhat of an equilibrium and further changes in the chemistry of the 

liquid become minimal. In other words, as shown by the results, an IAS-heat pipe does not perform 

to its full potential upon its initial use (i.e. during mode I) and only achieved stable performance 

following completion of the start-up phase.  

The data for water-based operations (Exp. 1 and 4) are also shown in Fig. 40 to point out the 

existing hysteresis. Following dry-out, as the operation of these experiments enters the second 

mode (decreasing heat flux) a substantial difference between the performance data (hysteresis) can 

be seen. Based on in situ visual evidence, it could be seen that upon dry-out, deposits were formed 

on the surface. It is speculated that these deposits are the reason for crippling liquid flow to the 

evaporator, even though the heat flux was lower. It should be noted that there was hysteresis 

between mode I and mode II, heat flux increments increasing followed by heat flux increments 

decreasing, when water was the working fluid but not when IAS was the working fluid Note that 

the measurements made during the mode III remarked with solid points on the graph. 

Figure 39 returns briefly to the subject of transitional behavior of IAS (performance dynamics). 

The sequence of the operation for Exp. 3 can be followed from point 0 to 7. For lower heat fluxes 

(< ~35 W/cm2), IAS performs superior during mode II and III of operation (see the curve passing 

through point 5 or 6) compared to its earlier operation during mode I (point 0 to 1).  Note that the 

transitional behavior of IAS was also evidenced in measurements made using a biporous copper 
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wick (Sec. 3.1), were a temperature of approximately 60ºC is seen to be the temperature where the 

IAS performance boost occurs.  

The importance of the yellow fluid is ascertained from inspection of the data from Exp 3 

(water/IAS#0-treated) presented in Fig. 39 , and from the IAS data from Exp. 2 (IAS#0/Clean). In 

addition, a similar test was run with rectangular groove test plate (see Exp. 10). Discussion of the 

results from Exp. 3 is held off and will be presented in the discussion of Exp 10 (water/IAS#2-

treated). 

Experiments 5-10 are those with a rectangular grooved test plate, see Figs. 40-43. Experiments 

5 and 8-10 were with 7 mL whereas experiments Exp. 6 and 7 were with 10ml. The reasons for 

the choices in experiment fluid loading will be given along with an explanation for the design of 

Exp. 10. Another part of the discussion will be on how the performance of the in-house IAS fluid 

(IAS#2) compares to the performance of the Qu-fluid (IAS#0). 

The performance of the water-based FHP with rectangular grooves was measured for reference 

(see Exp. 5 and Exp. 6). As the test with 7 mL of water (Exp. 5) immediately failed for even the 

lowest angle of inclination (Φ=3.3˚), it was decided to run another experiment with 10 mL of 

water (Exp. 6). The aim was to obtain a water-based device that could perform comparably with 

the IAS-based device. Therefore, the amount or loading of water was increased to compensate for 

its relatively poor performance (Sec. 4.4). Further, Exp. 7 was performed to measure the 

performance of an IAS-system with a 10 mL charge (see Table 5). The 10 mL charge was found 

excessive for the present study, in that a 10 mL-IAS FHP performed beyond the domain of interest 

(follow Exp. 7 in Fig. 40). Generating a variety of performance curves (i.e. characterizing IAS for 
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different grooves geometries, inclination angles, and charge amounts) is indeed a topic of interest 

for future work, but the focus of this study is only to verify the potential of the IAS as the working 

fluid, and to gain a multi-aspect insight on the performance of the IAS. In meeting this objective, 

Exp. 8, 9, and 10 were performed only with 7 mL of liquid charge. 

The final experiment (Exp. 10) was designed to evaluate the impact of soluble salts, i.e. yellow-

IAS, on the performance. The details of the preparation of the test-plate (IAS#2-treated) is 

explained in Fig. 44. The areas of the plate that were in contact with the evaporator and the 

condenser during the operation are noted with red and blue boxes, respectively. As indicated in 

Fig. 44, the yellow-IAS was discarded from the previously completed test (Exp. 9), and was then 

replaced with water for Exp. 10. By removing the soluble contents of the coating, the role of the 

insoluble portion of the wick is separated from the soluble portion (see Sec. 6.1).  

Figure 41 presents the results obtained for the water/ IAS#2-treated system (Exp. 10) for 

different inclination angles. The results with the water-based FHP is also plotted for reference (in 

blue). The significantly better performance of the IAS-treated system is apparent by comparing 

the data from Exp. 5 and Exp. 10 (see Fig. 41). It can also be seen that the so-called insoluble IAS-

wick can alone improve the performance of the system. Note that the thermal performance of the 

device is improved over two-fold when the treated plate was used instead of a clean one. Without 

the presence of insoluble coating (e.g. Exp. 5), the FHP could not operate at any inclination angle 

above Φ = 5˚as opposed to the IAS-treated plate that successfully operated at inclination angles as 

high as Φ = 10˚ for the given heat flux range. Now that the positive role of insoluble IAS wick is 
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indicated, the importance of soluble IAS-wick (called THC-wick in the next chapter) will be 

discussed.  

The purpose of Figure 42 is to clarify (1) the importance of the yellow-IAS that is the origin of 

THC-wick and (2) how the two IAS fluids (IAS#2 and Qu-fluid) compare. The performance data 

is plotted for two inclination angles: (a) Φ=3.3˚ and (b) Φ=5˚in Fig. 42. The performance of water 

(blue curve) is plotted for reference. The two red curves in Figs. 42-a and 42-b correspond to the 

IAS fluids (triangular for IAS#0 and rectangular for IAS#2). It is clear that the in-house IAS fluid 

(IAS#2) performs better than the Qu-fluid (IAS#0).  

In addition, the performance differences between the two IAS fluids are delineated in Fig. 43. 

Taken together, IAS#2 showed superior performance compared to IAS#0. One explanation could 

be provided by comparing the test plates shown in Figs. 44 and 45. Comparing the two pictures it 

can be seen that the test plate from IAS#2-testing was more densely covered with the dark color 

coating especially on the evaporator side. This coating is found to be associated with the 

manganese oxide, which is the primary compound of the insoluble-IAS wick (see Sec. 6.1). 

Furthermore, the color of the Qu-fluid`s effluent was a much lighter yellow than that resulting 

from IAS#2. Earlier in this chapter the elemental composition of the two fluids was given in Table 

3 (see pp. 91). It is clear from this table that the IAS# 2 is significantly richer in manganese (about 

seven times) and magnesium (about nine times) compared to the Qu-fluid. The manganese ion 

(Mn+7) acts as a strong oxidizer that reduces copper through series of redox reaction. Changes in 

roughness as well as formation of an insoluble-wick (mainly comprised of MnO2) are among the 

consequences of such reactions (see Chapter 6). This study earlier showed that the insoluble 
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portion of the IAS wick positively contributes to the heat transfer performance. Therefore, it is not 

surprising that IAS#2, which contained seven times more manganese, performed better than IAS#0. 

Note that MgCrO4 (s) is another insoluble component of the wick. It is possible that MgCrO4 acts 

as an inhibitor aiding the growth of other crystals. Further studies regarding the individual role of 

these two compounds are needed as part of a broad future IAS optimization plan.  
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 Figure 38: FHP performance measurements using the triangular grooved plate in operation mode-: (A) 

I; and (B) II and III; Φ= 3.3˚ 

Triangular  

(5 mL Water/Clean Cu)  

(5 mL IAS#0/Clean Cu)  

(5 mL Water/IAS-treated Cu)  

(7 mL Water/Clean Cu)  

(5mLWater/Clean Cu)  

(7 mL Water/Clean Cu)  

(5mL IAS#0/Clean Cu)  

(A)  

(B)  
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Figure 39: Performance dynamic of IAS#0 in FHP (Exp. 2) during different modes of operation, i.e. I 

(increasing heat flux), II (decreasing heat flux), and III (random heat flux adjustment); Φ = 

3.3˚ 

 

(IAS/Clean Cu)  (Water/IAS-treated Cu)  

Triangular 
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Figure 40: FHP data showing capacity of IAS and illustrating why 10-mL amount of charge for IAS 

was excessive for our comparative study. At Φ=10˚, a relatively high angle, IAS device still 

performed (highlighted with yellow).  

 

Exp. 7 (10 mL IAS#0 at Φ = 10˚) 

 

Exp. 5 (7 mL Water at Φ = 5˚) 

 

Exp. 7 (10 mL IAS#0 at Φ = 5˚) 

Exp. 6 (10 mL Water at Φ = 5˚) 

 

Rectangular  
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Figure 41: Enhanced performance of IAS-treated Cu compared to clean copper for different tilt angles. 

(See Table 5 for details of the experiments.)  

“IAS-treated” Vs. “Clean” Cu 

(Working fluid: 7 mL water) 

 

Exp. 10 (Φ = 3.3˚) 

Exp. 10 (Φ = 5˚) 

Exp. 10 (Φ = 7˚) 

Exp. 5 (Φ = 3.3˚) 

 Exp. 10 (Φ = 10˚) 

 Exp. 5 (Φ = 5˚) 

 

 

 (Φ = 3.3˚)  

 (Φ = 5˚)  

 (Φ = 7˚)  

 (Φ = 10˚)  

 Water (Φ = 3.3˚)  

 Water (Φ = 5˚)  

Rectangular  



  

107 

 

 

Figure 42: Thermal performance comparison of the fluids (IAS#0, IAS #2, and water) paired with 

rectangular grooved copper plate. (a) Φ =3.3˚; (b) Φ =5˚ 

(a) 

(b) 

Te~64˚

Te~57˚C 
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Figure 43: Performance variation between IAS#0 and IAS#2.  

IAS#2 (7 mL) IAS#0 (7 mL) Water (10 mL) 

(For reference) 
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Figure 44: Images taken of (a) the rectangular capillary plate containing the effluent, immediately after 

a 20-hour operation (WF: IAS#2); and (b) the IAS/treated plate used for Exp. 10. 

 

Yellow-IAS (effluent) 

Accumulated at the condenser 

since the plate is tilted 

Image taken after an about 20-hour operation of FHP with IAS#2, see Exp. 9 

The IAS-treated plate awaiting to be dried and reassembled for next 

experiment, Exp. 10, with water as presented  

The effluent was carefully 

removed with a syringe. 

A clean syringe was then 

used to fill every groove 

with DI-water, which is then 

removed again. The cleaning 

was repeated a few times to 

minimize the soluble portion 

of the coating. The resulting 

plate is referred to as “IAS-

treated”.  
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Figure 45: Images taken of the rectangular capillary plate (a) containing the effluent remained from 

Exp. 8 (WF: Qu-fluid );(b) after removing the effluent and drying.  

 

                     

Figure 46: An image taken of a groove top edge with an optical microscope. Yellow soluble salts 

formed on top of the insoluble manganese oxide coating (black).  

The test plate (dry) after the effluent was collected upon completion of  

Exp. 8 

The effluent was removed 

using a syringe (No extra 

cleansing with water was done 

here) 

 

Less manganese oxide, coating 

(in dark-brown) was found on 

the surface.    

Image taken immediately after the end of FHP operation using IAS#0 

 (See Exp. 8) 

The effluent here was a much 

lighter yellow compared to that 

remained from testing IAS#2. It 

was almost water-like at the 

condenser and increasingly more 

yellow toward the heater (during 

FHP operation).  

(This color intensity depicts the 

concentration gradient of the 

solutes)  

 

See Figure 46 

1000μm 
Enlarged under 

optical microscope 

Soluble salts (yellow)  
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 Summary  

The value of the Qu-fluid as a as a novel working fluid for replacing water was demonstrated by 

the following comparative investigations: (1) bi-porous wick studies discussed in chapter 3, and 

(2) open capillary wick module (Exp. 1-10). The importance of both the yellow-IAS (the origin of 

THC-wick) and the insoluble portion of the IAS-wick was established. The success of IAS#2 (the 

in-house design) over Qu-fluid was shown.  

Some general remarks based on the FHP experiments are as follows.  

 When fresh IAS pairs with a clean copper surface, the reactions start taking place as soon 

as heating starts. The rate of reactions depends on the kinetics of the reactions. It is 

speculated that at some point a micro-wick starts to form on the surface. Temperature is 

only one of the many parameters influencing the kinetics of the reactions. It is an incorrect 

assumption to associate the point of transition to a definite temperature. An IAS-heat pipe 

does not perform to its full potential immediately after the device is charged. For IAS to 

reach its full potential an indefinite “start-up phase” must be present. Only after this start-

up phase, does the IAS-heat pipe deliver stable performance. However, based on the 

experimental observations, the change of IAS color (red to yellow) in a copper heat pipe 

can be considered as an onset of stable performance. 

 The effectiveness of the yellow IAS (its superiority to water) is more significant at higher 

heat fluxes. At lower heat fluxes, however, the performance of an IAS/Cu device depends 

primarily on the presence of the “insoluble wick” and not on the impact of soluble deposits. 
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This makes sense because the soluble deposits do not form until their solubility limit 

(saturation) arrives, which essentially depends on the heat flux. 

 The findings support the hypothesis inferred from the earlier investigations (Chapter 3), 

that the enhanced performance afforded to heat pipes by IAS pertains to surface 

modification and wetting behavior. 

 In general, the ability of the IAS to form precipitates (in the form of both insoluble and 

soluble compounds) on the heated surface enhances the local heat transfer rate by 

increasing the evaporation area and the capillary performance of the grooves (i.e. delaying 

the dry-out). The use of IAS (instead of water) as the working fluid in a given FHP system 

not only improves the overall performance, but also significantly postpones the dry out 

point (more than two-fold). 

Insights from this chapter's FHP heat transfer measurements and their corresponding in situ 

visual inspections (Figs. 44-46) will carry over into Chapter 6 where the performance mechanisms 

of IAS-heat pipes are investigated. In particular the measurements will be used to support a THC-

based model of IAS-heat pipe performance that particularly stresses the roles of highly soluble 

salts and the yellow-IAS effluent. 
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CHAPTER 6 

 

 Transport Mechanisms in an IAS–Heat Pipe 

The thermal performance measurements of IAS that were described in Chapters 3 and 5 clearly 

support the use of IAS as a working fluid for capillary heat pipes. The visual inspection, which 

was aided by the use of the FHP (Chapter 4), yielded a basic understanding of IAS dynamics during 

heat pipe operation (Chapter 5). The key to the IAS success was found to be its ability to enhance 

the wetting characteristics of the surface. 

The contribution of the yellow-IAS (defined in Sec. 1.4) in performance was determined 

previously from two different experiments. The first were the contact angle measurements 

presented in Sec. 3.3 and the second was the thermal performance measurements in the FHP 

apparatus (see Exp.3 and Exp. 10 in the previous chapter). In both experiments, the effect of the 

soluble components in IAS was deliberately reduced by washing the soluble residue off, while the 

other IAS-resulted features on the surface were preserved clearly. The results delineated the role 

of soluble salts on the performance.  

A search for confirmation of the observed dynamic behavior yielded little (see [109], [110], 

[111], [112], [46], [113], [114], [115]). The presence of soluble salts on the surface and their role 

as a driving force for liquid spreading on a heated surface with subsequent enhancement of the 

heat transfer has apparently been overlooked by those interested in heat pipe improvement. 
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The impact of the IAS on the surface, however, is not limited to the soluble salts. Some of the 

basic exploratory findings in regard to (1) formation of the primary insoluble compounds (i.e. 

MgCrO4 (s) and CaCrO4), (2) formation of manganese based solid residue upon the redox reactions 

between the IAS and copper, (3) verification of the solid`s composition and (4) the discoloration 

of IAS upon redox reactions are described in Sec. 6.1.  

A schematic diagram of this capillary (measuring H×W×L in dimensions) used for studies of 

the impact of soluble salts on the dynamics of the film behavior is shown in Fig. 47-B. This 

representative heat-pipe element is adopted from the rectangular grooved FHP-plates (Fig. 47-A).  

The focus of most past studies has been on pure working fluids (e.g. water, ammonia, alcohols, 

etc.) and were of little use in the present study. This study is limited to describing the system and 

providing a framework for the future efforts in modelling and improvement of the chemical 

composition  

A simple analytical model for the groove system shown in Fig. 47, that can serve as the basis 

for the future analytical modelling (at macro level) is found in Appendix 5. The working potential 

for transferring a unit of liquid (e.g. water) against the losses due to viscous or any resistive forces 

is usually assumed to be provided by capillary pressure. This is correct when water is the working 

fluid, whereas the use of IAS introduces an additional pumping force (THC wick). It will be shown 

that this additional pumping head, provided by the THC wick, is more effective than what a 

common capillary wick with the identical wick geometry can provide.    
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This chapter incorporates insights from previous chapters and combines their findings together 

to present a phenomenological description of an IAS-based heat transfer process. What follows in 

this chapter is the result of the following investigations:  

(1) The empirical evidence gained using in situ optical microscopy (Keyence VHX-2000)—

from observations of the impact of the IAS on the substrates, liquid transport dynamics, and 

the liquid evaporation. 

(2) SEM/EDS analysis, which allowed for the elemental and structural mapping of the surface 

deposits.  

(3) Chemical analysis, using theoretical approaches provided by a commercial computing code 

developed by OLI Systems, Inc. (also known by OLI Analyzer Studio) [14]. The chemical 

products of the reactions between a given IAS (known amount and concentration) and given 

copper surface area were approximated using this computing code. 
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Figure 47: A mono-groove (H×W×L) heat pipe inclined at an angle of Φ shown for illustration.  

 

 Transport Mechanisms Observed in an IAS/Copper Heat pipe 

The changes that IAS produces on a copper surface are many. The term “IAS-deposited” will be 

to describe the collective modifications that IAS introduces to the surface, regardless of their exact 
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nature and characteristics. Figure 21 is a graphic illustration of different effects that IAS would 

generally have on a given surface (i.e. copper). 

 

Figure 48: Illustration of the three-faceted effect of IAS treatment on a copper surface 

In this section, the impact of IAS is observed from a microscopic scale to explain how the 

chemicals in the IAS fluid ultimately result in IAS` performing better in a heat pipe or other phase 

change device. First, some necessary clarifications are given below.    

 The chemical reactions (Equs. 10-15) are based on a theoretical analysis [108], and need 

to be interpreted with caution. The study of the chemistry or kinetics of the reactions are 

beyond the scope of this work.  

 The system of interest is a general representation of an IAS-copper system under heat pipe-

like operation, unless otherwise noted.  

 The discussion is not comprehensive, rather a descriptive account of our findings (see 

Chapter 1 for clarification). 

 The schematics of the set-ups used in this study are detailed in Appendix 2 (Figs. -77 and 

-78). In general, a digital optical microscope (Keyence VHX-2000, equipped with a 1000X 

Copper  

Insoluble nano-porous wick (MnO2) 

Surface roughness 

THC-wick 
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magnifying lens) was employed for most of the visual examinations presented here. The 

goal was to closely inspect the interactions of the IAS with copper upon heating, the 

resulting surface structure, and the evaporation process on the surface.  

There are three contributors to the performance of an IAS/copper device. These features are: 

(1) Surface roughness, an innate consequence of copper reduction by strong oxidizers (e.g. 

Mn+7). 

(2) Insoluble compounds, such as MgCrO4, Ca(OH)2 or Ca(CrO4) and MnO2, and 

(3) The soluble compounds (herein, referred to as THC) that are a tribute to the importance of 

what is called yellow-IAS, figuratively shown in Fig. 48. The most soluble salts are those 

with a hygroscopic nature due to their large intermolecular affinity for water molecules, 

allowing them to exist as hydrated crystals. 

The IAS mixture reacts with the surface through a series of oxidation-reduction (redox) 

reactions. These surface reactions are similar to electroless plating (a term originally adopted by 

Brenner and Riddel [116]), that is a method for plating a metallic substrate without using external 

source of electric current. Permanganate (Mn+7), among the species contained in IAS, is a strong 

oxidizing agent and reduces copper according to the following chemical equation.  

 
(10) 

4 2 23 ( ) 2 ( ) 2 ( ) 3 ( ) ( ) 2 ( )Cu s H aq MnO aq CuO s H O l MnO s      
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The redox reactions consume hydrogen ions leading to an increase of the pH number. With the 

solution becoming more basic, the equilibrium between orange dichromate ( 2

2 7Cr O  ) and yellow 

chromates ( 2

4CrO  ), the two competing forms of chromium (VI), prefers the latter form [108]. 

Figure 49, shows an instance of the in situ visual inspection in the course of the FHP 

experiments where the IAS working fluid is gradually altering from red to yellow with the black 

particulates forming concurrently. Shown in the picture is the condenser section. At the hotter end 

(not shown) the reaction rates are faster with corresponding discoloration beginning at the hotter 

end. 

 

Figure 49: Gradual discoloration of IAS from red to yellow during FHP operation with IAS#2.  

Figure 50 summarizes some of the early exploratory findings in this work. First, the formation 

of low solubility compounds (e.g. CaCrO4) upon heating is shown in Fig. 50-A. Magnesium 

chromate (MgCrO4) is insoluble at room temperature, therefore suspended in the parent-IAS to 

begin with whereas the formation of CaCrO4 begins when the IAS is heated--the increase in 

temperature lowers the solubility of calcium chromate. 



  

120 

 

The IAS fluid (i.e. parent IAS) was first heated (in a beaker) without the presence of copper. 

This was to separate the primary insoluble compounds, MgCrO4 and CaCrO4, which both have 

milky colors (Sec 6.2.2). The remaining IAS (filtered IAS) was then heated for approximately five 

minutes at about 70°C in the presence of copper. This allowed the redox reaction (see Equ. 1) to 

occur, which produces solid manganese oxide (seen as dispersed black particulates) and discolors 

the IAS to yellow (Fig. 50-B). Note that IAS remains red when heating of the IAS is done without 

the copper present (as was in Fig. 50-A) 

The main component of the black solid residue was further identified as manganese oxide (see 

Fig. 50 -C and -D. The resulting solid particulates were separated, and chemically analyzed by two 

methods. In the first attempt, five milligrams of the solid residue was separated and analyzed using 

mass spectroscopy, i.e. ICPMS (see the acknowledgement section). It was found that the 

compound is manganese-based (more than 60% of the weight of the black solid residue was 

comprised of manganese); see Fig. 50-D. Because ICPMS method is only capable of indicating 

the elemental composition, in another attempt, a simple diagnostic test was performed, which 

qualitatively verified that the compound is manganese oxide. The basis for this test is that heating 

a mixture of manganese (IV) oxide and potassium hydroxide in air gives a green-blue (distinct 

color) melt of potassium manganite (Fig 50-C) according to “MnO2 + 2 KOH + ½ O2 → K2MnO4 

+ H2O” reaction. The role of manganese oxide is discussed next. 
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Figure 50: Primary analysis of the IAS fluid 

It is clear that the formation of MnO2(s) is an outcome of the redox reaction (Equ. 10). Next, 

the microscopic examination of this formation and how ultimately it leads to a porous-like 

structure on the surface is discussed. First, a micrograph of a copper surface coated with the so-
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called insoluble nano-porous wick (mainly comprised of MnO2) is shown in Fig. 51. This coating 

was described as “insoluble nano-porous wick” in Fig. 48. Prior to the SEM imaging (Fig. 51) of 

the surface, the sample was rinsed with DI-water to remove the soluble part of the coating (THC 

salts). The full formation of the coating is discussed next, from the moment that an IAS droplet is 

placed on a clean copper surface until the THC salt layer is formed.  

 

Figure 51: SEM images of the surface after the water-soluble salts are washed away showing the nano-

porous clusters sporadically coating the surface. 

Figure 52 presents the selection of frames captured inspecting the dynamics of a 0.2-mL IAS#2 

droplet in contact with copper upon heating and drying out. The IAS droplet was placed on the 

copper substrate and heated from below (Fig -78-A in Appendix 2). The surface temperature 

(Tsurface) was held at ~60˚C throughout. The conclusions that follow are mainly based on a 

considerable number of similarly performed inspections.  
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Manganese oxide, upon formation on the surface, diffuses back to the fluid (desorption), and 

gradually coagulates into a floating network of particles (Fig 53), which eventually sediments onto 

the surface, forming a nano-porous structure (i.e. the insoluble-wick). The exact mechanism of 

this attachment is not understood, but physical adsorption is speculated to likely be the cause. The 

IAS-deposited substrate is what remains after the dry-out. The appearance of this surface (IAS-

deposited) is shown in Fig. 54, where THC coating (chromate-base) is formed on top of the black 

insoluble deposit (manganese-base). 

 

Figure 52: The gradual formation of the colloidal particles, their agglomeration, and finally their 

adhesion onto the surface, as seen under the microscope. The sequence is from left to right. 

 

Figure 53: Coagulation of particles: observation of IAS dynamic upon heating in the copper V-groove 

(optical microscope) 

See Figure 54 Detailed in Figure 53 
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Figure 54: IAS-deposited copper surface under the optical microscope (2000 times magnified).  

The change in the surface roughness is another potential outcome of the redox reaction (Equ. 

10). In fact, chemical oxidation schemes have been examined in several works (discussed in 

Chapter 2) as a means of inducing surface changes (both physically, i.e. roughness, and 

chemically) to control the wetting properties of copper. In those studies, however, the surface 

roughness alone was the key means of enhancing wettability. The question is whether or not the 

surface roughness adds to the performance of the IAS-heat pipe? This was tentatively investigated 

through a series of scanning tests by measuring the contact angle (similar method to that used in 

Sec. 3.3).  

To begin, different copper substrates were prepared according to the same procedure that was 

detailed in Sec. 3.3, except this time, no particular protocol for polishing and cleaning of the 

surfaces were followed. In fact, the substrates were roughened using random grit sizes. The idea 

150 μ × 150 μ 
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was to see if the other features, associated with the IAS-treatment, would override the effect of the 

variation in roughness at this level. If so, then the additional roughness (provided by the IAS redox 

reaction) would be relatively unimportant.   

With the above idea in mind, a number of samples were prepared (i.e. randomly roughened but 

identically treated with IAS#2) and tested. The resulting contact angle measurements (following 

the same method as described in Sec. 3.3) found no noticeable change between the samples, and 

therefore, the surface roughening aspect of the IAS-treatment was not an explanation for its merit. 

Roughness, nevertheless, could be an assistive element, i.e. it could possibly favor adhering of the 

insoluble clusters onto the surface.  

A note of caution is due here given the qualitative nature of the above screening tests, fore at 

room condition the wetting property was the basis of judgment. Accordingly, a future study 

investigating the effect of roughness with direct thermal performance measurements (i.e. IAS-heat 

pipes) would be of practical interest. This study, however, intends to draw the attention to a more 

compelling feature of IAS, the THC mechanism, which is discussed exclusively in the next section. 

Before proceeding to the next section, the operation of an IAS-groove system during different 

phases of operation is illustrated to summarize the discussion thus far (see Figs. 55-57). An 

enclosed single capillary groove, shown in Fig. 47, is a representation of a heat pipe. The general 

dynamics of an IAS heat pipe system throughout its operation are explained. 
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1) Initially, prior to the heat pipe operation, i.e. zero load condition (Q=0), IAS is homogenous 

in the groove. At this point, except for the MgCrO4(s), other chemical components are in 

dissolved aqueous form (see Fig. 55).  

2) Upon start of the heat pipe operation, the IAS-heat pipe goes through a “start-up phase”, 

where the chemistry of the system changes due to the surface reactions [108] between 

copper and variations of the concentration. Accordingly, there is a “start-up phase” 

recognized for the heat pipe operation when the IAS fluid is used, which is essentially 

dictated by the kinetics of reaction. Theoretically, the end of this phase corresponds to when 

the IAS- copper system arrives at chemical equilibrium. At this point, the rate of change in 

the chemistry of IAS slows upon passivation of the copper, and thenceforth it will only be 

a slight function of temperature. This point in the FHP experiments corresponds to 

discoloration of IAS from red to yellow and a boost in performance compared to that of 

water. Throughout the start-up phase, performance of IAS does not exceed that of water, as 

shown earlier in FHP results (see Chapter 5). Note that, the start-up phase is normally a one-

time event in the heat pipe`s life time which occurs during the first operation. Once the IAS-

system has passed this phase, the corresponding chemical changes that have occurred 

become irreversible, as illustrated in the contact angle measurements presented in Sec. 3.3.3. 

3) Increasing the heat flux in an IAS operating heat pipe results in a local increase of 

concentration. The region at the very edge of the evaporating front that has the highest 

evaporation rate is the first to reach the saturation point. As the front of each evaporating 
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meniscus starts to become saturated, the “salt-out” phase begins and the leading to the THC 

wicking mechanism becomes activated (Sec. 6.2).  

 

Figure 55: The mono-groove saturated with the IAS prior to the thermal exposure. The composition of 

IAS is uniform. 

 

Figure 56: The start-up phase illustrated in the mono-groove as it starts to perform in its heat pipe 

mode. 
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            Figure 57: The salt-out phase in the operation of the mono-groove heat pipe 

 Thermo-Hydro-Chemo (THC) Transport Mechanism in the IAS 

System 

One of the main findings is that the mechanism affording IAS its superior heat transfer properties 

is based on smart formation of crystalline salts. In this dissertation, the term “Thermo-Hydro-

Chemo (THC)” is used to refer to the corresponding mechanism. This definition highlights the 

essence of the mechanism, which relies on the presence of highly soluble chemical compounds, 

water, and proper thermo-hydraulic condition. The THC mechanism is based on the dissolution 

characteristics (i.e. highly soluble) of the salts, herein referred to as the “THC-salts”.   

The THC mechanism suits applications such as in heat pipe, in which evaporation at the 

meniscus results in a concentration gradient, and thereof the formation of a sink (water deficient) 
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and a source (water in excess). Under such conditions (i.e. actively and locally dehydrating the 

salt solution), the underlying forces at work (the THC potential) will be maintained.   

6.2.1. Visual Inspections  

The notion of a THC mechanism was prompted by visual inspections, such as those shown in Figs 

58 and 59. The corresponding experimental set-ups and the methods are detailed in Appendix 2.  

Figure 58 shows the microscopic observations conducted using the V-groove test section (see 

Appendix 2). The purpose was to inspect the dynamics of the IAS system when heat is being 

applied, in a similar replicate of a heat pipe groove. Figure 58-A, given for the reference, shows a 

side view of the liquid meniscus as captured by a CCD camera. 

Along with capturing the side view, the meniscus was examined from the top optical a Keyence 

VHX-2000 optical microscope. The location of the meniscus is shown for two heat fluxed, one 

lower and one higher, in Figs. 58-B and -C. In Fig. 58-B, the gradual formation of the insoluble 

black porous-like network at the lower heat flux, indicated as q0, is shown. Upon increasing the 

heat flux to a higher value, indicated as q2, the local formation of the THC-salts occurs. The 

increased evaporation rate results in local super-saturation of the solution, consequently increasing 

the solute concentration. The so-called THC coating is formed on top of black insoluble deposits 

(see Fig. 59 for better magnification). The AB line in Fig. 59 delineates the regions where the 

presence of water, not distinguishable with the bare eyes, was seen using the optical microscope.  

A distinctive behavior was noted during in situ inspections of the evaporation process, generally 

referred to as the THC mechanism. In general, the observations suggested that the thermal 
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performance of IAS benefits from some chemical species that salt out at the evaporating sites 

forming a crystalline structure that can readily absorb water and rewet the areas in proximity of 

the dry-out. The salts’ affinity for water favors the liquid transport that causes the liquid to spread 

onto the heated surface, consequently expanding the evaporation area. In other words, when 

dehydrated, these salts provide a driving force for the transport of water from the bulk to the high 

flux evaporative regions. These crystalline compounds also proved to be highly soluble in water, 

which was qualitatively inspected by comparing dissolution of salt (NaCl) with the same weight 

of IAS-crystalline solids  
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Figure 58: Microscopic observations into dynamic of the evaporating meniscus in a semi-V-groove 

(see text)  

Gradual formation of porous-like network (see 

Figure 53 for better magnification) 
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Figure 59: THC mechanism realized during in situ microscopic inspections of the evaporation process 

on IAS-deposited surfaces. Active evaporation in the regions far from the liquid front (up to 

the dashed line); Tsurface=70°c.  

6.2.2. Chemical Analysis   

In addition to the visual inspections, a series of chemical simulations were carried out using OLI 

Analyzer [14]. The analysis was performed for a unit system to replicate the mono-groove heat 

pipe unit (illustrated earlier in Fig. 47). The unit was assumed to be made of copper, and saturated 
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with IAS#2—that is, the initial composition, the liquid volume, and the available copper for 

reaction were fixed in the simulation.  

For the purpose of the analysis, an IAS fluid (a close iteration of IAS#2) is assumed, resulting 

from the mixture of KMnO4 (2.75 mmol), K2Cr2O7 (28.01 mmol), CrO3 (18.61mmol), Sr(OH) 

(0.86 mmol), Ca(OH)2 (17.72 mmol), Mg(OH)2 (0.67 mmol), and NaOH (6.72 mmol) in 1000 gr 

of water at room temperature. The resulting mixture is referred to as “Initial IAS,” with a pH of 

6.02 and a red color. 

The amount of participating copper was estimated using the data gathered from several FHP 

experiments. As noted in Chapter 5, the pH of the effluent was measured at the end of each FHP 

test. The pH number is a direct function of the system`s temperature and composition and 

therefore, by knowing that and the initial composition of the IAS mixture, the magnitude of active 

copper (i.e. the amount of copper that participates in the redox reactions) was calculated with the 

aid of OLI Analyzer. The calculation was repeated for all of the available FHP data to estimate an 

average value of the active copper. Page.34 provides further explanations. 

The above goal was to estimate the effective surface density of copper (gr Cu/cm2), 

representative of the amount of copper that can be reduced for a given unit area of the copper. This 

effective surface density was then used as the input to simulate the FHP systems with the IAS 

composition being the variable.       
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The following compounds are among the suggested products of the reactions in the above 

system.  

a. MgCrO4, due to its low solubility (Ksp =4.3×10-10) exists as a white-color suspension 

(also noted in Fig. 50).  

b. CaCrO4(s), Ksp = 1.3×10-4, starts to form at around 60˚C, and continues to increasingly 

precipitate out as the temperature rises.  

c. SrCrO4(s), Ksp = 6.7×10-6, starts to form above 80 ˚C at a concentration near dry out. 

d. K2Cr2O7(s) and K2CrO4(s), which are both among ionic variations of chromium (VI), 

are also among the predicted salts. Due to the high solubility of these chromium (VI) 

salts, their ionic solutions can reach very high concentrations before crystallization. 

Depending on the pH condition, one form is more stable than the other. For instance, 

for the present system, K2Cr2O7(s) (Ksp = 1.7) forms at T=70 ˚C in the imminence of 

the dry-out (i.e. highly concentrated). However, if the saturation condition occurs under 

a higher temperature (e.g. 85 ̊ C), K2CrO4(s) forms instead due to the decreased acidity. 

Chromate and dichromate of potassium together make about 46 percent weight of the 

surface deposits. 

e. NaCrO4(s), sodium chromate, is a hygroscopic compound and therefore contributes 

highly to the THC-potential.  

The formation of different salts happens sequentially in a given IAS heat pipe, prominently 

dictated by their solubility characteristics. The solubility of a salt is often quantified using 
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solubility product (Ksp) and expressed at room temperature. In general, the most soluble salts are 

those with hygroscopic nature due their intermolecular affinity for water molecules (see Sec. 

6.2.4). When hygroscopic ions are involved, the corresponding forces are so large that their salts 

often exist as hydrated crystals, keeping their water of hydration.  

6.2.3. Quantitative Evidence 

The importance of the yellow-IAS in heat transfer performance was verified through (1) contact 

angle measurement (detailed in Sec. 3.3), as well as (2) the heat transfer measurements done using 

the FHP set-up (detailed in Chapter 5). 

6.2.4. THC Mechanism from Theoretical Perspective  

As discussed earlier in this chapter, once the oxidation-reduction reactions has progressed to near 

equilibrium, the resulting IAS is a yellow working fluid (yellow-IAS). Thereafter, upon increase of 

heat flux, the surface temperature and the concentration of the solution increases locally (illustrated 

in Fig. 59). Next, a cumulative account of the THC mechanism and the underlying phenomena is 

given. 

The concentration gradient at the micro-level: upon heating, an evaporating meniscus forms 

and the evaporating front of the meniscus pins at the contact line, while the outward capillary-

induced flow [117, 118, 119, 120] replenishes the evaporating liquid at the edge (Figs. 60 and 61). 

The emphasis in Fig. 60 is to illustrate how upon an increase of the evaporation rate, corresponding 

to the higher heat fluxes, the upward advective flow ultimately causes the solutes to accumulate at 

the high heat flux region. The illustration in in Fig 60 is based on the well-known evaporative 
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contact line deposition [121], as it is in coffee-drop effect (explained below). With an increase in 

heat flux, the evaporation rate (ṁevap) increases, and therefore the advective mass flow of the ions 

increases (Pe >> 1) [122]. As a result, the ions accumulate at the top of the matrix near the 

evaporation front as the heat flux increases in the system. Note that the Peclet number (Pe) is the 

ratio of the rate of solute transport by advection to the rate of transport by molecular diffusion. For 

a Peclet number that is larger than one, advection dominates and ion transport takes place due to 

capillary water flow.  

The upward capillary flow, known as advection, carries the solute particles to the contact line 

where the deposits start to form. The resulting concentration gradient causes the diffusion of 

solutes to move away from the evaporating front towards the bulk. There are two competing 

mechanisms at work in the transportation of the mass species, which essentially govern the rate of 

salts crystallization. One is the transport of solutes by advection toward the evaporation front and 

the other, the opposing mechanism, is the solute transport by diffusion, which ultimately creates a 

competition between the advective and diffusive flows. The relatively small order of the diffusion 

rate [122] compared to that of advection, lends the control of the mass flow to the advective flow, 

leading to transfer and accumulation of the ionic species at the evaporating regions (figuratively 

shown in Fig. 60). 

The phenomenon depicted in Fig. 60 is somewhat similar to the so-called “coffee-drop effect” 

also known as the “evaporative contact line deposition”: The film is pinned at the edge and drying 

consolidates the particles at the edge into a solid region. Continued evaporation then pulls the fluid 

and the contained particles from the bulk towards the edge and results in large flux. Deegan et al. 
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[121] were among the first who showed that capillary flow, that is  induced by droplet evaporation 

at a pinned contact line, is the main cause for the coffee ring phenomenon.  

The very front of each evaporating meniscus starts to become relatively saturated, which is the 

on-set to the “salt-out” phase. Once the yellow crystalline solids are formed, the liquid from the 

nearby liquid front is absorbed into their structure and actively evaporate in the region up to the 

dashed line (noted in the inspections described in Fig. 59). It makes sense that the formation of 

different salts be sequential and dependent on their solubility characteristics (discussed later in the 

chapter). As the heat flux increases, the very front of each evaporating meniscus starts to become 

saturated and the “salt-out” phase begins locally and THC salts start to form (see Fig. 61). The 

formation of salts starts in a region where the evaporation rate is the most intense and further 

expands toward the bulk region (Fig. 60). The precipitation starts from those which are the least 

soluble and ends with the most soluble ones (i.e. hygroscopic compounds). 
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Figure 60: Accumulation of ions at the evaporation front in an evaporating IAS meniscus. 
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Figure 61: Conceptual illustration of the successive evolution of the evaporating meniscus and 

crystallization of salts with decreasing solubility.  

There is possibly a self-induced mechanism involved here. The salts of lower Ksp that are 

formed earlier drive the adjacent solution, which contains the higher solubility dissolved salts 

upward (Fig. 61). These early formed deposits essentially wick the liquid upward to the higher 

heat flux regions. This is possibly the reason for the seemingly climbing behavior of salts that was 

noted during the microscopic inspection of the phenomena in the heated V-groove (Fig. 58-C), 

where the saltation expands upward to some extent. This returns the discussion to the potential 



  

140 

 

role of the insoluble wick (described earlier in Sec. 6.1) that can be considered as the primary wick 

structure, which acts similar to a capillary structure discussed in [67], [68], [33], and [123]. 

THC-wicking, on one hand, improves the effective conductance of the device by increasing the 

effective evaporation area at meniscus level and on the other hand, delays the dry-out (i.e. capillary 

limit heat flux) by introducing an additional driving force acting, concurrent with capillary 

pumping force, in favor of rewetting the surface at the evaporator. 

In addition to the capillarity provided by the insoluble wick, the THC salts, once formed, 

provide an extra wicking potential, herein introduced by ∆Ω. This THC wicking mechanism is 

illustrated figuratively in Fig. 62. The mentioned solvation forces provide an additional head for 

the transport of liquid (i.e. water molecules) from lower concentration (region richer in water) 

toward higher concentration (i.e. “thirsty” regions).  

While it is an over simplification of the mechanism, but the THC-effect here resembles the 

effect of super-wetting nanoporous wick covering the surface of groove, except that: (a) the THC-

salts form smartly (i.e. local formation in proximity to the dry-out), and (b) strong solvation forces 

are at work. 



  

141 

 

 

 

Figure 62: Conceptual illustration of the THC transport of water. The assistive effect of the insoluble 

manganese oxide structure is not considered.  

 

Returning briefly to the nature of the THC salts, the following discussion is a result of an 

exhaustive literature review in variety of fields (referenced earlier in Chapter 2) to inform the 
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current study. First of all, some anhydrous compounds are hydrated so easily (very hydrophilic) 

that they are said to be “hygroscopic”. The drying agents or desiccants examples of hygroscopic 

materials. In general, many molecules and groups are recognized with “hydrophilic” behavior and 

their strong affinity for water molecules make them water-soluble. In other words, hydrophilic 

groups prefer to be in contact with water rather than with each other. Therefore, the “strongly 

hydrated ions” are essentially hydrophilic. The hydrophilic behavior is not exclusive to ions or 

atoms, there are also many uncharged and even non-polar molecules that act hydrophilicly because 

they contain electronegative atoms and have the right geometry enabling them to get into an H-

bond network in water. The corresponding energy of bonding is rather different, from which a 

variety of terms arises such as capillary water, water of hydration, and the hygroscopic water.  

Physically bonded water exhibits the weakest interaction with the molecules of the solid material 

and capillary forces are typical for this kind of bonding. Water of hydration or water of 

crystallization, refer to water molecules, which are directly bonded in the molecule of a substance 

and are of a chemical nature as their removal is accompanied by changes in chemical structure of 

the material. 

Among the common hydrophilic molecules and groups, are K+, Na+, Mg2+, Ca2+, -OH- , and Cr 

[43]. The presence of the above ions in a typical IAS system is confirmed through   theoretical and 

chemical analysis of the IAS fluid and its deposits on the surface (see the EDS results given in 

Appendix 3, for example). In the presence of water, such ions bound with number of water 

molecules (hydration number), usually between 4 and 6, and are therefore called hydrated ions. In 

general, cations (since they are smaller) are more solvated than the anions of the same valency, 

http://en.wikipedia.org/wiki/Hygroscopic
http://en.wikipedia.org/wiki/Desiccant
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even more so when they are divalent cations (Ca2+ and Mg2+) or trivalent (Cr3+). The high affinity 

of these ions for water can result in some quasi-stable complex form that appears as charged 

molecules. The effect of hydration forces doesn`t end at the primary shell (see Fig. 63) but water 

molecules become freer to rotate or exchange with bulk of water in the third shell, and so forth. 

There is some relationship between solubility and hydration forces. The hygroscopic salts are 

essentially highly soluble compounds (i.e. low Ksp).  

 

Figure 63: Solvation zone and hydration layers around a strongly solvated ion (drawn based on 

theory); water molecules are the most restricted at the primary shell.   
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Figure 64: Considered to illustrate the fundamental difference between the transport mechanisms that 

IAS induces in the system versus the conventional capillary mechanism.  

An IAS-deposit on a surface can be morphologically identical to a porous structure, say, made 

of copper. What make an IAS deposit different from a porous structure coating are the variations 

in the driving forces that are in place, that are explained by considering the hypothetical situation, 

depicted in Fig 64. 

Figure 64-A shows a porous structure made of copper that is immersed in water and, below 

that, Fig. 64-B assumes an identically shaped porous structure that is formed from the THC salts 
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(soluble crystals). The copper porous wick is a non-transient structure (i.e. rigid and insoluble with 

a defined morphology). In contrast, the IAS-wick has a transient nature and is dictated by thermal, 

mechanical, and chemical equilibrium.   

The fundamental driving force is different between the two. The capillary force (surfaces force) 

is assumed to be equal between the two cases, that is the surface of the two structures (in A and B) 

are assumed to be wetting (i.e. zero contact angle).    

Note that in case (B) there is an equilibrium between the crystals (transferred state) and the 

solution (the transferring state) leading to coexistence of the two phases. This means that the 

chemical potential of the solutes in the solid phase is equal to that in the solution (μsat). The 

corresponding chemical potential (at the saturation point) defines the solubility of the salt.  

 Summary 

The visual inspections (Sec. 6.2.1), the quantitative measurements (see Sec. 3.3 for contact 

angle measurements, and Chapters 3 and 5 for thermal performance measurements) and the 

chemical analysis were incorporated into this chapter to develop a comprehensive description of 

the pertinent mechanisms in an IAS-heat pipe. It was found that the mechanism affording IAS its 

superior heat transfer properties arises from “smart” formation of salts with high solubility indexes 

on the evaporating surfaces. This knowledge opens a new avenue for optimizing working fluid 

composition to improve evaporative heat transfer properties.  
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Based on the findings in this work, a new hybrid transport mechanism (THC assisted capillary 

mechanism) is proposed for use in heat pipes. The capillary structure (such as grooves) sets the 

stage for development of the THC wick. The capillary structure initiates the flow of liquid toward 

the evaporator (by pure capillary pressure head, as commonly defined by Young–Laplace 

equation). If the capillary structure is not incorporated in the system, then the solute particles 

(which are the essence of formation of THC salts) cannot be transferred to the evaporator side. The 

key to the activation of the THC potential is to establish sufficient potential across two points 

(source and sink). For a given composition, the larger the chemical potential between the two 

points, the larger the potential. Note that the primary capillary structure provides the adequate 

advective flow (from the condenser to the evaporator), which opposes the diffusive flow of ions 

and therefore allows the increase of concentration, followed by formation of the THC-salts on the 

face of capillary structure. Then, the THC-mechanism assists with the transport of liquid, i.e. (1) 

spreading of the liquid in and beyond the evaporating meniscus (lower-scale), and (2) it similarly 

assists with the axial flow of the liquid.   

It should be clear that the detailed understanding of this mechanism needs much more work 

owing to the complexity of the phenomena involved in the process but it is believed that the work 

presented in this chapter provides the basis and incentive for future work. 

The word “smart” is in reference to IAS timely manner in forming the THC coating, formed as 

needed (some function of the heat flux). Unlike, for instance, a porous coating that is permanently 

installed on the surface (which aids the capillary wicking), and the THC coating only forms at the 
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drying edges (which are then critical to stay wet). This way the thermal conductivity is not lowered 

with additional layer of coating (for instance in a groove). 

In contrast, the relatively weak binding energy of the ionic salts of IAS-deposited solids allows 

them to be dissolved by the water molecules. Strictly speaking, a majority of the components that 

IAS leaves behind on the surface upon dry-out are soluble salts (meaning the ionic lattice in them 

breaks up and the separate ions are then solvated). This means the equilibrium contact angle of a 

water droplet that is placed on an IAS coated surface also requires consideration of chemical 

equilibrium (i.e. chemical potential).  
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CHAPTER 7 

 Effect of Molality on Thermal Performance: A Case Study of 

a Custom IAS Mixture in a Rectangular heat pipe  

The purpose of this chapter is to examine the effect of concentration (i.e. molality) of a particular 

IAS on heat transfer enhancement. The IAS fluid that this thesis has focused on is an aqueous 

mixture of the following seven chemical components:  

      IAS= {[KMnO4], [K2Cr2O7], [CrO3], [Sr(OH)], [Ca(OH)2], [Mg(OH)2], [NaOH]}. 

Inclusion of the above components in IAS recipe was based on this notion that a working IAS 

mixture should contain the followings: (1) a strong oxidizer, (2) ions to create hydrophilic coating, 

and (3) ions to balance the electric charge.  

The goal here is to investigate the effect of molality on the performance of IAS. In other words, 

the chemical species (and their relative molar ratios) are kept constant, while the overall molality 

is varied. Different IAS batches are produced and tested for their thermal performance. 

 Details on the Design of the IAS Fluids for Testing 

A reference mixture is defined, herein referred to as IAS#3. The reference mixture fixes the relative 

molar ratio of different species. To distinguish different IAS mixtures (listed in Table 6) that are 

made for this chapter`s study, the composition of IAS#3 is designated as [S11], and the other 
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mixtures are designated accordingly: 2[S11], 3[S11], and 0.5[S11]. For instance 2[S11] refers to 

the mixture that is twice as concentrated as IAS#3 (i.e. [S11]), and so forth. 

The composition of IAS#3 was chosen to be a close replicate of state-of-the-art IAS (i.e., 

IAS#2). IAS#2 contained Ag2CrO4 (not shown in Table 6), in order to be compatible with 

aluminum. IAS#3 does not contain Ag2CrO4, but it does include NaOH. At the time, when IAS #2 

was first produced, it was believed that the contribution of NaOH to the IAS recipe was merely to 

adjust the pH and the potential merit of highly soluble salts was not then anticipated.  

The underlying argument in favor of adding NaOH is based on the chemical analysis performed 

in OLI Chemical Analyzer [14]. The method of analysis is similar to that explained in Sec. 6.2.2. 

Fig. 66 is based on the results of this analysis. Figure 66-C manifests the potential of sodium in 

IAS, in that it forms hydrated sodium chromate. As pointed out earlier in Sec. 6.2.3 sodium 

chromate is among potential residues in the IAS heat pipe operation, and it is of hygroscopic 

nature, i.e. highly soluble.  

The formation of highly soluble salts follows when evaporation rate is high (i.e. high 

concentrations). For instance, SrCrO4 (s) is formed when more than 60% of water is evaporated 

(Fig. 66-B). It is also clear from the graph that the solubility of CaCrO4 decreases with the increase 

in temperature (Fig. 66-A). The implication of this result in this study is in explaining the declining 

effect of the molality increase on the performance.  
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Remember, the design of IAS#2 per se, was based on the knowledge gained from chemical 

analysis carried out with Qu-fluid. That is to say, the chemical design of the IAS mixture is by no 

means comprehensive. Again, the objective in this part of study is to perform a primary 

comparative study on the effect of molality change, and to illustrate the capacity of a given IAS 

for a broader optimization study. Many details are still necessary to aptly design and use IAS. That 

is, full optimization of the IAS is a prolonged test plan (see Sec. 8.3).  
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                Figure 65: Solidification in (IAS [s11], Copper) system (maximum 0.05% copper) 

(C) 

(B) 

(A) 
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Table 6: Chemical composition variations IAS tested in FHP 

 

 

Chemical 

Ingredients  

[gr/kg Water] 

 

IAS #2 

 

 

IAS # 3 

(i.e. [S11]) 

 

 

IAS # 4 

(i.e. 2[S11]) 

 

 

IAS # 5 

(i.e. 3[S11]) 

 

IAS # 6 

(i.e. 0.5[S11]) 

 

KMnO4 2.0548 2.0559 4.1332 6.1863 1.0263 

K2Cr2O7 8.5360 8.8338 17.7981 26.636 4.4139 

CrO3 1.9074 2.000 3.9992 6.1283 1 

Sr(OH)2 0.1042 0.1221 0.2541 0.3605 0.0609 

Ca(OH)2 1.5179 1.4811 2.9759 4.445 0.74 

Mg(OH)2 0.3361 0.3502 0.7432 1.0574 0.1749 

NaOH - 0.1605 0.3301 0.4887 0.0802 

Total Solute 

(∑ 𝑵𝒊𝑵
𝒊=𝟏 ) 

14.456 15.005 30.234 45.302 7.496 

PH0 -measured 

( PH0-theory) 

6.37 

(6.35) 

6.44 

(6.38) 

6.43 

(6.38) 

6.46 

(6.39) 

6.40 

(6.37) 
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 Results and Discussion 

Figures 66-72 present the performance data achieved in the FHP tests. The liquid charge is 7 mL 

for both IAS and water. Water was tested as the reference of comparison.  Water was only 

operational at Φ= 5˚; any larger angle led to a too early of dry-out. Note that the calculated heat 

input for less than 50 Watt, was susceptible to large errors. Except for the test with water, all 

experiments were repeated at least two times. For IAS, the performance data during its start-up 

phase is not included in the graph. The critical heat flux (maximum axial heat load divided by the 

evaporator area, i.e. 3 cm2) for each test is shown on the graph. 

With the coating layer thickness increased, even though the coating still shows an improved 

wettability (relative to bare copper), the thermal resistance through this layer could impair the thin 

film evaporation. The amount of deposit on the plate with degraded performance was found 

considerably more during visual inspection of the plate. This is evident in Figs. 73 and 74.  

The thermal resistance effect of a thicker coating layer cannot be counteracted when the coating 

layer is thick enough, such as the case of using 3[s11]. The abundance of deposits at the evaporator 

end of the plate can be seen in Fig. 73. In addition, the presence of the red deposit (Fig. 73) 

indicates the abundance of permanganate ion that could not participate in the redox reaction. Figure 

74 compares the resultant test plates (increasing molality from top to the bottom). The abundance 

of deposits is prominent when 3[S11] is the working fluid, which is speculated to be the reason 

for its diminishing performance.  
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Finally, the existence of an optimum molality is well-described by the graphs in Fig. 75. First, 

the maximum achieved heat flux (marked with a “circle” in Figs. 66-72) is plotted versus molality 

in Fig. 75-a. Then, for a fixed heat flux (100 Watt is chosen), the performance data are plotted 

versus molality in Fig. 75-b. The data clearly reveals that an optimal concentration exists, and that 

for the particular case of rectangular groove geometry in these tests, this optimum lies slightly 

above two (normalized molality). Note that molality is normalized with respect to IAS#3 (i.e. 

[S11]) in Fig. 75.  
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Figure 66: The performance of the reference-IAS (i.e. [S11]) in FHP for different inclination angles. 

The concentration of reference-IAS is specified by [S11].  
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Figure 67: The thermal performance of 2[S11] mixture for different inclination angles; molality is 

doubled. 
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Figure 68: The thermal performance of 3[S11] mixture for different inclination angles; molality is 

tripled. 
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Figure 69: The thermal performance of 0.5[S11] mixture for different inclination angles; molality is 

halved. 
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Figure 70: Thermal performance comparison of all mixtures at inclination angle Φ = 5˚. 

  

             Figure 71: Thermal performance comparison of all mixtures at inclination angle Φ = 6˚. 
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        Figure 72: Thermal performance comparison of all mixtures at inclination angle Φ = 7˚.  

 

      Figure 73: Images taken (a) during and (b) after the operation of FHP with IAS#5 (3[S11]).  
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Figure 74: Visual inspection of three copper plates immediately after the FHP tests were concluded. 

The molality of the IAS fluids was increased from top to bottom.  
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Figure 75: (A) Maximum (critical) heat flux and (B) conductance at a Qaxial= 100 Watt, are plotted as 

functions of molality for different tested inclination angle; molality is normalized with 

respect to [S11]. 
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 Summary  

The search space for designing an inorganic aqueous solution is indefinitely large, and as a new 

“class” of working fluids, it can exist in more forms than previously believed. In this study, the 

existence of an optimum molality, and an optimum chemical composition for that matter, that can 

maximize the heat removal capability of the copper grooved-capillary heat pipe was established. 

In this dissertation, the study of IAS was limited to a certain parental chemical constituents, based 

on which a “family of IAS-[S11]” were designed. IAS-[S11] is presumed to be the best generation 

of IAS, which thus far holds valid. The IAS mixtures in this particular family were variations on 

molality of the fluid. 

With the coating layer thickness increased, even though the coating still shows an improved 

wettability (relative to bare copper), the thermal resistance through this layer can impair thin film 

evaporation. The thermal resistance of a thicker coating layer cannot be counteracted when the 

coating layer is thick enough for the increased thermal resistance to be too great for the enhanced 

surface effects to overcome, such as the case of using 3[s11]. 
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CHAPTER 8 

 

 Conclusion and Future Work 

This thesis has presented a novel category of working fluid referred to as an Inorganic Aqueous 

Solution (IAS) for use in phase-change heat transfer devices. Development of this novel type of 

working fluid initially began as a result of encountering a commercial cooling device, called Qu-

tubes, with anomalous heat transfer performance.  

This chapter summarizes the main contributions of the present study and makes 

recommendations for future work expanding on results reported in this thesis. Some key challenges 

requiring future research are identified and delineated as well. 

 Concluding Remarks 

The results presented in this thesis along with the work of other UCLA researchers, led to the 

recently patented new type of heat transfer working fluids, i.e. IAS. The most important outcomes 

of the present study are its contributions to the successive development of IAS [7] and putting 

forth a novel wicking mechanism referred to as “Thermo-Hydro-Chemo (THC)” wicking. 

 Solid evidence was established on the utility and uniqueness of Qu-fluid for use as a 

working fluid in “phase-change heat transfer (PCHT)” devices. The Qu-fluid was 
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extensively explored, and under a collaborative effort IAS was conceptualized and 

produced as a new class of heat transfer fluids with indefinite potentials and variations for 

use in PCHT devices (i.e. heat pipes). The IAS was characterized for use in heat pipes and 

other evaporative cooling devices. The enhanced thermal performance of a biporous wick 

evaporator, when a baseline IAS (i.e. Qu-fluid) was used in place of water, was illustrated. 

A semi-empirical equation of performance, which was previously developed by this author 

was adopted to establish a guideline for a crude parametric study. 

 In summary, it has been shown that the merit of IAS, at least partially, is associated with 

its ability to enhance surface wetting.  

 Thermophysical properties of a baseline IAS fluid (i.e. Qu-fluid) were measured and 

compared with those of water. The results of this investigation showed that surface tension, 

viscosity, latent heat of vaporization remains essentially the same as those of water. And, 

the changes in the boiling point and freezing point were not found to be significant. It is 

important to bear in mind that the above parameters can be considerably different near the 

evaporating surfaces due to the extreme changes in the IAS concentration (See Chapter 8 

for future recommendations).  

 The performed surface characterization (such as SEM, EDS, and contact angle 

measurement) of IAS-treated copper substrates revealed that the merit of IAS, if not all but 

in part, is associated with its ability in enhancing the surface wetting. The impact that IAS 

has on the wetting behavior of the surface was found unexpectedly complex and far beyond 
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the scope of this study. The preliminary findings however are included in Chapter 6 

offering insights into the resulted wetting behavior. Taken together, the results of the 

parametric investigation demonstrates that the bulk IAS properties are similar to those of 

water, and exposure to IAS makes the surface more hydrophilic. 

 Thermophysical properties of a baseline IAS fluid (i.e. Qu-fluid) were measured and 

compared with those of water. Boiling point, freezing point, surface tension, viscosity, and 

latent heat of vaporization. Bulk IAS properties were found to be essentially the same as 

those for water. The assessment of these properties in the vicinity of the evaporating 

surfaces is an interest for future studies. Note that the concentration of solutes in the IAS 

can reach to a point where saturation and solidification of salts begins..  

 A novel heat-transfer performance measurement system (FHP), a highly adaptable 

platform that allows the use of interchangeable base plates to perform wicking studies (i.e. 

using different wick geometries and fluids) was designed and built. Several test plates with 

two different open-groove capillary geometry were set up and tested. Thermal performance 

of different IAS fluids were compared with water in the FHP facility. The effect of different 

fluid charges, and tilt angles were examined from the measurements.  

 The effect of molality on thermal performance was investigated. The thermal performance 

of a given baseline mixture of IAS and its corresponding variations were measured using 

the FHP facility, incorporating a particular wick geometry (rectangular capillary wick). 

Based on these experiments, an optimum molality and a corresponding optimum chemical 
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composition were found in order to maximize the heat removal capability of the copper 

grooved-capillary heat pipe. 

 A new transport mechanism for use in phase-change heat transfer devices was discovered 

through exploration of the IAS.  It was found that the mechanism affording IAS its superior 

heat transfer properties arises from “smart” formation of salts with high solubility indexes 

on the evaporating surfaces.  A THC assisted capillary mechanism was proposed upon such 

findings, in that a capillary structure (such as grooves) be used to set the stage for 

development of THC wicking. 

 Implications of Results 

A fundamental understanding of the attributes and capacities that IAS possesses was gained 

through this study. The knowledge provided will help with (1) optimizing the current generation 

of the IAS fluid, using the already accepted group of components, and (2) designing a new 

chemical composition for the IAS by targeting chemicals with the potential to deliver high 

performance (on the basis of a new liquid transport mechanism, i.e. THC potential)  

Implication of this work for Aluminum heat pipes: The work of this thesis targeted the use 

of the IAS for copper heat pipes, which are mainly marketed for terrestrial electronic cooling 

applications. However, the findings will have collateral and transformative implications for 

aluminum heat pipes, which are of special interest for space applications.   
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IAS/Copper versus IAS/Aluminum: The attractive properties of the IAS fluid can be broadly 

described in two categories: 1) passivation and 2) heat transfer enhancement. While both properties 

are important, the weight given to each can differ depending on what casing material it is paired 

with. For instance, to pair IAS with copper, a material already compatible with water, the focus is 

on heat transfer enhancement. With aluminum, the primary concern is the passivation.  

The use of copper in this study allowed comparison of different inorganic aqueous mixtures 

with water. This would not be the case if aluminum was used, due to water/aluminum 

incompatibility. For an aluminum heat pipe, it is immature to attempt optimizing the IAS fluid to 

better its thermal performance unless a fully reliable IAS fluid, which meets the passivation 

requirements is designed. The knowledge gained from study of IAS/Cu regarding its thermal 

mechanisms can be projected to the IAS/Al case, once the passivation studies become conclusive. 

It’s worth mentioning that an exclusive study on the use of IAS with aluminum heat pipes is 

currently underway at UCLA. 

 Future Work 

This thesis opens up the following venues for future work: 

Optimization of IAS: There are numerous sources of possible variation in the IAS fluid. These 

variables include different chemical species and their relative concentrations (the amount of water 

relative to a fixed total amount of solutes, and several other sources of variability such as initial 

pH of the fluid). The chemical analysis and experimental data show that a unique characterization 

strategy is needed to capture the effect of concentration and temperature as well as the effect of 
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surface area and wick geometry. Flat heat pipe testing will give predictive curves capable of 

suggesting proper groove geometry and chemical makeup of IAS for a specific application. This 

however, cannot be done until a broad range of tests have been completed to gain more 

understanding of the effects of individual chemicals on the device. A through study that delineates 

the effect of each chemical component should be among the future work.  

The inherent complexity of any potential IAS of any assumed parental chemical constituents is 

costly and time consuming. Some suggestions are made here on how this might be accomplished. 

Design of Experiment (DoE) could be used to generate a screening design to determine: (1) which 

experimental variables are the major contributors on the FHP performance and (2) the molality 

ranges that give the best chance for an optimum result. The screening procedure will cut down on 

the number of optimization experiments needed. Prescreening the chemical composition is to take 

advantage of the knowledge gained by simple contact angle (CA) measurements to evaluate the 

potential for changing the surface properties of copper. Care should be taken to best control the 

“total chemical concentration per area” in these tests. Once the screening tests are over, a design 

method can be chosen based on the constraints and the existence of nonlinear effects .Most likely 

a model-robust design will suit the IAS design, because the nature of the problem is of multi-

component constraints, and the problem will be nonlinear (for instance, increasing one component 

will influence the impact of another ). The obtained set (composition) will then be examined for 

their thermal performance in the grooved FHP facility. The combinations could then be input as 

independent variables in the DoE, with the response variable being CLHF (critical limit heat flux) 

and the amount of heat flux at a particular wall temperature. Physically, it is more meaningful to 
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relate the impact of the IAS fluid to the CLHF; however from the thermal management point of 

view it is better to know which combination will result in greater heat removal at a predetermined 

wall temperature. The goal of the IAS project is to ultimately generate a response correlation after 

fitting the resultant experimental data for independent parameters. 

The thermophysical properties of a baseline IAS fluid were measured (as exists in bulk). The 

findings were sufficient for the purpose of this thesis, which was to explore and explain the 

previously unfamiliar IAS fluid. What remains for the future is to investigate the properties such 

as surface tension and contact angle for different concentrations and temperatures. Once in 

operation, the IAS properties are not only subject to change with temperature (as is pure water), 

but also with concentration. The concentration, for instance, can vary from some initial amount 

(essentially zero at the condenser) up to the solubility limit. Therefore, it makes sense to find the 

variation of the IAS fluid`s thermophysical properties with temperature and concentration. 

Advanced measurements of contact angle and surface tension as a function of concentration and 

temperature are needed. This would yield the wetting characteristics of the wick for different 

surface temperatures and concentrations. This also allows screening the chemical composition 

prior to the full performance measurement aiding with optimization of composition. 

The evaporation region will have concentrations of various constituents reaching their solubility 

limits. To consider the impact of high concentrations on the enthalpy of vaporization near the 

solubility limits, the method described in Fig. 76 could be employed. To prevent confounding 

related errors, the measuring instruments should be randomized between the two units of IAS and 

water (avoiding any possible instrumental biases governing the test results). The main concern is 
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to keep the concentration of the fluid constant throughout the test. To do so, a precision syringe 

pump can be incorporated to feed the make-up water to the vaporizing IAS mixture based on the 

feedback received from measuring the weight loss (indicated by the scale) and/or the rate of 

condensation (volumetric measurement).  

 

Figure 76: A basic schematic of the experimental set-up suggested for measuring the latent heat of 

different concentrations of IAS with reference to water.  
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APPENDICES 

Appendix 1: Glossary of the working fluids used in this dissertation 

Water: Throughout the thesis, water (deionized) is used as the reference working fluid for the 

comparison. “Water/clean copper” identifies the pertinent experiments 

“Qu-fluid” (also referred to as IAS#0:  An inexplicit form of the IAS fluid that was obtained 

from Posnett Inc., the US representative of the Chinese producer of Qu-tubes 

IAS#2:  An in-house formulation of IAS that was synthesized based on the notion that a 

working mixture should at least contain the following: (1) a strong oxidizer, (2) ions to create a 

hydrophilic coating, and (3) ions to balance the electric charge. In addition, to make the fluid 

compatible for use with Aluminum, passivation was also factored into the formulation of IAS#2 

(the reason behind presence of silver ion). 

Yellow-IAS: the IAS derivative containing the soluble salt solution after the redox reactions are 

completed) 
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Appendix 2: Experimental set-ups used for the visual studies of 

Chapter 6 

With the primary goal of explaining the increased performance of IAS over water the test section 

(i.e. the semi-groove) shown in Fig. -77-b was fabricated (the design idea stemmed from [124]). 

Another intention was to study the IAS under conditions which could more closely replicate a heat 

pipe, e.g. by forming a meniscus on a heated inclined plate. This test section was constructed by 

intersecting a copper foil and a vertical Plexiglas slide with a 30-degree angle. A stainless steel 

foil was attached to the back of the copper substrate (0.25-micron thick) using a thermally 

conductive but electrically resistive glue (Arctic Silver 5). The foil serves as a joule heater upon 

applying the voltage to the two bus bars located at the two ends of the section (soldered). A micro-

pump was used to create a steady state conditions by feeding water to make up for the evaporated 

amount. The in situ adjustment of the feeding rate was done such that the liquid was kept pinned 

at the top edge of the Plexiglas, if needed. Aside from the optical microscope (shown in Fig. -77-

A), a micro video inspection system (CCD camera) was also in place to capture the side view 

images of the system (see 58-a). The magnification capability of the CCD camera was 4 to 1040-

times, equipped to a 150W fiber optics illuminator. Note that the interest in capturing the side view 

was primarily to compare the profile of the evaporating meniscus for IAS against that for water, 

but this proved impossible because the uneven formation of deposits across the groove kept 

blocking the view. This experimentation led to a more interesting conclusion than previously 

expected, which was discussed in Chapter 5.  
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Figure A-77: IAS in the V-groove: (a) The test facility used for visual inspection of the dynamics 

involved during evaporation of the IAS in (b) the semi-V-groove test section; (c) a side view 

of the evaporating IAS meniscus as taken by a CCD camera.  
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Figure A- 78: IAS on the heated flat copper substrate: a figurative illustration of the in situ 

examination of the IAS-treated surfaces 

The water droplet spreads on the surface (strong wetting behavior) seeking 

equilibrium conditions, i.e. the THC salts dissolve in water until a 

solubility equilibrium reaches.    

: Migration of THC molecules into water 

Deposited water droplet at time= t0 

  

A  B  

(A)  

(B)  

(C)  
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Appendix 3: SEM/EDS inspections of IAS-treated surfaces 

The primary goal here was to inspect the impact of IAS on copper surface. Two IAS mixtures were 

available for the inspection: 

1. Qu-fluid: received from Posnet (“Posnet 2.5”) 

2. “IAS#1”: one of the earliest design of the fluid at UCLA as an attempt to create a 

working IAS 

Aside from seeking to understand the resulting surface modifications, the inspections were 

pursued to realize the impact of factors such as temperature (highest temperature at which the 

copper surface is treated with IAS) or the treatment time. Given the complex chemical behavior of 

IAS, the inspections reported here are mainly of qualitative value. It is noteworthy that the later 

generations of IAS were developed by using the knowledge found through SEM imaging. It will 

be for instance shown that IAS#1, which unlike Qu-fluid and the later generations of IAS (e.g. 

IAS#2) did not contain MgCrO4, left less coating on the surface.  

The details of sample preparation along with the method of analysis used for scanning the 

surfaces are as follows. 

Sample preparation: For IAS treatment of the samples, the cleaned copper substrates were 

treated in a low, medium, and high temperature (about 40ºC, 60ºC, and 90ºC). A spare substrate 

was placed on a controlled heater, and the heat input was adjusted such that the temperature of the 
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copper surface measures the desired temperature (e.g. 40C). Once the temperature of the surface 

(dry at this point) reads at steady state, the major substrate was attached. Then a known amount 

(90 mL) of fluid was placed on the surface, and forced (using the tip of the injecting syringe) to 

spread over the 1cm ×1cm area. After the treatments, the samples were then stored in a clean 

container for ~24 hours before SEM/EDS inspections were done. 

Method of EDS: EDS analysis of the samples was normally first done for about 30µm × 30µm 

surface area (surface mapping), and occasionally for specific spots on the image map (point 

mapping) allowing a closer inspection of the target. The point analysis is limited, based on 

capability of the EDS machine, to 2µm in size. Therefore, it was impossible to provide detailed 

information on the nano-structures, which were well distinguishable with SEM imaging. Even 

though, the structural form of the existing compounds on the surface cannot be obtained with EDS, 

much information was gained on the elemental distribution of the coating for qualitative measures. 

Discussion: Landlort (2010) [125] studied the kinetics and mechanisms of the reactions 

occurring during chromium (III) sorption on manganese (IV) oxide surfaces. His work is used here 

to support some of our findings in regards to manganese and chromium in an IAS-system. 

Manganese oxides have many different structures and degrees of crystallinity. The term 

“manganese oxide” is usually used to refer to any kind of Mn oxides/hydroxides. More than eleven 

structural types of MnO2 are classified based on the work of [126], [127] and [125] for example, 

suggests three different crystalline structures (out of many found in temperatures comparable what 

IAS is exposed to) for manganese oxide.  
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For the reference, Weifeng et al. [128] suggests variation of MnO2 morphology with 

temperature. Given that IAS is a complex mixture of compounds, it is impossible to theorize much 

on the resulting morphologies and the solidifications occurring in the system, and it is not the 

intention of the discussion here.  

Regardless of the exact structure, once manganese oxide is formed on a surface, it is either in 

coarse aggregates or fine-grained, such as those shown in Fig. A-79. One important fact from the 

discussion in literature is that MnO2 have high surface area, high sorption capacity, and strong 

oxidation capacity. Such properties explain why formation of MnO2 (insoluble) on the surface 

(referred to as “black porous-like network” in this thesis) benefits the capillary performance in an 

operating IAS-heat pipe. Aside from forming a micro-wick on the surface, MnO2 can also sorb 

inorganic species (as well as organic species) from the solution.  

As suggested by Landlort, the trivalent chromium (Cr (III)) binds to the edges of the manganese 

oxide layers, and rapidly oxidizes to Cr (VI), which can weakly bind to the surface, or diffuse to 

solution. As more Cr (III) sorbs on the MnO2, Cr (III) nucleation occurs on the copper surface and 

simultaneously Cr (VI) oxidation rates decrease.  

On the other hand, Cr (III), as in Cr2O3, may precipitate locally on the copper surface as a γ–

CrOOH phase and extend away from the manganese oxide, if copper surface is saturated with ions 

at high ionic strength (i.e. Na+, K+, Mg2+ Ca2+, Sr2+).  

Alternatively, Cr(III) can nucleate in form of α–CrOOH on the top of Mn(IV)O2 layers, due to 

structural similarities between the surfaces of the Cr(III) precipitate and the manganese oxide. The 
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α-CrOOH phase can quickly form at high pH at the early stage of Cr (III) sorption on manganese 

oxides, thus competing with the rapid Cr(III) oxidation for free Cr(III) monomers in solution.  

Even though Cr (VI) is relatively soluble, it can form salts with divalent cations, such as Sr2+ 

and Cu2+ (Immediate formation of insoluble MgCrO4 in IAS). Trivalent Chromium on the other 

hand have lower solubility index and can form different hydroxide precipitates depending on the 

concentration, temperature, and PH of the medium. 

 

Figure A-79: SEM images of different crystalline structures for MnO2 (a) hydrous manganese oxide 

(HMO), (b) random stack birnessite (RSB), (C) sheet structure in acid birnessite (AB). 

(Figure adapted from [125]). 

The EDS/SEM analyses of IAS-treated copper substrates suggest that there might be a link 

between presence of MgCrO4 in the IAS and the final morphology. Although not evident 

thoroughly from the SEM images, the significance of insoluble Mg(CrO4), which was excluded 

from the chemical recipe of IAS#1 can be raised as a possibility. Note that a heavily porous coating 

structure (nanoporous), which was mainly attributed to manganese oxide crystals, was found in all 

the test samples that were treated with the IAS, containing MgCrO4; as opposed to those treated 

with the Mg(CrO4)-less IAS liquid. This can be seen by comparing Fig. -80 with Fig. -81. 
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A higher magnification SEM image of each coating is shown next to it in the right panel in the 

SEM images presented below (Figs. -80 and -81). Note that, the duration of treatments was kept 

the same by injecting water droplets onto the heated samples if needed to. It can be seen (in both 

Figs. -80 and -81) that as the temperature increases, the coating evolves to a more packed structure. 

Moreover, the spatial distribution of elements acquired by an SEM/EDS system for two IAS-

treated samples, with (a) IAS#1, and (b) IAS#2 are shown in Fig. -82. This comparison could also 

be an evidence that (1) MgCrO4 can promote the nucleation and growth of manganese oxide in 

form of porous clusters, (2) manganese oxide, in return, sorbs the more hydrophilic species. 

However, more research needs to be undertaken before the association between potential benefits 

of MgCrO4 and resulting surface deposit is concluded. 
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Figure A-80: Scanning electron micrographs of two treated copper surfaces using “IAS#1" for different 

temperatures (a) 40˚C, and (b) 60˚C.  

 

Mag.: 1000X Mag.: 5000X (a) Tsurface~40˚C 

(b) Tsurface~60˚C Mag.: 1000X Mag.: 5000X 
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Figure A-81: SEM images of treated copper surfaces with “IAS#0" (Qu-fluid) for three different 

temperatures (a) 40˚C, (b) 60˚C, and (C) 90 ˚C.  

(a) Tsurface~40˚C 
Mag.: 1000X Mag.: 10000X 

Mag.: 1000X Mag.: 5000X 

(b) Tsurface~60˚C 

(c) Tsurface~90˚C 

Mag.: 1000X Mag.: 5000X 
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Figure A-82: Spatial distribution of elements acquired by an SEM/EDS system for two samples, which 

were both IAS-treated at Ts= 60 ˚C with (a) IAS#1, and (b) IAS#2. Both samples were prepared 

using the same volume of IAS placed per surface area.  

Ca: 1.35% Mn: 1.45% 

Cr: 12.91% O: 26.17% Cu: 42.97% 

K: 7.96% 

Mag.: 5000X 

Cr: 10.05% 

Ca: 1.08% Mn: 2.43% K: 6.55% 

Mag.: 5000X 

Cu: 53.69%  O: 20.41% 
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Figure A-83: Elemental maps for two treated-copper samples with IAS#1 at (a) Ts= 40 ˚C and (b) Ts= 60 

˚C. 

(a) Ts= 40 ˚C 

 

Cu: 62.15% 

O: 17.92% 

Cr: 6.33% 

K: 4.16% 

Ca: 0.99% 

Mn: 1.78% 

(b) Ts= 60 ˚C 

 

Cu: 42.97% 

O: 26.17% 

Cr: 12.91% 

K: 7.96% 

Ca: 1.35 % 

Mn: 1.45 % 



  

185 

 

Appendix 4: A Semi-empirical Model to predict the Capillary Limit 

Heat Flux of Biporous Evaporator Wick

Proceedings of IMECE2009 

November 13-19, 2009,  

Lake Buena Vista, Florida, USA 

IMECE2009-13081 

 

Correlation for Prediction of Capillary Limit Heat Flux Achieved with a Biporous Wick 

 
Ladan Amouzegar 

University of California,  
Los Angeles, Mechanical and 

Aerospace Engineering 
Dept. 

Los Angeles, CA, U.S.A 

 

 

 
 

Aleksander Vadnjal 
Pratt & Whitney 

RocketdyneCanoga Park, 
CA, U.S.A 

 
Ivan Catton 

University of California,  
Los Angeles, Mechanical and 
Aerospace Engineering Dept. 

Los Angeles, CA, U.S.A

 

ABSTRACT 

 In the past researchers noted three distinct 

stages of evaporative heat transfer in a bi-

porous wick. The maximum heat transfer rate 

is postulated to occur at the end of the second 

stage when the maximum number of small 

pores interfaces the vapor space. For 

optimization purposes a reliable model that 

relates the maximum heat flux of a bi-porous 

wick to the wick material properties, wick 

geometry given with average large and small 

pore diameter, wick thickness, and working 

fluid properties is demanded. In this work, a 

semi-empirical model that relates the heat 

flux at the capillary limit to the wick material 

properties, working fluid properties, and 

wick dimensions is further developed. The 

model is based on the hydrodynamics of the 

capillary limit. The result is employed to 

qualitatively and quantitatively optimize the 
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wick parameters for some specific cases and 

the optimization can be further performed 

using the proposed model. 

 

INTRODUCTION   

 

 The development of contemporary high 

technologies demands high-performance heat 

transfer devices in order to accommodate 

high-energy dissipation within the device and 

to avoid thermal damage due to high 

temperatures or temperature fluctuations. A 

passive thermal device, which can very 

effectively dissipate a great deal of waste 

heat, is the heat pipe. The evaporator of a heat 

pipe, which is a wick in the form of a porous 

medium, has been the concern of 

optimization for many years. Earlier prior 

research demonstrated both theoretically and 

experimentally that heat flux reached in the 

bi-porous is much greater than in the 

comparable mono-porous heat wicks [1, 2]. 

The separation of the phases and the 

increased area available for liquid film 

evaporation of the bi-porous wicks has led to 

an enhanced limiting heat flux of the bi-

porous wicks [3]. 

   The process of heat transfer in a bi-porous 

wick is schematically shown with the boiling 

curve in Fig.1. [5]. The two characteristic 

pore sizes perform separate tasks when 

boiling is initiated. Heat is transferred by 

conduction from the bottom wall to the 

evaporating front, located on the top of the 

wick, during the first stage. Heat is 

transferred by evaporation from the top 

surface of the wick .The flow driving 

mechanism here is due to capillary forces 

determined by the large pores. The second 

stage (nucleation) begins after the capillary 

limit of the large pores is reached and the first 

bubbles are created. The boiling becomes 

more intensive as heat flux is increased until 

all of the liquid recedes from big pores into 

small pores. At the end of the second stage, 

the large pore dry-out or Capillary Limit Heat 

flux (CLHF) occurs [5]. Since the operating 

condition of the bi-porous wicks is around 

CLHF, this became the interest of this work. 

The small pores can continually supply liquid 

to the vapor jets, which allows more vapor 

jets to form without dry-out occurring [5]. In 

this way, the bi-porous wick can greatly 

increase the thin film region and the heat flux 

[1]. 

 

Figure 1. Boiling curve for bi-porous media 

 

   The significance of vapor flow in the large 

pores was shown to enhance wick heat 

removal using horizontal channels fabricated 

into a mono-porous wick [6]. The results of 

preliminary investigations on vaporization 

heat transfer aiming to describe some of the 

heat transfer mechanisms in bi-porous media 

have been reported earlier [1,3]. An 

Evaporation Model and an Evaporation-

Boiling Evaporation (EBE) model were 

developed to explain vaporization 

phenomena in thin and thick bi-porous wicks. 

They clearly showed that optimization is 

possible but did not have enough 

experimental data to support their theory. The 

model describing physics of bi-porous 

evaporative heat transfer was developed prior 

to this work and the result was improved 

using a few experimental data [2, 5] for water. 
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   Capillary limit poses the limit on heat 

removal capacity of the bi-porous wicks. The 

corresponding heat flux is commonly 

referred to as capillary limit heat flux 

(CLHF). The goal in this study is to develop 

a reliable model capable of predicting CLHF 

for a bi-porous wick given: (1) the wick 

material properties, (2) wick geometry (i.e. 

average large and small pore diameter, and 

wick thickness), and (3) the properties of its 

working fluid.  

   The model is developed upon the previous 

studies of [5, 7]. The objective of the model 

we are proposing is to predict both 

qualitatively and quantitatively the optimal 

design of an operating wick. The result is 

used to explicitly optimize the parameters. 

An optimal bi-porous evaporator is able to 

reach a very high heat flux at low superheat. 

Such an evaporator would have an optimal 

combination of particle diameter, particle-to 

particle bonding area, cluster diameter, 

evaporator thickness, and evaporator radius. 

NOMENCLATURE 

 

CLHF   capillary limit heat flux (W/cm2) 

D          cluster diameter (μm) 

Re              evaporator radius (m) 

Ro         wick radius (m) 

T           temperature (ºC) 

Tsat           saturation temperature (ºC) 

Tw             wall temperature (ºC) 

d           particle diameter (μm) 

heff            effective heat transfer coefficient 

(W/cm2/ºC) 

hlv              latent heat (J/kg) 

lm         liquid mass flow rate (kg/s) 

vm        vapor mass flow rate (kg/s) 

q           net heat flux  (W/cm2) 

rc               effective capillary radius  (μm) 

u           velocity  (m/s) 

ΔPc          capillary pressure drop (kPa) 

ΔPl           liquid pressure drop (kPa) 

ΔPv          vapor pressure drop (kPa) 

δw            wick thickness  (mm) 

ρ           density (Kg/m3) 

ρl           liquid density (kg/m3) 

ρv         vapor density (kg/m3) 

ν           kinematic viscosity (kg/m3) 

μl          liquid viscosity  (kg.m-1.s-1) 

μv         vapor viscosity  (kg.m-1.s-1) 

κl          liquid permeability (m2) 

κv         vapor permeability (m2) 

σ          surface tension (N/m) 

 

MODELING PROCEDURE AND 

DETAILS 

 This work incorporates the heat transfer data 

of 52 bi-porous evaporator wicks, which 

were tested by Semenic[1]. The tested bi-

porous wicks were of different combinations 

of particle diameter, cluster diameter, wick 

thickness and evaporator radius; the wicks 

were sintered from no more than 3-4 layers of 

clusters; tests were done with degassed water 

at partial pressure of water vapor 0.07bar; 

Evaporator radii range was 1.9 to 4.4 mm 

with an average of 3 mm. 

   With the purpose of finding a semi-

empirical model that relates the maximum 

heat flux of the bi-porous wick called 

Capillary Limit Heat Flux (CLHF) to the 

wick geometry given with average large and 

small pore diameter, wick thickness, and 

working fluid properties, the empirical data 

of interest were studied individually to obtain 

valid experimental data sets for our work.  

   Recent studies [8] show that the peak heat 

transfer is achieved when large pore dry-out 

limit or CLHF is reached. At this point, the 

wick is still wet and feeding liquid to the 

cluster surfaces through the small pores. The 

extensive analysis of available data confirms 

that the effective heat transfer coefficient, 

heff, gradually increases with increasing heat 

load until it reaches a maximum, most likely 

when large pore dry out occurs, and the 



  

 188  

contact angle of the big pores reaches its 

minimum possible. Hydrodynamically this 

occurs when the sum of the liquid and vapor 

flow resistances exceeds the maximum 

capillary pumping power that the big pores 

can sustain. Further, heat transfer coefficient 

starts declining slowly due to the decrease in 

the surface evaporation area as the 

evaporation front recedes into the clusters. 

Fig.2 is an example of the behavior of the bi-

porous media as explained. 

   To employ the empirical data for the 

hydrodynamic model of the second stage, the 

same plots were used to specify the points 

where the large cluster dry out of the bi-

porous wick occurs. 

   The results along with the correlation for 

the liquid permeability, maximum capillary 

pressure, both linear function of the particle 

diameter and vapor permeability, a linear 

function of the cluster diameter, found by 

Semenic et al. (2008), were employed in the 

present work.   

 

Hydrodynamics [8] 

Capillary limit heat flux in bi-porous wick 

occurs when the maximum capillarity as the 

flow driving mechanism, developed at the 

liquid-vapor interface in the wick is equal to 

the sum of pressure drops in the vapor, , 

and the liquid across the wick, , in the 

absence of the body force, therefore a 

pressure drop relation can be obtained in the 

form 

   (1) 

 

   Assuming a spherical shape for the 

meniscus, the capillary pressure drop can be 

obtained from 

           (2)    

 

where is the effective capillary radius.   

 

vp

lp

c l vp p p   

2
c
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p
r


 

effr

Figure 3. Evaporator wick geometry 
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The governing equations for liquid phase 

flow are as follows. 

 

 
 (3) 

 

 

  

(4) 

 

   By assuming that the wick is thin, and 

axisymmetric, an inner cluster radial pressure 

drop can be approximated as a function of the 

radial dimension (Fig.3). Equation of 

continuity (3) shows that the velocity is 

constant. Integration of the pressure drop 

along r and expressing   by liquid mass 

flow rate yields, 

 

 

  

(5) 

 

 

   The vapor flow resistance is assumed to be 

in the z vertical direction and laminar. Using 

Darcy`s law and integrating over the z 

direction yields, 

 

 

  

(6) 

   

Conservation of mass and an energy balance 

yield, 

 

 

  

(7) 

 

   Substitution into Eq. (1) and rearranging 

the equation using the scaling parameter

yields an expression for the heat 

flux at the capillary limit, i.e. 
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where
 

and are dimensionless 

parameters defined as 

 

 

  

(9) 

 

 

  

(10) 

                   

DISCUSSION AND 

RESULTS 

 

   Unfortunately, Eq. (10) is the result of too 

many simplifications and over-predicts the 

measured values of the heat flux. (Fig.4)  

   The form and structure of Eq. (8) is used to 

develop a semi-empirical correlation in our 

work. The large pore heat flux limit 

expression written in dimensionless form is 

modified by introducing adjustable constants 

to improve the overall fit to the available 

data, yielding the following  

   

 

                (11) 

  

 

   The coefficients were determined 

performing a nonlinear regression analysis 

using DATAFIT software and the model 

fitting coefficients found are A=1.577, 

B=0.539, a= 0.453 and b=1.029. 

 

The resulting expression is as follows, 
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     (12) 

 

Fitting improved the results significantly. 

The  pure hydrodynamically based model, 

Eq.(8), significantly over predicted the 

measured values (Fig.4), while the semi-

empirical equation predicted correct values 

with an average error of ±16% with a 

maximum error of ±30%. (Fig.5)  

 

   Equation (11) was proposed earlier [5], but 

it was limited by the availability of data. The 

present model was calibrated with 30 

samples  instead of 9. Also, 20 more samples 

were used to confirm the validity of the 

model. 

   By looking at the weight of the 

dimensionless parameters x1 and x2, physical 

aspects of the process can be compared. The 

non-dimensional parameter x1 has a 

magnitude of order one, which shows that the 

model vapor channeling through large pores 

and liquid feeding through small pores have 

an equal importance. The parameter x2 

delineates the pumping power, which dictates 

how much heat can be removed, and it has a 

magnitude corresponding to values of heat 

flux removed. 

0.453
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For the optimization purposes,  should be 

minimized whereas  is to be maximized. 

   The difficulties with optimization are seen 

by inspection of x2; increasing the capillarity 

will cause a decrease in the permeability 

whereas increasing the wick thickness and 

decreasing the wick radius leads to a faster 

increase in x1. 

   The model can be used for optimization of 

the bi-porous wick. How the performance of 

1x

2x

360

320

280

240

200

160

q
c,

 p
re

d
(W

/c
m

2
)

90858075706560555045403530

Particle Diameter( Microns)

D= 200µ

300µ

400µ

500µ

1000µ Re=3.2mm


w 

/D=3.3

Twall=100
o
c

Tsat=43
o
c

Figure 7. Model prediction of CLHF by varying Particle diameter for different 

Cluster diameters 

310

300

290

280

270

260

250

240

q
c
,
p
r
e
d
i
c
t
e
d
(W

/c
m

2
)

28002400200016001200800


Wick

( Micron)

D=500µ
d=50µ

T
Sat

=43
o
c

T
wall

=100
o
c

 

Figure 6. Model prediction of CLHF as a function of wick-thickness 



  

 193  

the different bi-porous wicks responds to 

different geometrical parameters are 

compared and observation is made. 

 

   In all cases, the saturation temperature was 

assumed to be 43°c and Twall to be 100°c. 

The liquid properties were taken to be at the 

superheat temperature (average temperature 

of Twall and Tsat) and the vapor properties 

were taken to be at Tsat. 

   The heat flux predicted by the model, Eq. 

(12), versus different geometrical parameters 

Figure 9. Top view of the heat flux response  

Figure 8. Heat flux response surface for bi-porous wicks predicted by the 

model with Re= 3.2 mm and δw/d=3.3, Tsat= 43 °c and Twall=100 °c 
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of the bi-porous wick were plotted and the 

observations were made. 

 

   There exists an optimal particle diameter, 

(Fig.7), where capillary pressure, nucleation 

radius, and liquid permeability balance each 

other; the optimal particle diameter can be 

seen to lie within the range 40-60 μm. 

There is an optimal cluster diameter. The 

optimal cluster diameter will be small enough 

to have a high number of cluster-to-cluster 

contacts for enhanced transport of liquid and 

heat, and be large enough tohave high vapor 

permeability. Cluster diameters that are too 

large result in increased vapor formation at 

the base plate-evaporator interface, which is 

not desired.  

 

   The other parameter is the evaporator 

thickness. There exists an optimal number of 

clusters in the vertical direction where mass 

flow rate of the liquid and vapor pressure 

drop balance each other (Fig.6) 

There exists a maximum length that liquid 

condensate can travel through to the center of 

the evaporator. The particle-to-particle 

bonding area to achieve good bonding to the 

base plate and between the clusters needs to 

be investigated in the future works. 

Forty-eight combinations of cluster and 

particle diameters and maximum heat fluxes 

calculated with the model were input as 

independent variables in the Design of 

Experiment (DoE) and optimum range of 

cluster and particle diameters were observed 

(Fig. 8, 9). As can be seen from the heat flux 

response figures, the optimum particle size is 

~ 60 μm.  

CONCLUDING REMARK 

The semi-empirical model capable of 

predicting the CLHF for Bi-porous wick 

evaporators from the geometrical parameter 

and the thermophysical properties was 

developed by integrating a simple 

hydrodynamic model, and the experimental 

data. The model was then validated by 

incorporating 20 additional experimental 

data sets. The model equation allows 

optimization of the wick parameter for future 

studies.  

     To accomplish a more precise model the 

upper limiting range of the cluster size needs 

to be specified in a future study.  
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Appendix 5: Analytical Model  

The total heat removal from the evaporator is expressed by 

                                                       𝑄𝑖𝑛
̇ = 𝑚𝑣𝜆̇      (11) 

where inQ  [watt] is the rate of heat input; m [kg/s] and λ [J/kg] are the evaporation mass flow 

rate and the heat of vaporization of the fluid, respectively. Given that the liquid flow into the 

evaporator must compensate for the vaporized working fluid, mass balance requires that     

The liquid pressure drop in the direction of liquid flow is related to the frictional drag and 

gravitational force. 

 
                           

(12) 

The flow of liquid in the heat pipe wick structure is laminar due to the generally low liquid 

velocity. For laminar flow ( Re )l lf is a constant whose magnitude depends only on the geometry 

of the wick structures as do the other quantities, such as
LA and ,h lr .The hydraulic radius, ,h lr

is defined as twice the cross-sectional area (H×W, see Figure 47 in Chapter 6) divided by the 

wetted perimeter, ( 2H+W).  

 

 Mass Balance   l vm m m 

 

                                 

(13) 

,
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dp
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where 
wA is the wick cross sectional area, and

lA is the corresponding cross sectional area of the 

liquid flow passages. L

w

A

A
is often represented as the wick porosity, ε. Note that the expression for 

dimensionless Reynold number (Rel) and drag coefficient (fl ) as well the permeability KL that is 

defined to represent a property of the wick structure. The liquid velocity in the groove is shown 

with Vl and can be related to the mass flow rate.  

The above equations form the basis to calculate the liquid pressure drop (ΔPL) in the groove. 

Similarly the vapor pressure drop could be found along the groove, see [28]. However, for a 
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groove-heat pipe with a small longitudinal length (Lg) and a large cross sectional are for vapor 

transport, one can neglect the pressure drop due to vapor transport [129].  
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