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Abstract
Last two decades witnessed a massive growth in the electronics industry. Electronic
equipment such as mobile phones and computers are now an integral part of our daily life. The
ease of use has driven the electronic industry to develop more powerful yet smaller electronic
products. There is an ongoing quest for developing powerful yet miniaturise electronic
equipment. While in use, a piece of electronic equipment generates excess heat, and the amount
of heat generation increases with the increase in products performance and miniaturisation. The
excess heat if not checked, can render the device useless (untimely system crash) or can
decrease its reliability. Therefore, the thermal management of an electronic device is necessary
to keep the device in its optimal use state without any failure.
There are many thermal management techniques in use; this thesis focuses on one such
technology called pulsating heat pipes (PHP). PHP is a relatively new technology in electronic
cooling space; however, due to its straightforward design, the ability to handle high heat fluxes
and simple manufacturing has made it a very promising electronic cooling technology. This
research project aims to analyse the performance of PHP as an electronic cooling device. For
achieving the aims and objectives of the study, two test rigs were designed and fabricated. The
first test rig was a single loop pulsating heat pipe (SLPHP), and the other one was a multi-loop
pulsating heat pipe (four loops).
A PHP takes some time to reach its operation state, often referred to as quasi-steady state.
Before reaching a quasi-steady state, a PHP goes through a start-up process. An efficient
thermal management technique must initiate its operation as soon as the electronic device
reaches a certain peak heat flux level. Also, the cooling device must keep the operating
temperature of the electronic equipment below its maximum permissible temperature. Though
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there are studies regarding the startup of a PHP, however, none of them are for PHP as a
electronic cooling device.
For understanding the start-up process of a PHP, a single looped pulsating heat pipe was
fabricated from a 670 mm long copper tube with an internal and external diameter 3.25 mm
and 4.75mm respectively. Water was used as the working fluid; experiments were conducted
for different filling ratios (50 %, 60%, 70%, and 80%) and heat loads (20 W, 33 W, 55 W and
76W). Two types of start-up behaviour were observed, a gradual (soft) start-up and a sudden
(hard) start-up, as reported previously. Contrary to previous claims, the two types of start-ups
were found to be independent of the heat load. Experiments revealed that the probability of the
PHP undergoing a sudden start-up was higher at a higher filling ratio, which was attributed to
the higher level of flooding of the evaporator section at higher filling ratios.
Experimental results also show that for similar heat load and filling ratio, during sudden
start-up time is more as compared to smooth start-up. Besides, after a sudden start-up, the PHP
works at a higher operating temperature as compared to a gradual start-up. Therefore, the
sudden start-up is not desirable for a PHP based device employed for electronic cooling. It was
also shown that, to suitably design a thermal solution (based on PHP) for electronic cooling,
the calculation of thermal performance must include start-up temperature and start-up time.
The multi-loop PHP experimental setup was designed to evaluate the performance of the
PHP under non-uniform heating conditions. In electronic cooling, there are situations where
non-uniform heating could occur. For example, a data centre houses a large number of
processing units each running at different operating load, generating a different level of heat
fluxes. Another example is a high performing laptop or desktop in which, along with CPU,
graphic card, and RAM might require cooling. Furthermore, the surface of the microprocessor
itself can have different levels of heat fluxes at different locations. Though, each equipment
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or unit has its cooling device; however, a single device working under different heat load could
save much space which could allow further miniaturisation and can reduce the operation cost
of the cooling device. The studies about non-uniform heating of a PHP are scarce. Two critical
parameters in a PHP operation are heat input and filling ratio (FR), however, the studies on the
effect of non-uniform heating on the performance of the PHP at different filling ratio is limited
to a narrow range (50% -70%). Furthermore, the mechanism of how non-uniform heating affect
PHP performance at different filling ratio is not yet clear.
For studying the effect of non-uniform heating, a four-loop water-based CLPHP (closed
loop pulsating heat pipe) was fabricated from a copper tube that had an internal diameter (ID)
= 3.25mm. The thermal performance of the CLPHP was measured over a range of filling ratios
(FR, 20% to 80%), total power input (80 W to 360 W), and two-stage non-uniformity with a
power difference (Δ𝑄̇ =𝑄̇ 1 − 𝑄̇ 2 , 40 W to 140 W). Results show that the thermal resistance of
the PHP under non-uniform heating increase on increasing Δ𝑄̇ . The study also revealed that
the impact of non-uniform heating is significant at low FR (<20%); however, at high FR (>
50%), the influence of non-uniform heating diminishes.
Non-uniform heating was also found to affect the operational ceiling of the PHP. For
example, in this study, the optimal filling ratio during uniform heating was 20%, and no dry
outs were observed. However, during non-uniform heating, dry outs were recorded for FR 20%
at various heating levels, which resulted in very high thermal resistance.
Investigation of flow patterns during non-uniform heating revealed the reason for the
unusual trend of thermal resistances at different filling ratios. The flow pattern evolution during
a non-uniform heating condition was found to be different from the flow transitions during
uniform heating. Independent localised flow patterns were observed for low filling ratio
whereas at high filling ratio high heating side was found to govern the flow pattern across the
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PHP. The optimal filling ratio during uniform heating was to be 20%, which was changed to
FR 60% for non-uniform heating. A dimensionless non-uniform heating coefficient (𝛿) is also
proposed to quantify the effect of non-uniform heating
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CHAPTER 1
1 INTRODUCTION
___________________________________________________________________________

Electronics Past and Present
The last two decades witnessed an exponential rise in our dependence on electronic
devices, which have now become an integral part of our daily life. This dependence has
motivated us to develop the technology further to manufacture more powerful electronics
devices so that we can make our lives easier.
The first mobile phone, Motorola DynaTAC 8000X, was introduced by Motorola in
1983, and it was a simple communication device with 30-minute talk time, could store up to
30 contacts, had dimensions of 330 x 89 x 44 (in mm) and weighed about 80 grams. The
dramatic advancement in technology that has taken place since then is signified by a more
recent mobile phone, such as the iPhone 6 that was launched in 2014. This had a talk time of
14 hours, unlimited contact storage, dimensions of 138.1 x 58.6 x 7.6 and weighed 112 grams.
Recent mobile devices are a lot lighter, smaller, thinner and much are more powerful
than the DynaTAC 8000X. The processing power of a mobile device is even many times higher
than the computers manufactured in the 1990’s. For example, an iPhone 6 runs on an A8
processor, which is a 1.5 GHz processor. In contrast, a popular processor of yesteryears, the
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Intel Pentium III released in the year 1999 had a maximum speed of 0.5 MHz. The simple
comparison shows that with the advancement in technology, electronic devices are getting
smaller but more powerful than their predecessor.

Heat Dissipation and Thermal Management
Transistors are the basic building blocks of a processor. Gordon Moore, the co-founder
of Intel in 1965, predicted that the number of transistors per microprocessor would double
almost every 18 months [1]; this is called Moore’s law. As the number of transistors increases,
the processor performance of doing complex tasks with higher speed (frequency) also
increases. Power supplied to a processor (or chip) is directly proportional to capacitance (C),
voltage (V) and frequency (𝑓) of the chip [2], i.e.

𝑷 = 𝑪𝑽𝟐 𝒇

(1-1)

Therefore, with an increase in frequency (processor speed), the power requirement of
the processor also increases.
A significant part of the power supplied to the chip is lost as heat dissipation [3]. In a
digital device, it is assumed that almost all the power is lost as heat dissipation. If not managed
properly, the heat dissipated by the devices can cause premature failure, shortened lifespan or
destruction of the equipment.
There are many cooling techniques for the thermal management of electronic devices.
The thermal management techniques can be classified as active cooling techniques and passive
cooling techniques. Active cooling methods use energy to cool the equipment; the energy is
usually introduced by an external device. Air cooling, jet impingement cooling, synthetic jets,
and thermoelectric coolers, are some examples of active cooling methods. Passive cooling
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technologies make use of conduction, convection, and radiation to remove heat from the
product. Heat pipes, heat sinks, heat spreaders, and thermal interface materials (TIM) are a few
examples of passive cooling techniques. Each cooling method has its advantages and
disadvantages depending upon the working conditions.

Active Cooling Techniques
1.3.1 Air Cooling
Air cooling is the traditional method for electronic cooling, where a fan is used to force
air onto and across the heat source. The increased mass flow rate of air, when compared to
natural convection, removes heat relatively faster from the heat source, but this method has its
limitation regarding the amount of heat it can extract. In order to increase the heat transfer rate,
the speed of the fan, as well as its size, has to increase. Higher fan speed results in higher noise
levels, and the size increment has its limits due to the size of electronic packaging.
1.3.2 Jet Impingement Cooling
In jet impingement cooling, a jet of fluid is directed at the heat source, fluid jet strikes
the surface of the heat source and disrupts the boundary layer around it. Due to the high mass
flow rate of the jet and disruption of the boundary layer, high heat transfer rates can be
achieved. Although jet impingement cooling is capable of removing significant amounts of
heat, however for microprocessors and other small-scale electronics, it is not feasible. The
following are some reasons which have hindered the application of jet impingement to small
scale electronic cooling: management of liquid flow, complexity in producing small size
compressor to generate the jet, and the complicated arrangement needed for its working [4].
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1.3.3 Synthetic Jets
Synthetic jets work the same as jet impingement, but instead of a continuous jet, it uses
pulses of jets generated from a zero-net-mass-flux device called the synthetic jet actuator. Due
to its pulsating property, it can entrain more fluid and hence provide better mixing at the
boundary layer, which increases the heat transfer rate. Synthetic jets also have limitations
regarding their use in small scale electronics. New technology advancement in the field of
MEMS (microelectromechanical system) technologies might give a solution for using synthetic
jet (and jet impingement) at the micro-level, but again the setup is likely to be a complex one.
1.3.4 Thermoelectric Coolers
Thermoelectric coolers work on the principle of the Peltier effect [5]. Peltier effect
states that “If current passes through a thermocouple, a temperature difference will be created
between its two junctions. As a result, heat is absorbed in one junction and rejected at the other
junction of the thermocouple”. Although thermoelectric coolers are quiet in operation and do
not come with problems that other active methods have, they are however limited by the
amount of heat flux they can deal with.

Passive Cooling Techniques
1.4.1 Heat pipes
One of the most popular passive techniques for heat removal is the use of heat pipes.
Internal walls of heat pipes are lined with a porous medium called a wick; the wick works on
the principle of the capillary effect. When heat is supplied to one end of the heat pipe, the liquid
inside it starts evaporating. Due to pressure difference thus created between the hotter and
colder ends of the heat pipe, vapour moves towards the colder section and condenses, after
which it is transported back to the hotter region through the wick, which acts as a passive
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capillary pump and the cycle repeats. Heat pipes are incredibly efficient and can work with a
broad range of heat fluxes [6].
1.4.2 Heat Sinks
Heat sinks are one of the most commonly used passive cooling devices; they are passive
heat exchangers based on the simple principle of heat removal through convection using fins.
They are usually used with active cooling techniques such as fans for cooling of electronic
devices [7].
1.4.3 Heat Spreaders
Heat spreaders are passive heat exchangers and are also referred to as flat heat pipes or
vapour chambers, and their primary purpose is to distribute the heat evenly across a larger area
so that heat from a heat source can be removed through secondary heat exchangers efficiently.
For example, on a microprocessor, there are hotspots, i.e. some spots on its surface will have a
higher temperature (heat flux) than other parts. So for efficient working of the heat exchanger,
a heat spreader is used which receives this non-uniform heat and distributes it evenly, which is
then removed by other heat exchangers, such as heat pipes or heat sinks.
1.4.4 Thermal Interface Material
Thermal interface material (TIM) is used as a gel or paste over the heat source (e.g.
microprocessor), has high thermal conductivity, and works as an interface between the heat
source and the heat removal device. The primary purpose of the TIM is to remove air gaps or
spaces due to uneven surfaces that are in contact, which otherwise may act as a thermal
insulator. By eliminating the air gaps and spaces, TIM helps in improving the heat transfer rates
[8].
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Pulsating (oscillating) Heat Pipes (PHP)
1.5.1 Design
A pulsating heat pipe (PHP) (or oscillating heat pipe) is a passive heat transfer device
that is comparatively a new technology in the field of electronic cooling. Due to its simple
construction and capability to deal with high heat flux, it has become a popular candidate for
future cooling technologies. The basic structure of a PHP is a loop (turn) of varying
configuration, and it carries a working fluid. It is divided into three parts: an evaporator section,
a condenser section, and an adiabatic section.

Condenser

Single Loop

Two Loops

Evaporator

Figure 1-1 Basic structure of a PHP (Pulsating Heat Pipe)

PHP can have a single loop or multiple loops (turns) and can be an open or closed-loop
system. Initially, the PHP is evacuated (usually to 0.01 Pa gauge pressure and then it is partially
filled with the working fluid and closed off. The working fluid distributes itself in the form of
liquid plugs and vapour slugs around the pipe/tube.

Chapter 1: Introduction

7

Under operation, the evaporator section receives heat (say from a heat source) which is
transferred to the condenser section by means of the liquid plugs and vapour slugs under the
influence of pressure pulsations (locally and globally) inside the PHP. A complex thermohydraulic coupling governs the pressure pulsations under non-equilibrium conditions between
various two-phase flow instabilities [9].
1.5.2 Mechanism of PHP Operation
Construction of a PHP is straightforward; however, in terms of the operating
mechanism, it is a very complicated device. A PHP is a non-equilibrium heat transfer device,
so its performance depends on the sustenance of these non-equilibrium states throughout the
device [10]. When heat is supplied to the PHP at the evaporator section, the temperature of the
working fluid (liquid) rises, and a pressure difference is created between the evaporator and
condenser sections.

Figure 1-2 Thermo-hydraulic interaction in a PHP [9]

The PHP needs a certain amount of initial power to start operating, so initially there are
no pulsations or oscillations. When heating power reaches a specific limit (which can be
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different for different PHP designs), oscillation movement of plugs and slugs begin. Pressure
pulses govern the slug-plug oscillations throughout the system. These pressure pulses are
generated by the temperature difference between the condenser and evaporator, local heat and
mass transfer between liquid plugs and vapour slugs, as well as between vapour slugs and a
film formed on the tube wall due to the movement of liquid slug [11]. Figure 1-2 shows the
various thermo-hydraulic interactions occurring inside a PHP. Some authors [12–17] have
attempted to develop a comprehensive model for PHP operation, but due to its very complex
thermo-hydraulic coupling, none of the models fully represented the working of a PHP.
Theoretically, a PHP operates with self-sustained oscillations because of various
processes taking place simultaneously in it, which includes simultaneous evaporation and
condensation happening at the interface of liquid and vapour, which imparts pressure forces as
well due to continuously changing the quality of the vapour. Other vital interactions which
have been found is the effect of thin liquid film on the overall process of PHP. When a liquid
plug moves inside the tube, it leaves a liquid film on the wall of the tube, which in turn is
responsible for large amplitude oscillations (compared to the length of PHP tube) in a PHP
[13]. Besides these, there is an interaction between the tube wall (shear force) and liquid film
(heat transfer). At present, the overall micro-mechanism of the PHP is still not fully known;
however, at the macro level, the whole process is thought to be driven by the temperature
difference between the condenser and the evaporator.
A lot of research has been conducted on the possible application of this sophisticated
yet simple technology. Since the PHP can operate well at small as well as larger scales, the
range of probable applications is vast. Solar water heaters [18], Compact coolers [19], Vapour
compression refrigeration system (theoretical analysis) [20], and thermal control of
surveillance systems, are a few examples to get an idea of the full range of potential
applications of the PHP.
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The aim and objectives of the study
PHP is often regarded as one of the potential technologies for fulfilling future electronic
thermal management needs. A lot of research had been conducted on the various parameters
governing PHP operation, and are discussed in detail in the literature review chapter. The main
aim of the current study was to analyse the PHP as a cooling device for the thermal management
of electronics. After the literature review, two crucial aspects of PHP operation (startup and
non-uniform heating) were discovered, which could have a high impact on PHP performance
with respect to electronic cooling.
As discussed, a PHP needs a certain amount of power to start operating, i.e., to initiate
slug-plug pulsations. However, the slug-plug pulsation does not begin immediately on
application of required heat input. A PHP takes a certain amount of time before slug-plug
pulsation can begin. The period between when power is switched on, and the beginning of the
slug-plug pulsation (or oscillations) is called the startup phase. The literature review suggests
two different types of startup, namely sudden startup and smooth startup. A sudden startup is
characterised by a temperature overshoot of the evaporator section before reaching a quasisteady state of operation. Whereas, in case of a smooth startup, the quasi-steady state is reached
rather gradually after the initial rise in evaporator temperature. The reason why PHP undergoes
a particular type of startup is still not apparent. Furthermore, it is also not known clearly, how
each startup are linked to the applied heat flux and amount of working fluid (filling ratio) in a
PHP.
As discussed, electronic equipment’s under operations generate a massive amount of
heat. The purpose of cooling technology for thermal management of an electronic device is to
keep the device in its optimum running/working condition otherwise the device will either fail
or could get destroyed by reaching a very high temperature (due to massive amount of heat
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accumulation). Therefore, the cooling system must keep the operating temperature low; the
cooling system should start as soon as the electronic equipment reaches a specific temperature
(startup time) and should start operating well below the maximum permissible temperature for
a given electronic device (startup temperature). In this work, the PHP startup was
experimentally studied with an exclusive focus on studying PHP startup with respect to
electronic cooling. A single loop pulsating heat pipe (SLPHP) experimental setup was
designed, and several tests were conducted at various filling ratios and power inputs. The
experimental investigation revealed that the startup types affect the startup time, startup
temperature and operating temperatures of a PHP. Besides, it was also discovered that
calculating thermal resistance alone could not be taken as a performance parameter while
designing a PHP based electronic cooling solution.
Heat load is one of the crucial parameters in the PHP operation. In electronic cooling,
there exist scenarios where multiple heat source with different heat loads are possible. For
example, a data centre, which houses several processing units and each producing different
level of heat flux based on their usages. Usually, each processing unit is equipped with its
cooling system. If a PHP’s are to be used in such a non-uniform heating condition, i.e., a single
PHP based cooling system for multiple processing units, knowing the behaviour of the PHP
under non-uniform heating condition is critical. Non-uniform heating conditions can also arise
in high-end desktops and laptops. For improving the performance of a personal computer, the
modern desktops and laptops along with CPU’s are fitted with graphics processing unit (GPU)
as well. CPU’s and GPU’s have their cooling systems; these cooling system needs additional
power to run; also, extra space is needed to pack these cooling solutions properly. Since PHP’s
are highly scalable, the space requirements are generally less, and PHP does not require any
external power source; therefore, a PHP based cooling solution will save space but also reduces
the power requirement of the device. Furthermore, the heat generation on the surface of the
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CPU is non-uniform, it has been found that heat flux on the surface of a microprocessor can
go up to five times than the average surface flux [84]. Again, for developing an effective
cooling solution for the non-uniform heating conditions, a better understanding of the PHP
working under non-uniform heating is required.
A four-loop pulsating heat pipe-based experimental setup was designed to study the
effect of non-uniform heating on the performance of the PHP. The test setup had two
independent heat sources, which facilitated in producing non-uniform heating conditions. This
test setup also had an observational glass tube to see the internal flow pattern in PHP. The
operation of the PHP was studied under various non-uniform heating conditions at different
levels of filling ratios. The investigation shows that the PHP behaves differently under nonuniform heating conditions, especially at low filling ratios. Furthermore, it was also found that
the level of non-uniform heating also affects the thermal performance of PHP.
For fulfilling the aim and objective of the research, the study was carried out in two
phases. The first phase of the study was focused on evaluating the thermal performance
(concerning electronic cooling) of the PHP under different startup modes while the purpose of
the second phase of the study was to get insights about the PHP behaviour under non-uniform
heating. The designs of experimental setups and research methods will be described in detail
in subsequent chapters.

Research questions
The first objective of the study was to investigate the impact of the startup modes on
the thermal performance of the PHP regarding electronic cooling. The existence of the startup
modes in PHP is known; however, for understanding the effect of startup modes regarding
electronic cooling, the following questions were needed to be answered:
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1. What are the effects of startup modes on the thermal performance of the PHP?
2. How does startup modes impact the calculation of thermal performance of a PHP?
3. What is the relation between heat flux, filling ratio and modes of startup?
The second objective of the study was to investigate the performance of PHP under
non-uniform heating conditions. Through a series of experiments, efforts were made to answer
the following questions:
1. What will be the effect of non-uniform heating on the thermal performance of a PHP?
2. How will the thermal performance of the PHP change under different filling ratio and
non-uniform heating?
3. How will non-uniform heating influence the flow pattern evolution in PHP? What will
be the effect of filling ratio and non-uniform heating on the flow patterns in the PHP?

Thesis Structure
This thesis contains a total of seven chapters.
Chapter 1 (Introduction) gives an introduction of electronic and the need for thermal
management. A summary of existing and developing thermal management technologies have
also been presented. It also provides an overview of a PHP and its operating mechanism. It also
specifies the aim and objective of the study. Also, it contains a brief overview of the thesis
structure.
Chapter 2 (Review of Literature) provides details about various parameters governing
the working of the PHP. It also discusses the research gaps which are vital for understanding
the aim and objective of the current study.
Chapter 3 (Description of experiments) gives an overview of the conventional
instruments and devices used in the research project. It also includes an introduction to the test
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setups and experimental procedure used in the study. It describes, in detail the innovative
design of the condenser tank to achieve uniform temperature on the surface of capillary tubes
in the condenser section.
Chapter 4 (Performance Evaluation of an SLPHP Under Different Startup Modes) deals
with the effect of startup modes on the thermal performance of a single loop pulsating heat pipe
(SLPHP). It explores the parameters such as startup time and startup temperature regarding the
application of PHP for electronic cooling. It also establishes the probable reason for a PHP to
follow a particular mode of startup.
Chapter 5 (Thermal Performance of the PHP Under Non-Uniform Heating) focuses on
the thermal performance of the PHP in a non-uniform heating condition. It discusses the
relationship between non-uniform heating, filling ratio and thermal resistance of the PHP. It
also discusses the optimal filling ratio for a PHP in a non-uniform heating environment.
Chapter 6 (Flow Pattern in a PHP Under Non-Uniform Heating) deals with the flow
patterns evolution in the PHP under non-uniform heating. It elaborates the flow pattern
evolution in the PHP under non-uniform heating and at various filling ratios. It also discusses
the reasons of unique thermal behaviour of the PHP during non-uniform heating based on the
flow patterns.
Chapter 7 (Conclusions and Future Work) presents a summary of the key outcomes of
this research project. It also enlists the suggestions for the potential future works

CHAPTER 2
2

Review of Literature

___________________________________________________________________________

The aim of this chapter is to give an overview of various parameters and aspects
affecting the operation of a pulsating heat pipe (PHP). The key parameters are categorised as
geometric, working fluid, and heat input. Other important in-operation aspects such as flow
patterns, non-uniform heating, and startup behaviour are also discussed in detail.

Invention and development
The first description of a heat pipe was given by the patent of Smyrnove and
Savchenkov [21]. However, the modern approach on pulsating heat pipes was developed by
Akachi [22], and in his patent, 24 different models of “loop-type heat pipes” were described.
Every loop type heat pipe was fitted with at least one non-return check valve, for maintaining
a preferred direction of flow. Although loop-type heat pipes had advantages over conventional
heat pipes, there were some problems yet to be resolved related to the miniaturisation of the
size i.e. diameter to micrometre range, weight reductions, and heat transporting capabilities. It
was observed that when a loop type heat pipe with a diameter of about 1.2 mm was used, its
performance dropped abruptly, and its reliability decreased quickly. In the case of a loop type
heat pipe with a check valve, smaller dimensions of the check valves posed reliability issues.
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These problems resulted in the development of a new kind of loop-type heat pipe without check
valves called the pulsating heat pipe (PHP) [23].
As noted already, the PHP works on a very complex thermo-hydraulic coupling, and
many parameters can affect its performance, such as geometric parameters, choice of the
working fluid, the effect of gravity, tube material, evaporator and condenser temperatures, and
so forth. Various experimental studies have been conducted to understand the impact of these
parameters.

Geometric Parameters affecting PHP performance
2.2.1 Diameter of Tubes
For the satisfactory working of a PHP, the formation of liquid plugs and vapour slugs
is necessary, and this distribution of liquid plugs and vapour slugs is highly dependent on the
diameter of the tube. To achieve this distribution without coalescence, it is essential that
bubbles do not rise in the tube by buoyancy, i.e. their rise velocity should be zero.
Bubble rise in a stagnant fluid depends on buoyancy and its interaction with other forces
(surface tension, liquid viscosity, and inertia). The relationship between buoyancy and these
three forces can be expressed in terms of the following three non-dimensional numbers,
Poiseuille number [24] , Froude number [25] and Eötvös number [26] :
1. The Poiseuille number, which is the ratio of viscous forces to gravity force,
𝐏𝐬 =

(𝒗∞ . 𝝁𝒍𝒊𝒒 )⁄𝑫
(𝒗∞ . 𝝁𝒍𝒊𝒒 )⁄𝑫
=
𝑫𝒈(𝝆𝒍𝒊𝒒 − 𝝆𝒗𝒂𝒑 )
𝑫𝒈. 𝝆𝒍𝒊𝒒

if ρliq >> ρvap

(2-1)

where 𝑣∞ is the velocity of the bubble, 𝜇𝑙𝑖𝑞 is the liquid viscosity, 𝜌𝑙𝑖𝑞 , 𝜌𝑣𝑎𝑝 are liquid and
vapour densities, 𝑔 is the acceleration due to gravity and D the internal diameter of a circular
duct (or characteristic dimension in the case of a rectangular duct[24]).
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2. The Froude number, it represents the ratio of inertia force to gravity force

𝑭𝒓 =

𝝆𝒍𝒊𝒒 . 𝒗𝟐∞
𝒗𝟐
= ∞
𝑫𝒈(𝝆𝒍𝒊𝒒 − 𝝆𝒗𝒂𝒑 )
𝑫𝒈

if ρliq >> ρvap

(2-2)

3. The Eötvös Number, it represents the ratio of the body forces to the surface tension
forces

𝑬ö =

𝑫𝒈(𝝆𝒍𝒊𝒒 − 𝝆𝒗𝒂𝒑 )
𝑫𝒈(𝝆𝒍𝒊𝒒 )
=
(𝝈⁄𝑫)
(𝝈⁄𝑫)

if ρliq >> ρvap

(2-3)

4. The Bond number is often used in place of the Eötvös Number
𝑩𝒐 = √𝐄ö

(2-4)

As mentioned earlier, the above four equations correlate surface tension, liquid
viscosity, and inertia forces acting upon a bubble rising in a stagnant fluid (in vertical tube or
column). These equations can be used under different conditions to correlate bubble rise
velocity. Rise velocity (terminal velocity) is the velocity of the bubble moving up in a
cylindrical column. For example, if viscous forces acting on the bubble are dominant over other
forces, equation 2-1 can be used to obtain the rise velocity (Poiseuille number) as:

𝒗∞ =

𝐏𝐬 . 𝑫. 𝒈. 𝝆𝒍𝒊𝒒
(𝝁𝒍𝒊𝒒 ⁄𝑫)

if ρliq >> ρvap

(2-5)

Similarly if among the three forces (surface tension, viscosity, and inertia forces)
surface tension, and viscous forces can be neglected then rise velocity can solely be represented
by equation 2-2 (Froude number).
𝒗∞ = √𝑫. 𝒈. 𝑭𝒓

if ρliq >> ρvap

(2-6)
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In PHP, dominant forces are surface tension forces, and this case is described by
equation 2-3. However, equation 2-3 does not contain a velocity term and to establish a relation
between surface tension and rise velocity (terminal velocity) figure 2-1 [27] is used.

Figure 2-1 Parametric experimental results for rise velocity of a cylindrical bubble through various stagnant
liquids contained in a channel

Figure 2-1 shows the parametric experimental results for the rise velocity of a
cylindrical bubble through various stagnant liquids contained in a channel [27]. The Y-axis
shows the value of √𝐹𝑟 , which is directly proportional to 𝑣∞ , while Eö is plotted on X axis.
As mentioned earlier, in a PHP, for even distribution of bubbles and liquid, the bubble
mustn't move, i.e., terminal velocity should be zero. Otherwise, the bubbles will form
coalescence and form bigger bubbles, eventually creating two separate zones in the PHP tubes,
one with just liquid and other with a single large bubble.
In figure 2-1, the square root of the Froude number (√𝐹𝑟) represents the terminal
velocity of the bubble; as the value of the Eötvös number decreases, the value of the terminal
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velocity (√𝐹𝑟) also decreases (figure 2-1). Further, in the zone described by Eö ≤ 4, surface
tension forces are dominant forces, and therefore the terminal velocity becomes zero.
For a PHP the range represented by Eö ≤ 4 in figure 2-1 is vital, as, from this condition,
a critical diameter of PHP can be calculated as,
𝑫𝟐𝒄𝒓𝒊𝒕 . 𝒈. (𝝆𝒍𝒊𝒒− 𝝆𝒗𝒂𝒑 )
𝐄ö ≈ 𝟒 =
= (𝑩𝒐)𝟐
𝝈
𝐷𝑐𝑟𝑖𝑡 ≈ 2√

𝜎
𝑔. (𝜌𝑙𝑖𝑞 − 𝜌𝑣𝑎𝑝 )

(2-7)

(2-8)

So, from the above results, it can be concluded that for a PHP to perform well, the
diameter of the tube should be less than or equal to the critical diameter, i.e., D ≤ Dcrit.
2.2.2 Filling/Charge Ratio
The filling ratio is defined as the volumetric ratio of the working fluid (liquid, at room
temperature) to the total internal volume of the PHP. The number of slugs and plugs in a PHP
depends upon the filling ratio, i.e. at a high filling ratio the PHP will have fewer bubbles, while
a low filling ratio means less liquid. At a higher filling ratio, the PHP will have a small number
of bubbles. The bubbles when moving up and down takes the liquid trapped between two
successive bubbles along with them. However, if the number of bubbles is less, it will result in
insufficient pumping power to sustain the fluid oscillation in a PHP.
On the other hand, an undercharged PHP might not have enough liquid inventory to
carry heat from the evaporator to the condenser section [28]. Further, in a scantily charged
PHP, dry out may occur at the evaporator section. In dry out, all the liquid at the evaporator
evaporates, and there is inadequate liquid to replenish the evaporator section. A dry out can
reduce the performance significantly and should, therefore, be avoided.
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Khandekar et al. [28] performed a comparative study on three working fluids, water,
ethanol, and R-123, with varying filling ratios from 0% up to 100%, on a 10 turn 2 mm ID
copper tube-based Closed Loop Pulsating Heat Pipe (CLPHP). The study found that, at a
charge ratio of 0%, the heat transfer between the evaporator and condenser was purely by
conduction through the tube material (copper). Whereas, at a 100% charge ratio, the heat
transfer was accomplished by buoyancy-driven liquid circulation. Furthermore, at a 100%
filling ratio, as the heating power was increased, the thermal resistance decreased (figure 2-2).
The decrement in thermal resistance was attributed to the fact that at a high operating
temperature, a large density gradient develops between the condenser and the evaporator. Also,
the viscosity of the working fluid decreases, diminishing the wall friction; these factors add
up to higher performance (i.e. high heat transportation).

Figure 2-2 Typical variation of thermal resistance with heat input power at different fill ratios for water
filled PHP [28]

For the range of studied power input, the best performance was recorded when filling
ratios were between 25% and 65%. Below this range, partial dry outs at the evaporator section
were detected. Above a 65% filling ratio, an insufficient number of bubbles (low pumping

Chapter 2: Review of Literature

22

power) resulted in a drop in heat transfer performance. Therefore, it was also concluded that a
PHP could only operate under a true pulsating motion if the filling ratio is in the range of 20%
to 80%.
However, it has been found in various studies that there exists an optimal value for the
filling ratio of working fluid for a PHP. Zhang [29] conducted experimental research on a PHP
with FC-72, ethanol, and water as working fluids, and with filling ratios of 60% to 90%. The
performance of the CLPHP was quantified by measuring the minimum temperature achieved
by the evaporator section at different levels of heat loads. A single optimal filling ratio of 70%
was found across the working fluids and heat loads that were used. Hosoda et al.[30] showed
that for a 20 turn (loop) glass tube PHP, with 80W to 220W heating power and 30% to 90%
filling ratios, the optimal filling ratio was 60%. Similarly, for a single loop PHP, while using
acetone, methanol, and ethanol as working fluids, Naik et al. [31] also found an optimal filling
ratio of 60%. Qu et al. [32] performed experiments on an embedded flat plate PHP using
acetone and FC-72 as the working fluid. The experimental results revealed that the optimal
filling ratios for FC-72 and acetone were 67% and 36%, respectively.
In another experimental study [33], it was found that the optimal filling ratio changed
with orientation. Experiments were conducted on a 60 turn (or loop) copper PHP (ID=1mm)
with R142b as the working fluid, heating power in the range of 20W to180W, and the filling
ratio was varied between 25% and 70%. In this study, the optimal filling ratio for the top heat
mode (i.e. when the evaporator was at the top, while the condenser was at the bottom of the
PHP) was 70%. In contrast, for the bottom heat mode (i.e. when the condenser at the top, while
the evaporator was at the bottom) was 35%. Similarly, Yang et al. [34] reported that on
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changing the inclination angle from 0° to -90°, the optimal filling ratio changed from 50% to
65%.
The literature survey suggests that for a PHP, the filling ratio is an important parameter.
Filling ratio affects the performance of a PHP and to achieve the best stable operation; the
filling ratio should be optimal. As per the literature reviewed, an optimal filling ratio range
does exist for a PHP; however, the values reported for optimal filling ratio are different in
different studies. The discord in reported results shows that the optimal filling ratio changes
with various operating conditions such as heat flux range, working fluid and orientation. Since
PHP’s are proposed for a variety of applications, their working conditions can be much diverse.
Therefore, the filling ratio (FR) needs to be further studied, and a universal method for deciding
the optimal fill ratio for a specified application should be developed.
2.2.3 Gravity, Inclination and Number of turns
Gravity is an essential parameter in PHP operation. Yang et al. [35] experimented with
PHP with focus on performance analysis of a PHP under different heating configurations, i.e.
bottom heating mode (+90˚), top heating mode (-90˚) and horizontal heating mode (0˚). The
performance limit was measured by the maximum heat flux sustained by the CLPHP before
dry-out. The main results from this study are summarised in table 2-1

Table 2-1 Maximum heat loads and heat fluxes at dry-out limit for both CLPHPs (three heat modes; FR = 50%)

This shows that the CLPHP with a bottom heating mode has a higher performance
ceiling compared to the other two heating methods. As the CLPHP is moved from the bottom
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heating mode to the horizontal heating mode and then to the top heating mode, its performance
limit deteriorates. This is evidence for PHPs’ performance dependence on gravity.
In the bottom heating mode, bubbles formed at the evaporator tend to move upwards
due to buoyancy, and in the process, they also take liquid plugs trapped between them.
Concurrently, the liquid plugs under the effect of gravity have the tendency to move
downwards, which helps in the PHP operation [36]. A PHP requires a minimum amount of
heating power to start working (for initiating the oscillations of the fluid). In the case of a
vertical PHP, gravity-assisted movement helps in lowering the start-up power required to start
the necessary pulsating action [37,38]. Also, in the vertical (bottom) heating mode at low
heating loads, gravity assists the condensed liquid film to flow towards the evaporator
facilitating sufficient liquid inventory to sustain continuous boiling and evaporation at the
evaporator section [34].
The bottom heating performs best among all the heating modes, but it undergoes a
performance drop from the start-up to the point of maximum heat flux [35]. Interestingly,
according to Mameli et al. [39], though horizontal PHPs are less efficient, they do not undergo
any performance drop (in terms of start-up and heat transfer efficiency). Also, they are more
stable to the change in gravity.
Charoensawan et al. [40] experimented with studying the effect of inclination and the
number of turns. The results revealed that PHP could not work in the horizontal mode if the
number of turns is less than a specific value (Ncrit). However, on increasing the number of turns,
the PHP started to operate in the horizontal mode and with a further increase, its performance
improved.
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Figure 2-3 Relationship of number of turns and operation start-up [40]

Figure 2-3 depicts the thermal performance of Horizontal Closed-Loop Oscillating Heat
Pipe’s (HCLOHP’s) and shows that for a five turn HCLOHP the thermal resistance is close to
infinity but as the number of turns is increased, the thermal resistance decreased. Charoensawan
et al. [41], explained that the higher number of turns increases the unbalance pressure between
the evaporator and condenser sections. This unbalance pressure augments the working fluid
motion between evaporator and condenser. The improved fluid movement leads to higher heat
transportation which results in lower thermal resistance. Besides, it was also stated that an
HCLOHP with an ID of 2 mm started working with 11 turns; however, another HCLOHP with
an ID of 1 mm needed 16 turns for the start-up.
From the above discussions, we can infer that the number of turns can be used to negate
the effect of gravity, but it was also observed that reducing the ID of the tube resulted in a
change in the critical number of turns. Based on these observations, it can be said that the
volume of the PHP has a role to play in determining the critical number of turns since an
increase in ID led to the rise in Ncrit [41]. Therefore, an attempt can be made to quantify the
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association of the number of turns, the diameter of the tubes and properties of the working fluid
and a new parameter, “critical volume” and “optimal volume”, can be defined based on the
total volume of PHP. Experiments can be conducted to investigate the performance of the same
volume PHPs but with different numbers of turns. A mathematical formulation could be
developed so that the optimal volume can be calculated based on the type of application.
2.2.4 Asymmetric PHP
Flow regimes in a PHP greatly influence its performance [42]. On increasing heat load,
the flow in a PHP undergoes transition from low amplitude oscillatory flows to high amplitude
oscillations and then to circulatory (annular flow). With these transitions, thermal performance
improvements have been reported [14,17,42–48]. Other than performance augmentation,
circulatory flows were also observed to have reduced dry out rates at high heat fluxes [49,50].
So, if a circulatory flow regime can be achieved at low heat fluxes, better performance can be
obtained.
Numerical models also confirmed that a varying diameter tube could be operated under
a broader range of heat fluxes, and it can reduce the performance lost due to inclination [50,51].
Kwon et al. [52,53] experimented on a dual-diameter tube PHP, their experimental setup
consisting of a single loop, but each leg had a different diameter. Ethanol was used as the
working fluid (FR 50%), with the input power being varied from 5 W to 20 W. It was observed
that the change in cross-sectional area induced extra circulation in the fluid flow. The
circulation which helped in achieving higher thermal efficiency compared to a single diameter
PHP. Also, at different inclination angles performance of the dual-diameter tube was reported
to be higher than standard tubes (figure 2-4).
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Figure 2-4 Thermal resistance vs inclination angle

Similar results were also reported by Tseng et al. [54] who experimented on a horizontal
CLPHP to conclude that a dual-diameter horizontal CLPHP requires low heat input to start-up
compared to a standard PHP. The concept of dual-diameter tubes was applied to µPHPs (Micro
Pulsating Heat Pipes) having an alternative channel width [55], which reduced the effective
Bond number which helped Methanol charged µPHPs with varying microchannel widths to
outperform the standard microchannel µPHP at varying heat inputs.

Working fluid
2.3.1 Characteristics of a Suitable Working Fluid
The working fluid selection is one of the essential aspects of designing a pulsating heat
pipe. Working fluid is deemed to be the most direct method of controlling the performance of
a PHP [56,57]. The thermophysical properties of the working fluid such as latent heat, specific
heat, thermal conductivity, viscosity and (dp/dT) sat, i.e. rate of change in pressure with respect
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to temperature at saturated conditions, govern the behaviour of the PHP at different stages of
operation. For example, Han et al. [56] performed a comparative study on deionized water,
methanol, ethanol and acetone. Tests were performed on a red copper closed-loop PHP (ID
2mm) with 10 turns (loops). The charge/filling ratios were varied from 20% to 95%, and heat
loads were varied between 5W and 100W. The results revealed that dynamic viscosity was the
most dominating property concerning PHP startup. Also, at low heat input, the dynamic
viscosity, along with (dp/dT) sat affects the initial flow velocities. Therefore, the heat transfer
whereas, at high heat inputs, liquid specific heat, and latent heat of vaporisation (LHV) became
the dominant properties of heat transfer.
Liu et al.[38] stated that for PHP startup, an ideal working fluid should have low
specific heat, low dynamic viscosity and (dp/dT) sat . Once a PHP attains the quasi-steady state
of operation, the latent heat of vaporisation influences the oscillations and surface tension
affects the amplitude of oscillations [29]. The effects of various thermophysical properties are
summarised next.
The pressure difference between the evaporator and condenser section is the primary
driving force in a PHP operation, as well as being necessary for sustaining the slug-plug
oscillations. The simultaneous formation and collapse of bubbles at the evaporator and the
condenser sections respectively causes the oscillations in a PHP. The property, (dp/dT) sat , is
responsible for the rate at which bubbles grow and collapse with respect to temperature [48,58],
so fluid with a higher value of (dp/dT)sat will require a low value of initial heat flux to start the
oscillations [38].
The latent heat of vaporisation has an inverse relationship with the rate of generation
and growth of bubbles. A working fluid with a lower latent heat will evaporate faster, causing
high vapour pressure which further leads to higher oscillating velocity and improving PHP
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performance [15,29,59]. However, the LHV should not be too low as this will cause a rapid
generation and expansion of bubbles, and this will drive all the fluid towards the condenser
section causing a significant drop in thermal performance. On the other hand, at too high an
LHV, the slow rate of bubble generation and expansion might not create enough pressure
pulsation to instigate and sustain any continuous oscillations [60].
Heat transfer between the evaporator and the condenser section is highly dependent
upon the ability of the working fluid to transfer heat via sensible heating [61,62]; therefore
specific heat is an important property as it will determine the amount of heat transfer by the
fluid.
Dynamic viscosity determines the shear stress, which affects the pressure drop in the
tube (or channel). A fluid with high viscosity will cause a higher pressure drop; hence, more
pumping power will be required for maintaining the oscillatory motion. Higher pumping power
will lead to higher heat input (high-pressure difference across PHP), so it will become difficult
to run a PHP at a lower temperature difference; therefore a fluid with lower viscosity is
preferable [38].
The choice of the working fluid, therefore, determines the design success and
performance of a PHP. While choosing a working fluid for a PHP, all the properties should be
in the optimal balance depending upon the requirements of the operation. Operational needs
may include the temperature range, material of the tube, and diameter of the tube. However,
there is no known method for determining the best working fluid for a specific application. So
far, no one has made any attempt to quantify the relationship between various properties of the
fluid and optimal charge ratio. Since the performance of a PHP dramatically depends upon the
working fluid used, there is a need for a database or some method of figuring out the best suited
working fluid based on the application.
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2.3.2 Nano Fluids as Working Fluid
Nanofluids are engineered by suspending metallic nanoparticles (size, 1-100nm) in
conventional heat transfer fluids. Nanofluids are known to have high thermal conductivity. A
small number of nanoparticles in a fluid can significantly enhance its thermal conductivity [63].
To explore the feasibility of using nanofluids in PHPs to enhance their heat transfer
capabilities Ma et al. [64] performed a comparative study by using HPLC grade water and a
nanofluid as working fluids. An HPLC grade water is pure water devoid of any impurities,
obtained by a filtering process through a 0.2-micron filter paper. The nanofluid was prepared
by mixing diamond nanoparticles in HPLC grade water. The volume of the nanoparticles was
1% of the base fluid (HPLC grade water). For both the fluids, the filling ratio was kept at 50%.
At lower heat input, no oscillations were seen in the PHP; however, after a specific threshold
level, liquid slugs and vapour bubbles started to oscillate in the PHP. It was found that when
there was no motion in the working fluid, the nanoparticles tended to settle down at the bottom
of the tube/container. However, once the oscillatory motion began, the nanoparticles stayed
suspended in the working fluid. These suspended nanoparticles were the primary reason for the
enhanced heat transfer capability of the PHP. Furthermore, like normal working fluid, the
thermal resistance of the nanofluid charged PHP decreased on increasing the heat load.
Interestingly, as the heating load was increased, the difference between the thermal resistance
of the HPLC water charged PHP and the nanofluid charged PHP diminished.
To further investigate the mechanism which allows the nanofluid charged PHP to
perform better, a visualisation study was carried out [65]. The tests were performed on a PHP
made of quartz glass with DI water and a nanofluid. The nanofluid was prepared by adding
SiO2 to DI water with 0.568% v/v concentration. For all sets of tests conditions, the nanofluid
charged PHP performed (low thermal resistance) better than the DI water charged PHP.
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Furthermore, as the heat load was increased the thermal resistance of the nanofluid
charged PHP was found to change in a complicated manner compared to the DI water charged
PHP. The complex transition of thermal resistance of the nanofluid charged PHP was attributed
to the existence of intricate flow patterns in the nanofluid charged PHP.
Another important finding was that the operation ceiling of the nanofluid PHP, in terms
of power input increased by a factor of 3.5 times. For DI water, the “stop point” (maximum
sustained heat flux without dry out) was 42W while for nanofluid PHP it was 145W. Also,
while the flow regime in the nanofluid PHP changed to slug flow, no change in flow regimes
was observed in the DI PHP, even though the heat input was at “stop point” for the DI PHP.
The flow regimes in the nanofluid PHP then further changed to an annular flow (or
circulatory flow) on high heating loads. The evolution of various flow regimes in the nanofluid
PHP was thought to be a result of new nucleation sites facilitated by the deposition of
nanoparticles at the inner wall of the capillary tube; the accumulation of nanoparticles at the
vapour-liquid interface led to a decrement in surface tension. These contributed to lowering the
energy barrier for nucleation in the nanofluid PHP, therefore significant enhancement in
thermal performance and operational ceiling.
Similarly, to gain insights into the operational mechanism of the nanofluid charged
OHP (or PHP) Qu et al. [66] did a comparative study on SiO2/water and Al2O3/water
nanofluids. A range of nanoparticle concentrations was used, and for the SiO2/water nanofluid,
mass concentration was varied between 0.1 and 0.6% while for the Al2O3/water nanofluid, mass
concentration was kept between 0.1% and 1.2%. Opposite to expectations, the thermal
performance of the SiO2/water OHP was found to be lower than the pure water OHP. The
thermal performance was further decreased by increasing the concentration of SiO2
nanoparticles.
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On the other hand, the Al2O3/water OHP showed enhanced thermal performance
compared to the pure water OHP. Unlike the SiO2/water nanofluid, on increasing the
concentration of the Al2O3 nanoparticles, the thermal resistance of the OHP decreased further.
Lowest thermal resistance was recorded at 0.9 wt% concentration; however, when
concentration was increased to 1.2 wt%, the thermal resistance increased. It was concluded that
there was an optimal concentration for Al2O3 nanoparticles. The reason behind the different
thermal performances of SiO2/water and Al2O3/water was explained based on nanoparticle
deposition at the evaporator and condenser walls. The size of the deposited nanoparticle
agglomerates was different for SiO2/water and Al2O3/water. The SiO2 nanoparticles had the
same size as the clean surface cavities while the Al2O3 nanoparticles agglomerated into smaller
sizes (1-2 times smaller than the clean cavity size). The bigger size of nanoparticle deposition
at the evaporator wall in the SiO2/water OHP resulted in a reduction in the number of nucleation
sites. Also, a porous layer due to silica particles created an added thermal resistance between
the liquid and the tube wall. Furthermore, SiO2 nanoparticles deposited on the condenser walls
increased the surface wettability, which in turn lowered the condensation heat transfer. All
these factors led to a decrement in overall thermal resistance of the SiO2/water OHP. Contrary
to the SiO2 nanoparticles, Al2O3 nanoparticle deposition occurred only at the evaporator and
was due to the smaller size of the agglomerates. The number of nucleation sites was multiplied,
which resulted in improved thermal performance.
Karthikeyan et al. [67] undertook a study to explore the influence of metal nanofluid
on the thermal performance of a CLPHP. The thermal performance of a CLPHP was analysed
while using three different working fluids: DI water, silver nanoparticle colloidal solution and
copper/water nanofluid. The results showed that the thermal resistance of the nanofluid charged
CLPHP was always lower than the DI water OHP. Also, the dry out limit of the nanofluid
charged CLPHP (240 W) was higher than the DI water CLPHP (180 W). The improved
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performance of the nanofluid CLPHP was a result of strong thermal oscillations compared to
the DI water CLPHP. In addition, it was proposed that deposition of smaller nanoparticles
decreased the size of the nucleation sites, forming smaller bubbles which led to better
performance of the CLPHP.
Nanofluids have shown a potential to reduce the thermal resistance of a CLPHP (or
PHP). However, studies pertaining to the mechanism of flow regime transition in a nanofluid
CLPHP, effect of various nanoparticles sizes, and different nanofluids are still in an early stage.
Therefore, the combined effect of nanofluids along with important CLPHP parameters such as
the diameter of the tube, orientation, and heat load needs further investigation.
2.3.3 Ferro Fluids as Working Fluid
Ferrofluids are like nanofluids, but the infused nanoparticles have magnetic properties.
Zhao et al. [68] performed an experimental study to examine the effect of magnetic field on a
ferrofluid charged PHP. The ferrofluid used was prepared by adding magnetic dysprosium (III)
oxide nanoparticles to distilled water. Three different mass concentrations of nanoparticles
were used: 0.1%, 0.05% and 0.01%. It was observed that for all considered power input ranges,
the best thermal performance was shown by the ferrofluid charged PHP with a magnetic field.
At low power inputs, the temperature oscillations of the water PHP and the ferrofluid PHP
were unstable. However, when the magnetic field was applied to the ferrofluid charged PHP at
the same power level, the thermal oscillations became stable. Due to stable, steady-state
oscillations, the thermal performance of the ferrofluid PHP with a magnetic field improved.
The thermal performance enhancement of the ferrofluid PHP was hindered when the mass
concentration of magnetic nanoparticles was increased, and beyond 0.1%, there was no
improvement in thermal performance.
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Mohammadi et al. [69] investigated the effect of ferrofluids on a CLPHP (closed-loopp
pulsating heat pipe) by varying heat input, charge ratio, inclination angle, location of magnets
and concentration of magnetic nanoparticles. The results were compared with a distilled water
CLPHP. The distilled water and ferrofluid CLPHP without magnetic field showed the best
performance at a 55% filling ratio, while the ferrofluid with magnetic field performed best at a
70% filling ratio. The higher optimal filling ratio for ferrofluid with the magnetic field was
explained as follows: At a low filling ratio, liquid slugs are far from the magnets so that a small
force will be applied by the magnets. Whereas, at a high filling ratio comparatively more liquid
will be near the magnets so a high pulling force will be exerted towards the evaporator. As a
result, a higher number of nanoparticles will remain at the evaporator section, and this will lead
to more nucleation sites and hence higher heat transfer. Furthermore, it was also found that if
the flux density was decreased, keeping the filling ratio the same, the thermal resistance of the
CLPHP increased. Also, in the current study, it was seen that increasing the volumetric
concentration improved thermal performance.
Ferrofluid with a magnetic field was also tested for an open-loop PHP [70]. The study
showed that ferrofluids with a magnetic field enhance the startup and steady-state performance
of a ferrofluid OLPHP (open loop pulsating heat pipe). There was a significant drop in the
evaporator temperature, when the PHP was operated with a ferrofluid and under a magnetic
field. For example, in one of the tests, the maximum evaporator temperature with DI water was
close to 100℃, whereas, in the case of a ferrofluid with the magnetic field, the maximum
temperature achieved was approximately 60℃. The best magnetic nanoparticle concentration
in this study was 2.5-g/L at this concentration, and at a 60% filling ratio, the operational ceiling
of the OLPHP increased by 200% compared to the 1.25-g/L concentration. In addition, it was
also shown that the ferrofluid OLPHP with a magnetic field could be used to negate the effect
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of gravity on the thermal performance of a PHP as it was found that the thermal performance
of the OLPHP improved on the application of a magnetic field.
Ferrofluids have shown a potential to improve the thermal performance of a PHP. Also,
under a magnetic field, a ferrofluid charged PHP could operate independently of gravity. Yet,
very few studies are available regarding ferrofluids and their operating principles for PHPs.
More studies are required to understand the nature of ferrofluids and their working mechanism
regarding PHP operation.

Heat load and flow patterns
The oscillatory motion of slugs and plugs in a PHP is the consequence of simultaneous
processes such as nucleation (bubble generation) or bubble expansion, shrinking or complete
collapse of bubbles, bubble agglomeration, changes in flow regimes, pressure and temperature
perturbations, dynamic instabilities, metastable non-equilibrium conditions, flooding or
bridging etc. Heat input has been found to be the key parameter driving the above processes
[43]. A minimum amount of heat flux is needed to achieve stable slug/plug thermal oscillations
[71,72]. Further, the level of heat flux has a direct impact on the thermal performance of a
CLPHP (Closed loop pulsating heat pipe). At very low heat inputs, most of the heat transfer
takes place via sensible heating; however, as the heat input level increases, latent heat starts to
dominate the heat transfer process [14,17,48]. Generally, on increasing the heat flux, the
thermal resistance of a PHP decreases [42,44,73].
The oscillatory motion of liquid plugs and vapour slugs enables the PHP to transfer
large amounts of heat. However, PHPs can exhibit other flow patterns besides oscillatory
motion. Khandekar et al. [42] found that when a low heat input of 14.8W was supplied to a
two-loop PHP with a filling ratio of 60%, operating in a bottom heating mode, slug flow was
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observed. However, the amplitude of oscillations was small, and the performance of the PHP
was deficient as low amplitude slug oscillations were acting as isolators between the hot and
cold sections. On increasing the input power to 32.1W and then to 44.2W a considerable
increase in oscillation amplitude as well as in performance was recorded. The amplitude of
oscillations became comparable to the length of the tube. When input power was increased to
74.4W, the flow pattern changed drastically from bubble/slug flow to annular flow, and at this
point, the thermal resistance of the PHP became a minimum [14,17,48].
Xu et al. [44] conducted a visualisation study on flow patterns of PHPs. Three
distinctive types of flow patterns were observed and were characterised by bubble size:
dispersed bubbles, vapour plugs and long vapour plugs. In figure 2-5 a, b and c represent
dispersed bubbles; f, g, and h, vapour plugs; and i and j, long vapour plugs. The transition flow
patterns are shown by d, e and f. Dispersed bubble flow manifests due to the formation of small
bubbles as a result of continuous nucleate boiling, without any coalescence at the evaporator
section. Since the size of the dispersed bubbles is small, they may get condensed before
reaching the condenser section. During vapour plug and long vapour plug flow, bubbles nearly
achieve a similar diameter to the internal diameter of the PHP tube, while the length of the
bubbles becomes larger than the diameter of the tube. The adjacent vapour plugs are connected
by a liquid bridge, and a thin film separates the vapour plug core from the wall. It was argued
that nucleate boiling was responsible for various flow patterns. A PHP at very low heat fluxes
displays nucleate pool boiling or free convention nucleate boiling. Increasing the heat fluxes
develops the nucleate boiling, changing the flow regimes. An exponential decrement in thermal
resistance was also observed on increasing the heat input and change in flow regime. It was
also stated that the nucleate boiling process in a PHP depends upon the number of capillary
tubes, the height of the PHP and diameter of the tubes.
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Figure 2-5 Flow pattern taking place in PHP [44]

Karthikeyan et al. [45] performed infrared thermography on a CLPHP. Heat loads were
varied from 20W to 500W, and the temperatures of the evaporator, condenser and adiabatic
sections were measured over time and compared with the temperature data obtained from an
infrared camera. At 20W heat power input, there were no temperature oscillations which
suggested that there was no motion of fluid inside the tube. This observation was explained
based on the inability of low-level heat input to generate sufficient pressure perturbation in the
device to initiate fluid oscillation. Oscillation in the fluid was seen when the heat input power
was increased to 50 W; however, the oscillations were intermittent, and also the evaporator
wall temperature was rising and then dropping suddenly, suggesting a stop-over behaviour.
The irregular oscillations and stop-over were believed to be due to the time taken to generate
enough pressure perturbation at heat input. Interestingly, on increasing power input, the stopover time (time taken to start the oscillation) was reduced, and the oscillation frequency
increased. At a power input of 175 to 200W, continuous oscillations were observed without
any significant rise in evaporator temperature, which suggested that the rate of heat transfer
had increased, and thermal resistance had decreased. For the rest of the experiments, the
thermal resistance of the PHP followed a decreasing trend with increasing heat input power. It
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was also observed that initially thermal resistance decreased drastically till 100W heat input,
and thereafter the rate of decrement became low. The initial drop in thermal resistance was
attributed to the commencement of pulsating action, which became more stable (high
frequency, no time gap) on increasing the heating power. However, when heating power was
increased beyond a specific limit, the flow pattern inside the PHP changed to circulatory flow
and no substantial change in thermal resistance was observed.
Spinato et al. [46] performed a time-strip visualisation study to understand the thermohydrodynamics of a closed-loop PHP. The experiments were conducted by varying the heat
load from 14W to 54W, on an R245fa charged (FR 60%) single looped CLPHP. Four different
flow patterns were detected: low amplitude oscillations, high amplitude oscillations,
oscillations with flow reversal and stable circulations. Small amplitude oscillations were
detected at low heating loads (14-16 W) and are reasoned to be caused by periodic nucleation
(bubble generation) at the evaporator section. The generated bubbles rise due to buoyancy and
coalesce with previously formed Tylor bubbles; the regular creation and expansion of Tylor
bubbles result in low amplitude oscillations. On increasing the heat input to 32W, the flow
regime changed to high amplitude oscillations and took a fixed direction. The change in flow
pattern was thought to be caused by the higher momentum of the two-phase flow produced due
to higher local evaporation rates. Oscillations with flow reversal were observed when the power
was further increased to 42W. In this situation, the annular flow starts to develop at the
evaporator section, and the temperature at the evaporator shows a cyclic rise and drop due to
liquid film thinning and deposition on the evaporator wall.
Furthermore, a low amplitude oscillation was found to be superimposed on the
fundamental temperature oscillations, owing to the phenomenon of “local flow direction
switch”. On further increasing the heat input, the flow regimes changed to a fixed direction
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circulatory flow. Besides, it was also established that each flow pattern belonged to specific
frequency spectra.
To further understand the oscillation and other flow patterns exhibited by a PHP, Xu et
al. [47] performed a power spectrum analysis on thermal (temperature) oscillations of a multi
Loop CLPHP. At low heating power, the thermal oscillation was stochastic. Power spectrum
analysis showed the existence of a dominant frequency, along with a wide range of other
frequencies. It was reasoned that the wide range of frequencies represented the arbitrary
distribution of liquid plugs and vapour slugs in the capillary tubes. At higher power input,
though, the power spectrum was not uniform but had a couple of dominant frequencies.
Furthermore, the heating and condensation sections were observed to share the same dominant
frequency signifying a quasi-uniform distribution of liquid plugs and vapour slugs in the
capillary tube.
Likewise, a frequency spectra investigation [74] on the pressure signal from a single
loop PHP revealed that different flow patterns exhibited different frequency spectra. It was
found that the erratic flow oscillations did not have any dominant frequency. Quasi-periodic
flow with stopovers shows a low-frequency range (0.4 Hz to 1.6 Hz in the study) during
stopovers, whereas, for stable periodic oscillations, multiple dominant frequencies (0.1 to 2.2
Hz) were observed, signifying smooth operation without any stopovers.

PHP startup
A PHP does not start working as soon as heat load is applied. It takes a finite amount
of time to reach the quasi-steady state. The time period between the application of heat and
the first stable thermal oscillation is called the startup period, and the process is called the
startup process.
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Xu et al. [47] conducted an experimental study to understand the startup characteristics
of PHP. A 2 mm ID copper tube was bent to form a multi-loop PHP and the working fluid used
was FC-72. Two types of startup process were identified: a sensible heat receiving startup
process with temperature overshoot followed by steady thermal oscillations, and a smooth
startup process without any temperature overshoot followed by regular thermal oscillations. It
was also stated that the smooth startup occurred at high heat fluxes.
Liu et al. [38] performed a dynamic performance analysis on the startup of CLPHPs.
The experiments were performed on a multi-loop copper PHP (ID=2.6 mm), with ethanol,
methanol and water as the working fluids. Similar to previous studies, two types of start-ups
were reported: type 1 and type 2. A noticeable temperature overshoot recognised type 1 startup
in the evaporator section. The temperature overshoot was defined as the temperature difference
between the maximum evaporator temperature and the temperature of the evaporator during
the thermal steady state. Type 2 startup process was divided into three stages: stage 1 – a rapid
increase in temperature with no oscillations and no temperature overshoot. Stage 2 –
temperature increases with time but with a visible temperature difference in adjacent tubes,
indicating fluid circulation. Stage 3 – the attainment of steady thermal oscillations. It was stated
that during type 1 startups, additional heat input was required to initiate bulk fluid movement
and this extra heat input induced temperature overshoots during startup. So, the type of startup
was found to be dependent upon the amount of heat flux.
Khandekar et al. [74] also reported the existence of two types of start processes: a
gradual startup and a sudden startup. The two types of the startup were characterised by the
time taken by the CLPHP to reach a stable operating condition under each startup. During the
startup process, the temperature of the evaporator and condenser keep rising until a sufficient
temperature gradient is set up to initiate fluid movement. Also, the buoyancy of hot and cold
fluids along with bubble nucleation and collapse at the evaporator and condenser section, aid
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in mixing of the hot and cold fluid. The processes mentioned above take a considerable amount
of time during gradual startup; however, during sudden startup, these sequences of processes
take place in a relatively much shorter time. The sudden startup was found to have lower
operating temperatures, stable operation, and low thermal resistance. The existence of two
start-ups was thought to be because of the initial spatial distribution of slugs and plugs in PHP.
For gaining insight into the effect of various PHP parameters on startup behaviour of a
PHP, several studies were conducted. For example, Charoensawan et al. [41] in their
experimental study on 1mm, 1.5mm and 2 mm diameter (internal) tubes, with varying numbers
of turns (5, 11, 16, 26), found that the startup behaviour of a CLPHP depends highly on
evaporator temperature. Now, the smallest evaporator temperature in the study, 50°C was
recorded at the highest number of turns (n=26), and therefore it was concluded that the startup
is a function of a number of turns.
For exploring the possible effect of the working fluid on PHP startup, Patel et al. [75]
undertook an experimental study on a 9 loop CLPHP using water-based binary fluids: wateracetone, water-methanol and water-ethanol. The motivation behind the study was to utilise
various individual favourable thermo-physical properties of pure liquids by the use of binary
fluids. The commencement of pulsation (startup) at different power levels was taken as the
criterion to quantify the performance of each binary fluid. For pure liquids, the onset of
pulsation was recorded at 20.5W for acetone and methanol, 40.5 W for ethanol and 50.3 W for
water. For binary liquids, the start-up heat flux was found to be 29.6 W for water-acetone, 40.5
W for water-methanol and 50.3 W for water-ethanol. The thermal resistance of the PHP with
all the binary fluids was found to be lower than that for water at lower heat inputs. However,
at higher heat inputs, thermal resistances were almost identical, and this was attributed to the
fact that higher heat inputs increase the rate of liquid-vapour pulsations and circulations. The
lowest startup heat flux of 20.5 W was recorded for acetone, while for the water-acetone binary
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fluid start-up heat flux was 29.6 W. For methanol, ethanol, and water, the startup heat flux was
found to be 20.5 W, 40.5 W and 50.3 W, respectively. For the rest of the binary fluids, the
startup heat flux remained almost unchanged.
In a similar study, [76] experiments were conducted on a five loop copper tube CLPHP
(bottom heating mode) with water -acetone binary fluid. It was found that, while the wateracetone charged PHP (FR 45%) was able to attain the steady-state operation, the PHP charged
with pure water never showed any pulsations. The results were explained by the fact that wateracetone has a lower boiling point. Hence, in a binary mixture, bubble formation was faster even
with small amounts of energy. Furthermore, acetone has low specific and latent heat compared
to pure water, and as a result of the acetone-water mixture also has low specific and latent
heats. Therefore, for the same mass, the binary mixture was able to carry more energy,
triggering strong pressure pulsations to move the working fluid.
Wang et al. [71] undertook a comprehensive experimental study to understand the
startup characteristics of a PHP. Experiments were conducted on a five turn (loop) copper
CLPHP (ID= 2mm). Several parameters were varied such as working fluids (distilled water,
acetone), filling ratio (20% to 80%), level of heating load (0-500W for distilled water, 0-300W
for acetone) and inclination angle (0˚, 30 ˚, 45 ˚, 60 ˚ and 90 ˚). The results revealed that a PHP
could only be started within a specific range of heat flux. At deficient heating power, the
temperature of the heating section continued to rise. Small temperature rise was also detected
at the adiabatic and condenser sections due to heat transfer through conduction.
At very low heating load, the PHP failed to achieve a stable slug/plug oscillation (i.e.
no startup was detected). On the other hand, at very high heat fluxes, explosive formation and
expansion of bubbles at the evaporator caused all the liquid to move to the condenser section.
A stable gas film formed at the inner walls of the evaporator section, converting nucleate
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boiling into film boiling. As a result, no stable operation was recorded, and the thermal
performance of the CLPHP depreciated steeply. It was also found that within the working heat
flux range, the time needed to start the PHP decreased with increasing heat flux. This was due
to the shorter time required by the working fluid to reach saturation temperature (faster bubble
generation).
Furthermore, the filling ratio was also seen to affect the start-up. As the FR was
increased, start-ups were observed to occur at higher heat fluxes. This behaviour was attributed
to longer liquid slug formation at higher FRs, and long liquid slugs were requiring more energy
to take the fluid to saturated temperature. Also, higher heat flux must overcome increased
viscous friction.
Inclination angle was another parameter which showed interesting behaviour. At 45˚
the PHP showed the shortest start-up time. This was explained by the fact that if the fluid makes
a smooth return from the condenser, then pulsations become relatively easy to start. This study
proved that the inclination angle could alter the start-up time.
Soponpongpipat et al. [77] studied the start-up condition of a CLPHP for different
diameter tubes (0.66, 1.06 and 2.03 mm ID), across a range of turns (5,10 and 15), and R123
was used as the working fluid. Using the data from the experiments and thermodynamic theory,
a mathematical model was developed to predict the temperature difference between the
evaporator and condenser sections for an ideal startup. A minimal temperature difference is
required between the evaporator and condenser section to attain a suitable startup. Further, the
filling ratio affects the ideal temperature difference for the startup. At a low filling ratio and a
specific evaporator temperature, a significant temperature is required for startup and vice versa
for high filling ratios.
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A review of the literature suggests that there is discord on the probable reason for a
PHP taking up a specific startup mode. Some studies indicate that the type of startup mode is
a function of heat fluxes [47,78]. In contrast, other research attributes type of startup to initial
slug plug distribution [74], it essential to establish the actual reason for PHP startup and it
becomes crucial because the type of startups are related to temperature variations at evaporator
section [38,74,77]. The evaporator section represents the electronic device to be cooled. Any
significant difference in the thermal performance of a PHP due to startup modes might cause
the failure of the electronic device. Since a startup is an essential feature of PHP operation,
therefore understanding its underlying mechanism and the effect of mode of startup on PHP
performance needs further research.

Non-uniform heating
Non-uniform heating is a relatively new aspect of a pulsating heat pipe. Sometimes in
electronic equipment, different constitute components require different levels of thermal
management. For example, in a high-end personal computer or workstation, a significant
amount of heat is generated at the CPU, GPU and RAM. Traditionally, since the level of heat
flux generated by each component is different, three different dedicated setups with a common
heat sink (usually a fan) are used for the thermal management of the device. Using a single
CLPHP for heat removal from multiple heat sources can cut the cost associated with the thermal
management of the device. Also, such a configuration will ease the geometrical constraint
imposed by various thermal management devices, which will lead to a reduction in the overall
size of the device.
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Kammuang-Lue et al. [79] investigated the thermal performance of a “closed-loop
pulsating heat pipe with multiple heat sources” (CLPHP w/MHS), in vertical and horizontal
orientations. The experimental setup consisted of a meandering copper capillary with 32 turns
(loops). The whole structure was divided into three sections from the bottom: an evaporator
section, an adiabatic section and a condenser section. The power to the evaporator section was
supplied via three vertically stacked heat sources: lower heating source, middle heating source
and upper heating source. Different levels of heat fluxes were provided to the CLPHP w/MHS
by each heating source. Table 2-2 shows various heat source configurations used in this study.

Table 2-2 Heat source arrangements as variable parameters

The study [79] found that the working fluid could be forced to circulate in one direction
by supplying power to the heat sources in increasing order, i.e. lowest to heating sources at the
evaporator inlet and increasing thereafter (e.g. set 1). Due to circulating fluid, this configuration
showed the highest thermal performance.
Also, horizontal orientation showed the highest thermal performance as the
configuration above (set 1) enabled the device to operate in a pulsating mode without any
intermission/stop. Furthermore, in the vertical orientation, supplying the highest level of heat
input to the heater closer to the condenser section (e.g. sets 5 and 6) reduced the probability of
a dry out or dry patch by promoting pulsation. In another study, upon supplying non-uniform
heat input to the evaporator section, fluid circulation in a specific direction was established.
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The unidirectional flow was significant at low heating power, as it improved the thermal
performance of the PHP. Further, it was also found that at microgravity conditions, nonuniform heating had a beneficial impact on the performance of the PHP. Also, some of the nonuniform heating configurations were able to stabilise the two-phase flow in weightlessness
situations.
In a recent experimental study [80], the performance of a PHP was investigated based
on the non-uniform heating conditions. The tests were conducted on an eight loop PHP (divided
into 2 blocks), with HFE-7100 (3MTM NovecTM engineered fluid) as the working fluid. Tests
with non-uniform heating were conducted on filling ratios of 50%, 60%, and 70%. The total
heating power was varied between 30W to 100 W. Nonuniform heating was measured in terms
of dimensionless heat difference 𝑟 = (𝑄̇1 − 𝑄̇2 )⁄(𝑄̇1 + 𝑄̇2 ), which is

the ratio of the

difference in heating power (𝑄̇1 − 𝑄̇2 ) to the total heating power (𝑄̇1 + 𝑄̇2). The results showed
that the optimal filling ratio of the PHP changes under non-uniform heating conditions. The
optimal filling ratio during uniform heating was 50%, whereas, for dimensionless heat
difference of 0.2 and 0.3, the optimal FR’s were 60% and 70%, respectively. It also pointed
out that the early dry outs tend to occur frequently at high values of dimensionless heat
difference. The study indicated a relationship between FR, non-uniformity in heating, and PHP
performance. However, it does not discuss the extent to which non-uniform heating affects the
PHP performance (compared to uniform heating) at the various filling ratio.
A uniformly heated PHP can work independently of gravity if the number of turns are
more than the critical number of turns [40,41], which makes it ideal for space applications.
Mangini et al. [81] studied the effect of non-uniform heating patterns on the thermal
performance of the PHP regarding space applications. They found that in microgravity, the
non-uniform heating of a PHP had a positive impact on the thermal performance of a PHP.
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Similar to the previous study [79], it was deduced that the thermal performance could be
improved by controlling the flow direction using a non-uniform heating pattern. Since the
research was focused on space applications, the design parameters of the PHP were different.
The diameter of the tube was such that the PHP behaved as a “multi evaporator loop
thermosyphon (MELT)” on the ground. Whereas, as a PHP in microgravity. Therefore, on the
ground, the results were presented for the effect of non-uniform heating on MELT rather than
a PHP. Also, no discussions were made on the impact of filling ratios and non-uniform heating
on the thermal performance of the PHP.
Jiansheng et al. [82] carried out a numerical investigation on a four-loop PHP with multiple
heat sources. Three cases of non-uniform heating were tested on FR 30%, 50%, and 70%. The
study proposed that non-uniform heating decreases the start-up time of a PHP; however, it
degrades the thermal performance of the PHP. The study did not provide any clear explanation
for the observed trends. Furthermore, only three non-uniform heating conditions were tested,
and no information was given on the values of non-uniform heating power.
Heat input is an important parameter in PHP operation as it dictates the nature of flow
patterns, which in turn control the performance of the PHP. Many studies have been conducted
on uniform heating of a PHP, and various features of heat load and its association with the rest
of the operating parameters have already been mapped to a good extent. On the other hand,
studies related to non-uniform heating are scarce [79–83]. As suggested by the review of the
literature, non-uniform heating seems to have positive effects on the thermal performance of a
PHP. However, this aspect of PHPs is still underdeveloped, and further studies are required to
ascertain the behaviour of PHPs in non-uniform heating conditions at different ranges of
parameters such as working fluid, number of turns, level of heat fluxes, etc. Besides, being an
important characteristic of PHP operation, flow regimes should be investigated for nonuniform heating conditions.
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From an application point of view, the influence of the degree of non-uniformity on
PHPs at different values of operating parameters should be explored as well. For example, in a
microprocessor heat flux at some location can quickly go up to five times than the average
surface flux [84]. In such conditions, it is vital to understand how PHP will behave? What will
be the effect of non-uniform heating on the thermal performance of the PHP? How will the
operating parameters such as filling ratio, working fluid, number of turns affect non-uniform
heating conditions? How a PHP will behave and perform under non-uniform heating conditions
representing real applications is, therefore, a principal research question that needs to be
answered.

Summary
The literature review reveals some crucial gaps in the knowledge pertaining to PHPs,
Such as disagreement on optimal filling ratio (FR), which, despite being a dominant parameter,
does not have any consolidated method (equation) to predict the best suited FR for a PHP,
specific to its field of application. To develop a model to manufacture (or design) a PHP based
on its intended area of operation, this parameter (FR) and its effect on another parameter need
to be studied further.
Another key parameter which has not been fully understood is the dependence of PHP
performance on gravity, although it has been discovered that with a critical number of turns,
the effect of gravity can be abrogated. In addition, it was also observed that on decreasing the
internal diameter of the PHP tubing, the required critical number of turns decreases, so it is not
clear if it is the effect of turns or overall volume of PHP which nullifies the gravity effect.
Based on these observations, an attempt can be made to quantify the relationship between the
number of turns, the diameter of the tube, and the properties of the working fluid in terms of a
currently proposed “critical volume” or “optimal volume” parameter.

Chapter 2: Review of Literature

49

Though a lot of studies has been conducted on the working fluid and its effect on the
performance of a PHP, a selection criterion for a suitable working fluid as per the intended
application has not been established. In addition, understanding of the fundamental operating
mechanism of nanofluids and ferrofluids is still in its early stages and needs further exploration
to exploit their positive impact on PHP operation.
Heat input and its impact on the operation of PHPs have been studied intensively;
however, most of the investigations are limited to the uniform heating conditions and
investigations on PHP performance under non-uniform heating are scarce. The literature survey
suggests a positive impact of non-uniform heating on PHP operation; hence non-uniform
heating needs further examination.
From an application point of view, the startup process of a PHP is crucial. The reason
for startup types also needs further explorations. Also, all the possible effect of startup types
needs to be mapped so that it can be used efficiently as a thermal cooling device. It would be
worthwhile to explore if traditional methods of determining the PHP performance are feasible
if PHP were to be used for thermal management of electronic cooling.
The motivation for a present research topic has arisen from the thermal management of
micro-electronics devices, such as microprocessors. A microprocessor is non-uniform over its
surface, so before a PHP is put in use to remove heat from a microprocessor, the effect of nonuniform heating on PHP performance needs to be studied. Furthermore, an electronic device
could have multiple heat sources, each with varying amounts of heat flux. Usually, in such
cases, multiple heat removal devices are used for each component; however, using a single
efficient device could save a lot of precious space. Exploring the PHP behaviour with respect
to the actual operating conditions of an electronic cooling device could establish parameters
for measuring PHP performance, which further can be used to design PHP for such situations.
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__________________________________________________________________________________________

CHAPTER 3
3

Description of Experiments

___________________________________________________________________________

Introduction
Present work is the first experimental study carried out on pulsating heat pipe at The
University of Auckland. All the test setups were designed, developed (by the author) and built
in Thermo-Fluids Laboratory at The University of Auckland. Two test rigs were designed, the
first rig was a single loop PHP, and the second one was a multiloop PHP (MLPHP, four loops).
Figure 3-1 and figure 3-2 shows the basic schematics of the single loop PHP (SLPHP) test
setup (Experiment 1) and multi-loop PHP test setup (Experiment 2). The SLPHP was designed
and manufactured first, and it helped in understanding the minute details required to create an
efficient PHP test rig. The insight achieved regarding various complexities in the
manufacturing process facilitated the design and manufacturing of a more complex multiloop
PHP (Experiment 2).
Though in terms of the overall design, both test rigs were different, the elementary
features and operation remained the same. Both the test setup can be divided into three sections,
an evaporator section, a condenser section, and an adiabatic section.
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Figure 3-1 A schematic of SLPHP

Figure 3-2 Schematic Multiloop PHP

The variac controlled heat load to the evaporator section. The SLPHP had a single
evaporator block whereas the multiloop PHP had two evaporator blocks. The purpose of two
independent evaporator block was to achieve a non-uniform heating condition by supplying a
different amount of heat flux to each block. In the case of multiloop PHP, the power to each
block was controlled by two different variacs. In the condenser section, the constant
temperature was maintained by regulating the water flow rate. For charging the PHP’s by a
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specific amount of filling ratio, first vacuum was created using the vacuum pump. Once the
required level of vacuum was achieved, the PHP was charged through the charging assembly.
The details of each experimental have been discussed in detail in subsequent sections.

Common Instruments/Devices
3.2.1 Vacuum pump

Figure 3-3 Vacuum Pump

In all the experiments, an oil-based vacuum pump (VP6D, manufacturer: CPS, detailed
specification in appendices) was used to create the required level of vacuum in the PHP tubes.
The vacuum pump can achieve a vacuum level of 10 microns (0.01 mm) of Hg. A digital
vacuum gauge (accuracy: 0.0001 mm of Hg) was also mounted on the vacuum pump to
measure the amount of vacuum in the line (or PHP tubes).
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3.2.2 Power supply

Figure 3-4 Power Supply

For all the experiments, power was supplied using a variable autotransformer (variac,
by RS). For SLPHP experiments, only one was used while for multi-loop PHP two variac was
used. Each variac had a power rating of 0 -240 V, 60 Hz.
To accurately measure the power output, current and voltage from each variac were measured
by a clamp meter and a multimeter. Clamp meter (by TENAM) had an accuracy of 1.5%
whereas the multi-meter (by TEXTRONIX) had an accuracy of 1.5%.
3.2.3 Mass balance and Measuring Cylinder

Figure 3-5 Precision balance and Measuring cylinder

For measuring the mass of the fluid going into the PHP, and OHAUS precision balance,
repeatability 0.1g, was used. For each case, the precision balance was calibrated by putting
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empty measuring cylinder and taring the weight to zero. The cylinder was then filled with the
required amount of liquid and was weighed again.

Temperature Measurement and Thermocouples
K type (Chromel - Alumel) and T type (Copper-constantan) thermocouples were used in
all the experiments. K type thermocouples have a temperature measurement range of -200 °C
to 1250 °C, whereas the temperature measurement range for T type thermocouple is -270 °C
to 350°C.
The response time of a thermocouple is the time required to reach 63.2% of an instantaneous
temperature change. A bare wired thermocouple has the fastest repose time; the response time
is also directly proportional to the diameter of the thermocouple wire. For example, the time
constant for a thermocouple made of an exposed, butt welded, 0.025 mm diameter wire has a
time constant of 0.003 sec [85]. So, to achieve the best response time, exposed butt-welded K
type (diameter 0.5 mm, 0.8 sec) and T type (0.3mm, 0.3 sec) thermocouples were placed on
the surface of the capillary tube.
In experiments 2, only T type thermocouples (exposed butt-welded) were used as T
types are known to have better stability and excellent repeatability [86] among all other
commonly used thermocouples.
The Fourier number is dimensionless and is given by:

𝑭𝒐 =

𝜶𝒕
𝑳𝟐

(3-1)

where α is the thermal diffusivity, t is the characteristic time, and L is thickness/length through
which conduction occurs. Fourier number is extensively used to predict the temperature
response of materials undergoing transient conduction heating (or cooling) [87]. It defines the
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extent to which heat will be conducted through the body compared to the heat being stored in
the body [88]. A higher value of Fourier number essentially signifies a higher rate of heat
propagation through the body.
For the experiments, the sampling frequency for temperature measurement was kept at
20 Hz, which is sufficiently higher than the temperature oscillation frequencies mentioned in
the literature [46,47,74,89]. A sampling frequency of 20 Hz gives a characteristic time of 0.05
seconds, and the material of the tube is copper, the thickness of the wall is t = 1 mm, which
gives a Fourier number, Fo = 5.55. This basically means that the temperature of the inner wall
and the outer wall of the copper tube will remain almost identical and also, the internal and
external wall temperature will oscillate in phase [78,90]. Therefore, it can be concluded that
the measurement of the outer wall surface temperature variation of the copper tube reflects the
tube inner surface temperature variation as well. Thus, based on external wall temperature
variations, accurate remarks can be made on the internal temperature variations of the PHP.
Thermocouples work on the principle of the Seebeck effect. An electromotive force
(emf) and thus an electric current (Seebeck effect) is produced when two dissimilar metals are
joined in a loop, and each end of the loop is kept at different temperature. The “hot end” is
placed at the location of temperature measurement while the “cold end” is connected to a data
logger. The voltage produced due to Seebeck effect is usually in mV, this voltage is measured
by the data logger and which gets converted into a temperature. So, it implies that for the same
thermocouple slightly different temperature reading is possible by different data loggers, and
one cannot rely on standard accuracy ranges for thermocouples.
Therefore, after connecting the thermocouples to the data logger, it is essential to
calibrate the thermocouples. The calibration of thermocouples was carried out in three phases,
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the first phase was an ice point calibration, the second phase was water bath calibration, and in
the third phase, calibration was done by a dry-block calibrator.
For every calibration phase, a calibrated handheld thermometer probe (accuracy
±0.01°C) was always inserted with the thermocouples. All the thermocouples were connected
to the datalogger. Thermocouple readings were fed into a computer through the datalogger.
The temperature readings obtained from the datalogger and the handheld thermometer probe
were compared. The difference in temperature measurement was adjusted in the datalogger
software so that it shows correct readings. A scaling correction of about +7.16 °C (±0.2°C) was
obtained for each thermocouple (in all cases) between the handheld thermometer and the
temperature readings recorded by the datalogger software.
3.3.1 Ice point calibration
Ice point (0 °C) calibration was conducted to measure any error at 0 °C. For ice point,
ice was crushed and was put into a thermal flask. The calibrated handheld thermometer probe
was inserted into the crushed ice to confirm that temperature is always at 0 °C. Thermocouples
were then inserted (separately) into the ice, and temperature readings were recorded. The
process was repeated five times for each thermocouple.
3.3.2 Water bath calibration
Water bath calibration was carried out for temperature from 25 °C – 95 °C. The water
bath consists of a tank and a stirrer to stir the water to keep a similar temperature throughout
the tank. The thermocouples were placed separately in the tank; the calibrated handheld
thermometer probe was also dipped in the water to measure the correct temperature. The
temperature of the water bath was increased in a step of 10 °C, and temperature readings were
taken. The whole process was repeated five times for each temperature point.
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3.3.3 Jupiter 650 – High-Temperature dry-block calibrator

Figure 3-6 ISOTECH Jupiter 650B

The calibration for thermocouples for temperatures at and beyond 100 °C was carried
out using ISOTECH Jupiter 650 B. This device can be used to calibrate thermocouples within
the temperature range of 35 °C to 650 °C with ±0.3°C accuracy. Temperature readings were
taken at an interval of 10°C up to 200 °C.

Working fluid and Filling ratio
Working fluid is one of the most critical parameters regarding designing and operation
of a PHP. The thermophysical properties of the working fluid determine the design of the PHP.
The critical diameter, which facilitates the initial condition of random vapour plugs and liquid
slug’s distribution, is calculated as [27,28,91]:
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𝐷𝑐𝑟𝑖𝑡 ≈ 2√

𝜎
𝑔. (𝜌𝑙𝑖𝑞 − 𝜌𝑣𝑎𝑝 )

(3-2)

where, 𝝈 is the surface tension of the working fluid, 𝑔 is the acceleration due to gravity, 𝜌𝑙𝑖𝑞
and 𝜌𝑣𝑎𝑝 are the densities of liquid and vapour phases of the working fluid.
The heat transfer capacity of a PHP also depends heavily on the working fluid selection
[38,56,57,65,69]. The properties of an ideal working for a PHP has been discussed in the
literature review chapter. However, to summarise, an ideal working fluid for a PHP should
have high (𝑑𝑃⁄𝑑𝑇)sat, i.e. small rise in temperature should result in large pressure changes. To
minimise the wall friction, it should have low viscosity. It should have a high heat capacity to
maximise heat transportation [28]. Water was chosen as the working fluid. The reason for
selecting water as a working fluid was its easy availability, comparatively safe. Also, water has
a high (𝑑𝑃⁄𝑑𝑇)sat, it has very low viscosity and very high heat capacity (high specific heat).
Once the selection of working fluid is made, it is crucial to determine the range of filling
ratio (FR). The filling ratio of a PHP is defined as the volumetric ratio of working fluid (𝑉𝑤𝑓 ,
liquid at room temperature) and the internal volume of the PHP ( 𝑉𝑃𝐻𝑃 ) at room temperature
[48,93,94]. In order to calculate the precise filling ratio a measuring cylinder and an industrial
grade mass balance was used (see section 3.2.3). Using the error propagation method [95],
maximum uncertainty in calculating filling ratio was calculated to be 1.58%.

𝐹𝑅 =

𝑉𝑤𝑓
𝑉𝑃𝐻𝑃

(3-3)

For a PHP to work appropriately, it should have adequate bubbles for pumping (or
driving the fluid in the tube) as well as enough liquid for heat transportation [28].. Thus, the
selection of the correct filling ratio for a PHP is of prime importance. At high filling ratio, a
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PHP will have more liquid and fewer bubbles and thus a low pumping capability [28]. Due to
low pumping power, the PHP will not be able to initiate or sustain the continuous fluid
oscillation, and thus, the heat transfer performance of the PHP will drop [28]. On the other
hand, a scantily charged PHP will not have enough liquid to transfer heat from the evaporator
to the condenser section[28]. Besides, early dry outs (a condition when all the liquid at the
evaporator section gets converted into vapour) may occur in a poorly charged PHP. Dry outs
significantly increase the thermal resistance of a PHP [28,35,92].

Experimental Setups
Water was chosen as the working fluid for all the experiments. The critical diameter [27]
of the PHP tube for water (𝐷𝑐𝑟𝑖𝑡 = 2√𝜎⁄𝑔(𝜌𝑙𝑖𝑞 − 𝜌𝑣𝑎𝑝 )) is 5 mm and therefore, the test
section was manufactured using a copper tube with an internal diameter (ID) of 3.25 mm. The
critical diameter for water at a temperature of 200℃ is around 4.2 mm, and the maximum
temperature recorded in all experiments was close to 160℃. Which means that for the entire
range of operating temperatures, the diameter of PHP the tubes were always below the critical
diameter.
After deciding the diameter of the tubes, the focus was shifted to the overall design of
the PHP, in particular dimensions of evaporator and condenser section. The dimensions of the
evaporator section were derived based on the dimensions of the heating source, i.e. cartridge
heater and silicone heating pads. The dimensions of the condenser section were based on the
evaporator section.
3.5.1 Experiment 1: Single loop setup
The very first experiments were conducted on a single loop pulsating heat pipe. These
experiments were performed to understand the startup behaviour of a PHP. The startup
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behaviour of SLPHP was studied with respect to filling ratio and power input. The results
obtained gave valuable information about startup characteristic of an SLPHP.
The experimental setup (figure3-7) consisted of, a single closed loop copper tubes (ID
= 3.25 mm and OD = 4.75mm, total length 670mm), an evaporator block (figure 3-8),
condenser block, three-way valve, measuring cylinder, precision balance, a data logger, power
supply, cartridge heater, and a vacuum pump. Length of each leg of the tube was 250 mm.
The evaporator block consisted of an aluminium block (Al, thermal conductivity 235.3
W/m.K) with dimensions 80 mm x 30 mm x 15 mm. Cartridge heaters (cylindrical, highdensity heat flux heaters) was used to provide uniform heat flux for the SLPHP. The
specifications of cartridge heaters used in the experimentation were: 8mm diameter (actual 7.95
mm), length 40 mm and maximum power 80 W. The aluminium block was further insulated
using super wool 607. Super-wool 607 has a thermal conductivity of 0.05W/m.K at a mean
temperature of 200℃, which was suitable for present experimental setup as maximum
temperature during experiments will not go beyond 200℃.
The condenser section comprises a helical copper tube wrapped around the PHP
capillary tube. The cooling water is circulated through this helical tube, uniform supply of
cooling water was assured using a valve connected to the water supply line.
Four thermocouples (T1, T2, T3 and T4, K-type, 0.3mm, accuracy ±0.2℃ after
calibration) were placed at the surface of the capillary tube (see figure 3-7) to measure the wall
temperature variations. T1 and T4 were located at the evaporator section while T2 and T3 were
placed at the condenser section.
For measuring the temperature of the copper block, one probe type thermocouple (Te, K
type, accuracy ± 0.7℃) was also implanted in the aluminium block (figure 3-8p). Also, the
temperature of cooling water going in and out of the condenser section was measured using
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two probe-type thermocouples (Tin and Tout, K type, 0.5mm, and accuracy ± 0.3℃). The
temperature data from all the thermocouples were gathered using Pico TC-08 data logger.

3 Way Valve

Figure 3-7 SLPHP Test Rig
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Figure 3-8 Details of the evaporator block of SLPHP

3.5.1.1 Experimental Procedure
The process of charging and discharging has been shown in figure 3-9, the vacuum line
and charging line are denoted by “V” and “C”. For filling the PHP with the desired amount of
working fluid, the PHP was evacuated to a pressure of 10-2 mbar using the vacuum pump.
During the vacuuming process, by using the three-way valve, the connection between the
vacuum line and copper tube was established; during this time, the charging line was cut off
(figure 3-9b).
On achieving the desired amount of vacuum, using the three-way valve, copper tubes
were isolated from the vacuum line. The tube connected to the charging line was dipped into
the measuring cylinder, and a connection was opened between the charging line and the PHP
tubes (figure 3-9c). The measuring cylinder was already filled with the working fluid. The mass
of measuring cylinder was calculated before and after the charging process; which ensured that
the correct mass of fluid was sucked in by the PHP tube (due to low pressure in tubes).
After charging the PHP, by using the three-way valve, the PHP tubes were isolated
from the charging line and vacuum line (figure 3-9d). Under operation, the heat was supplied
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through the evaporator section and heat was removed at the condenser section. A control valve
controlled the flow of the cooling water into the condenser.
Most of the studies about the optimal filling ratio suggest that for a PHP, an optimal
filling ratio is between 50%-70% [29–31,34]. Some other literature suggests the optimal filling
ratio to be between 20%-30% [28]. However, these conclusions are based on the test setup of
the specific study, the working fluid and the range of heat flux studied. Therefore, it is currently
not possible to determine an optimal filling ratio with any level of confidence. Nevertheless, it
is known that a low filling ratio limits the maximum ceiling of power inputs to which a PHP
can operate without failing [35,92].
In contrast, mid to high filling ratio initially have comparatively high thermal resistance
but can sustain a wider heat flux range. So, to keep the device safe, filling ratios of 50% and
above were tested. Besides, the variation of thermal resistances among the filling ratios of 50%80% shows little variation, as will be shown. Experiments were conducted on the CLPHP with
FR (Filling Ratio) of 50 %, 60%, 70% and 80% under different heat inputs (20 W, 33 W, 55
W and 76W). For each setting of filling ratio and power input, SLPHP was operated for 60
minutes.
After performing the experiments, for discharging, a section of the PHP tubes was
disconnected, and compressed air was blown through it (figure 3-9e). The compressed air was
used to makes sure that every bit of fluid has been flushed out. Impurities (fluids) if any, left
after blowing compressed air gets evaporated during the vacuuming process.
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3.5.2 Experiment 2: Multiple Loop setup
Similar to the single loop PHP experiment, in this experiment, working fluid was water and a
copper tube with ID =3.25 mm and OD= 4.75 mm was used. A 4 loop PHP was constructed
using 3200mm long copper tube. The setup consisted of three sections, the evaporator,
condenser section, and the adiabatic section. Figure 3-10 is showing a detailed schematic of
the test rig (multiloop PHP).

Figure 3-10 A schematic of multiloop PHP with thermocouple locations

3.5.2.1 Evaporator Section
The evaporator section of the multiloop PHP was divided into two equal parts, each
part housed in an independent Aluminium block (thermal conductivity 235.3 W/m.K),
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hereafter referred to as an evaporator block. Each evaporator block is of size 180mm x 100 mm
x 20 mm. Both evaporator blocks had aluminium plates, silicone heating pads, a back cover,
and a cut-off switch. Figure 3-11, figure 3-12 and figure 3-13 is showing all the component of
the evaporator block.
Grooves were made on one side of the aluminium plates for the copper tubes (figure 311a). After that, copper ‘U’ tubes were sandwiched together, as shown in figure 3-11b. Before
fixing the copper tube into the grooves, a thermal paste was applied to minimise any contact
thermal resistance. Silicone heating pads (by Argus Heating; dimensions 150 x 75 x 8 m; 90
W each) were fixed on the aluminium blocks using aluminium covers (shown in figure 3-11d,
e). A total of four silicone heating pads were used. Each block was fitted with two heating pads,
one on either side. For ensuring a uniform distribution of heat load on the PHP tubes, the
heating pads were placed on either side of the aluminium block. A finished evaporator block
with copper tubes (uninsulated) is shown in figure 3-11f. Each block was then insulated, and
dedicated power supply was connected to both the blocks. The insulation (super wool 607,
thermal conductivity 0.05 W/m.K) ensured minimal heat transfer (if any) between the blocks.
The dedicated power sources allowed the control of heat load to each block separately. This
design allowed a two-level non-uniformity in heat input to be introduced to the evaporator
section quite readily.
Insulations then covered the whole block. For the safety of the device, a temperature
operated cut-off switch (see figure 3-12) was also installed on each of the evaporator blocks,
with a cut-off temperature of 200 ℃. Automatic cut-off ensured the safety of the device,
especially during any dry-out. Furthermore, after insulating, the whole setup was placed inside
a custom-made acrylic glass box to safeguard the operator from any electrical shock or extreme
temperatures.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3-11 Evaporator block components and assembly
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Figure 3-12 Details of Evaporator Assembly

Figure 3-13 Actual evaporator block assembly (without insulation).
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3.5.2.2 Condenser Section
Like the evaporator section, the condenser section for the multi-loop PHP had an
intricate design as compared to the SLPHP test setup. The condenser section consisted of a
rectangular tank (see Figure 3-14). The condenser tank had a single inlet and two outlets. The
inlet was at the bottom of the tank while the outlets were at the top of the tank, as shown in
figure 3-14.
It was planned that during the experimentation, the condenser section (tank) should
have a uniform temperature throughout. For creating consistent temperature across the tank, it
was necessary that the incoming fluid should get mixed thoroughly. For ensuring the proper
mixing, the condenser tank was designed with a single inlet and dual outlet.

Figure 3-14 Condenser section
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The main inlet was at the bottom of the back wall of the tank, whereas the outlets were
at the top of two adjoining walls. The location of the inlet and outlet were chosen to avoid any
short-circuiting of the incoming cooling fluid.
For making the mixing of fluid more efficient, the main inlet was further fitted with a
mixing pipe (see figure 3-14 and 3-15). The mixing pipe was a horizontal pipe attached to the
main inlet and had six equidistance secondary inlets. The location of secondary outlets on the
mixing pipe was such that the incoming fluid would circulate the capillary tube (figure 3-15).
The fluid circulation caused by the secondary inlets further diminished any chances of large
temperature gradient along the capillary tubes. The mass flow rate of water to the tank was
maintained in such a way that the total volume of water in the tank was always constant.
Further, as a precaution, three thermocouples were also placed inside the condenser tank at
different location and depths to measure temperature changes (if any).

Figure 3-15 A schematic representation of water flow in the condenser section

For measuring the wall temperatures at various location on the PHP, a total of 26 Ttype thermocouples were used. Each thermocouple was calibrated and had an accuracy of
±0.2℃ after calibration. The location of all the thermocouples has been shown in figure 3-10,
except three which were inside the tank. E1-E8 and BE1-BE4 show thermocouples placed at
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the evaporator section and the thermocouples at the condenser sections are represented C1-C8
and UC1-UC3. Data from the thermocouples were collected using the datalogger NI SCB-68
and NI USB-6225.
After assembling the test rig, a vacuum test was conducted to locate any leakages. A
vacuum was created in the PHP tubes by the vacuum pump. After creating the required amount
of vacuum, the apparatus was kept isolated for a whole day. The pressure inside the tube was
then measured, no leakages were observed, and no loss of vacuum was recorded. This process
was repeated regularly during the experimental trials to keep the PHP in optimum operating
conditions.
3.5.2.3 Charging Assembly
The SLPHP experiment gave vital information on PHP design and operation. One of
the crucial components of the PHP was the charging assembly, in SLPHP a three-way valve
was used to control various aspects of charging and discharging of the PHP. Charging of
SLPHP was very straightforward; however, discharging required a part of the PHP loop to be
disassembled. The disassembly process caused extra wear and tear of the vacuum seals, for a
precaution the vacuum seals had to be checked regularly.
Therefore, in the case of the multiloop PHP, the charging assembly was designed in
such a way that the charging and discharging can be done without dissembling the PHP loops.
Figure 3-16 shows the design of the charging assembly used in the multi-loop PHP
experiments. For minimising the effect of any sudden change in diameter, the valves and fitting
used in the charging assembly were chosen based on the dimension of the copper tube.
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Loop Valve

Figure 3-16 Charging assembly

The vacuum pump was directly connected through the vacuum valve, and during
vacuuming processes with other valves, the loop valve was kept close. The function of the loop
valve was to make vacuuming, charging and discharging one-directional process and to
prohibit any backflow. Charging valve had an additional regulator for precise control over fluid
going into the PHP during the charging phase. For discharging, all the valves were kept at off
position except compressed air valve and discharge valve. Due to the location and direction of
the discharge valve all the discharged fluid would get dumped into the condenser tank.
3.5.2.4 Experimental Procedure
The MLPHP was evacuated to a pressure of 10-2 mbar using the vacuum pump. After
the evacuation process, the vacuum valve was closed, isolating the MLPHP. The charging
valve is opened, and due to vacuum inside the tube, the working fluid gets sucked in. The
amount of fluid going in was measured using the mass difference. After charging the PHP with
the working fluid, the power to evaporator blocks was switched on.
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Loop Valve

Loop Valve

(b)

(a)

Loop Valve

Loop Valve

(d)

(c)

Figure 3-17 Charging assembly and charging and discharging of the PHP, (a) Vacuuming (b) charging (c) under
operation (d) Discharging

For uniform heating experiments, equal power was supplied to both the blocks. The
filling ratios for this experiment were 20%, 40%, 60%, and 80%. Tests were first conducted on
60% filling ratio, and power was varied in the step of 20W from 80 W to 360W. However, the
results showed that the information regarding the thermal resistance would not change much if
the power step is changed to 40W. Therefore, for the rest of the filling ratios, the power was
varied in the step of 40W from 80W to 360W.
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The experimental data was only collected after the device reached a quasi-steady state
of operation. Time to reach the steady operation was different for different heat inputs; the
average time to reach a quasi-steady state was 15 min -20 min. The data was collected from 10
mins for each run.
After concluding experiments working fluid was flushed using the compressed air. The
purpose of performing the uniform heating experiments was to collect data for comparison with
the nonuniform heating experiments.
For non-uniform heating experiments, different amount of power was supplied to each
block. For each filling ratio, a range of different configuration of power input was tested. In
this case, data was collected for 600 seconds (10 minutes).

___________________________________________________________________________

___________________________________________________________________________

CHAPTER 4
4 Performance Evaluation of a SLPHP
under different Startup Modes
___________________________________________________________________________

Introduction
In this section, the result of experiments performed on a single loop pulsating heat pipe
(SLPHP) has been discussed. Current work is the first attempt at The University of Auckland
to study a pulsating heat pipe. Therefore, it was necessary to attain a level of expertise in
manufacturing and instrumentation of the PHP. Hence, a single loop PHP design was chosen
as it was comparatively simple to design and manufacture.
The aims of the current study were:
•

To gain experience in various aspects of a PHP design and instrumentation.

•

To study the behaviour of a PHP under various startup modes.

•

To gain insights about the startup mechanism of a PHP.

Experimental procedure and Data reduction
A charging system (see figure 3-9) was used to fill the PHP with the desired amount of
working fluid (FR). The charging assembly consists of a mass balance, measuring cylinder, a
three-way valve, vacuum pump and a vacuum gauge. A vacuum pump was used to evacuate
the PHP to a pressure of 10-2 mbar. Subsequently, the three-way valve was turned to connect
the PHP to the measuring cylinder containing the working fluid. Since the pressure inside PHP
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is very low, the working fluid is readily drawn in. The mass difference was used to measure
the amount of working fluid drawn into the PHP (considering the amount of fluid that might
remain in the charging tube). After performing the experiments, discharging is done using
compressed air, which makes sure that every bit of fluid has been flushed out. Impurities
(fluids) if any, left after blowing compressed air gets evaporated during the vacuuming process.
For each configuration, i.e., FR and power input, the PHP was operated for 60 minutes.
Thermal Resistance (Rth) was used as a measure of the efficiency (performance) of the
PHP and is calculated as [42,44,73]:
𝑅𝑡ℎ =

𝑇̅𝑒 − 𝑇̅𝑐
𝑄

(4-1)

Where, 𝑇̅𝑒 = (𝑇1 + 𝑇4 )/2 and 𝑇̅𝑐 = (𝑇2 + 𝑇3 )/2 are the average temperatures of evaporator
and condenser sections respectively. The location of the thermocouples is shown in figure 3-7.
𝑄 is total input heating power supplied to the PHP calculated as:
𝑄=𝑉𝑥𝐼

(4-2)

where, 𝑉 = Voltage and 𝐼 = Current.
Voltage, current, and temperature measuring instruments have uncertainties in
measuring respective parameters. So to accommodate for errors due to measurements, the
error propagation method [95] was used to calculate maximum uncertainties in data as:
𝑒 2 = 𝑒𝑠2 + 𝑒𝑟2

(4-3)

In equation 4-3, 𝑒𝑠 corresponds to uncertainties from measuring instruments, i.e. from
clamp meter, thermocouple, and a multimeter. 𝑒𝑟 denotes random uncertainties from
experiment variability. Table 4-1 show the maximum uncertainties concerning various
measured quantities.

Chapter 4: Performance evaluation of a SLPHP under different startup modes

80

Table 4-1 Maximum uncertainties in measured quantities

Parameters

Maximum Uncertainty (%)

𝑇̅𝑒

0.22

𝑇̅𝒄

0.22

𝑉

1.50

𝐼

1.51

𝑇𝑖𝑛

0.61

𝑇𝑜𝑢𝑡

0.61

𝑇𝑒

1.4

𝑄

2.13

FR

1.58

Phases in PHP operation
Typically, a PHP under operation is characterised by continuous wall temperature fluctuations.
A representative temperature time series obtained from the thermocouples T1-T4 and Te is
shown in figure 4-1. The plot was obtained for 70% filling ratio (FR) and at 76 W power input
and hence is denoted as 76W 70FR. Furthermore, some key terms such as the startup phase,
startup time, first fluctuation, and quasi-steady state have also been shown in figure 4-1.
Under operation, the overall working of the PHP can be broadly divided into two
phases. First, the startup phase and second the quasi-steady state phase. Heat transportation
takes place during the quasi-steady state phase. The rectangular box in figure 4-1 shows the
startup phase, and the rest is called the quasi-steady state phase.
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Figure 4-1 Typical temperature time series and various phases in SLPHP experiments (76W70FR)

4.3.1 Startup Phase
The startup phase is defined as the period between the instance when the power supply
to the PHP was switched on (at time t = 0) and the first sudden fluctuation in temperature (see
figure 4-1). During the startup phase, the temperature of the evaporator block (Te) and the PHP
on the evaporator side (T1 and T4) increase rapidly, whereas the condenser side does not show
any significant changes in temperature. Copper has a very high thermal conductivity, so it is
expected that heat conduction will happen along the length of the tube. Also, since the startup
time is finite (60 seconds for the case in figure 4-1), there must be a significant amount of heat
transfer through conduction along the length of the tube. Figure 4-1 shows a natural evolution
of the temperature profile with time for the PHP’s. During the startup phase, both the
thermocouples at the condenser side does not show any significant temperature rise.
Throughout the startup phase, the condenser side temperatures were almost constant; on the
other hand, the temperature of the evaporator side reached a peak value. The constant
temperature profile at the condenser side indicates that there was no heat transfer to the
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condenser section due to conduction along the tube length, which means the heat energy must
be getting transferred to the working fluid present in the tube. Though the heat conduction does
not affect the startup significantly, on absorbing heat from the tubes, the temperature of the
working fluid increases, which results in the dampening of temperature oscillations during
steady-state operation [96].
The temperature time series (figure 4-1) shows the startup phase as a simple process.
However, the mechanism of the startup phase is quite complicated. After charging a PHP, the
working fluid distributes as slugs and plugs inside the PHP. Due to dominant surface tension
forces, the slug-plugs remains at rest [40]. It is well established that on applying heat load, the
temperature (thus pressure) starts to increase, and the heat load eventually leads to
evaporation/nucleate boiling at the evaporator [41,74]. Concurrently, the pressure at the
condenser section decreases due to heat removal from the working fluid, i.e. by shrinking of
bubble and sensible cooling [41,74]. The simultaneous processes of evaporation/nucleation,
condensation and sensible cooling, eventually, manifest into a bulk fluid movement across the
PHP. The pressure difference across PHP is the primary driving force for the PHP operation
[71,97]. The bulk fluid movement can be identified by a sudden change in temperature at all
the thermocouple locations; this indicates the “startup” of the PHP. The time between t=0 and
onset of the first fluctuation is called the startup time.
4.3.2 Quasi-Steady State
After the startup phase, the PHP starts to operate in a pulsating mode. The oscillations or
pulsations inside the PHP capillary tube can be recognized by the wall temperature variation
obtained from the thermocouples (see figure 4-1). As the oscillation/pulsations start, the
temperature escalations at all the sections cease. Moreover, the wall temperatures of the
evaporator and condenser sections start to oscillate about their respective mean temperatures.
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The evaporator temperature also attains an almost constant value and no further increment in
evaporator temperature. The slug-plug pulsations also ensure the heat transportation between
the evaporator and the condenser sections. Most of the heat transfer in a PHP takes place by
the sensible heating. However, latent heating governs heat transfer at very heat fluxes
[14,17,48].

SLPHP Experiments - validation
For validation of the test rig, the thermal resistance obtained during all the test runs were
compared to the prior studies. Figure 4-2 shows the variation of thermal resistance with power
input at various filling ratios. The figure shows a decrease in thermal resistance as input heating
power was increased. The decrement in thermal resistance is sharp from low to medium power
ranges, i.e., from 20 W to 33 W; however, the change in thermal resistance from 60 W to 76
W is comparatively low.
The decreasing trend of thermal resistance with increase in power is the direct
consequence of changing fluid flow pattern in the PHP [14,17,42,44–46,48]. The trend
obtained in the present is similar to prior studies [42,44,73]. Furthermore, the trend in thermal
resistance variation is followed by SLPHP for all cases of the filling ratio. For the range of
filling ratios studied, a very slight variation in thermal resistance was observed.
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Figure 4-2 Variation of thermal resistance with input power at various filling ratios

Type of PHP Startup
As mentioned earlier, the operation of the PHP can be divided into two phases, the startup
phase and the quasi-steady state phase. Various aspects of the quasi-steady state phase have
been studied in detail by many researchers with regards to different PHP parameters
[14,17,42,44,47,48,73,74]. However, the startup phase and its mechanism remain unclear since
very few studies were focussed on understanding the underlying principle of PHP startup and
how the type of startup affects PHP operation [38,47,71,74,77].
The literature survey on the startup of a PHP reveals the existence of two types of startups; a sudden startup (Type 1) and a smooth startup (Type 2) [38,47,74]. It is essential to
mention here that the evaporator side temperature time series is used for identifying the type
of startup [38]. In the present case, data from thermocouple Te was used to determine the type
of start-up. In the current study, the two types of the startup were also observed, as shown in
figure 4-3.
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Figure 4-3 Temperature profile of the PHP during Sudden and smooth startups

4.5.1 Sudden Startup
A noticeable temperature overshoot at the evaporator section identifies the sudden
startup, as shown in figure 4-3. The temperature overshoot is defined as the difference between
the maximum evaporator temperature and the average evaporator temperature during the quasisteady state of operation.
4.5.2 Smooth Startup
Contrary to the sudden startup, during smooth startup, the transition of the PHP
operation from the startup phase to quasi-steady state phase is smooth and does not show any
overshoot in the evaporator temperature (see figure 4-3). Furthermore, it was found in the
current study that, the mean operating temperature of the PHP after the smooth startup always
remains below the mean operating temperature of the PHP after sudden startup at the same set
of PHP and heating conditions. Also, the startup time during the smooth startup, in every case
was found to be shorter than the startup time during sudden startup.
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Since the experiments were conducted on a PHP made of copper tube, the internal
mechanisms were not visible. However, valuable information on the effect of type of startup
on various aspects of PHP operations was revealed by the wall temperature variations.

Heat load and types of startup
The focus of the current work was understanding the effect of type of startup on the
thermal performance of the PHP. Also, an attempt was made to gain insights into the startup
mechanism of PHP. The thermal performance of the PHP was also analysed from the
perspective of application in the electronic cooling.
Heat load is one of the most crucial factors in PHP operation. A PHP will not
satisfactorily operate or might not even reach the quasi-steady state of operation if the heat load
is too low [71,72]. Also, on increasing the heat load, the thermal resistance of a PHP decreases
rapidly [98,99], and the same was seen in the current study (see figure 4-2). Furthermore, heat
load also controls the flow patterns in a PHP, which in turn controls the thermal resistance of
the PHP [14,17,42,44–46,48,74].
Most of the prior studies suggest that the type of startup depends on the heat load. These
studies suggest that sudden startup occurs at low heating powers, whereas the smooth startups
occur at high heating loads [47,78]. However, there are other studies as well, which suggest
that the type of startup is not a function of the heat load. Instead, the type of startup is associated
to the initial spatial distribution of bubbles and liquid slugs at the evaporator section. Therefore,
the smooth and sudden startup can occur at any level of heat flux [74].
To investigate the relationship between the type of startup and heat load, experiments
were conducted at various filling ratios (FR = 50%,60%,70%,80%) and power inputs (20W,
33W, 55W, 76W). Each combination of the heat load and filling ratio was tested three times.
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In a PHP, during the charging process, it is impossible to control the initial spatial slug-plug
distribution. Therefore, tests with the same operating condition were performed three times
each, to account for the possible effects of variation in the initial slug-plug distribution.
In figure 4-4, the occurrence of sudden and smooth start-ups is shown at various power
inputs for all the filling ratios. It suggests that the type of startup for a PHP is independent of
the heating load. For instance, for 55 W power input at all FR’s (i.e.,50%,60%,70%,80%), PHP
underwent sudden startup in seven experiments whereas in five experiments smooth startup
mode was observed.
A total of 11 sudden startups were observed when heat loads were 20 W (min. heat load)
and 76 W (max. heat load), whereas only one smooth startup was detected at 20 W and 76 W.
It is evident from figure 4-4 that no direct relationship can be established between heat flux
and the type of startup. Thus, it can be inferred that the type of startup does not depend on the
level of heat flux, and a PHP can undergo any type of startup, regardless of the heat load.

Figure 4-4 Sudden and Smooth start-ups at various power inputs [102]
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However, the possible effect of the type of startup on PHP performance cannot be
ignored. Interestingly, so far, there are no studies available on the impact of the type of startup
on PHP performance. Therefore, an attempt was made to understand the link between the type
of startup and PHP performance.

Type of startup and PHP performance
Traditionally, the thermal resistance of a PHP is calculated using equation 4-1. Figure 42 was plotted to show the variation of thermal resistance with power for current SLPHP at the
various filling ratio. However, figure 4-2 only shows the averaged values of the thermal
resistance for all three test runs. For investigating the effect of type of startup on PHP
performance, four plots are shown in figure 4-5.
The four plots of figure 4-5 are for filling ratios of 50%, 60%, 70%, and 80%
respectively. The values of the thermal resistance (℃/W) are shown on the Y-axis, and power
input has been plotted on the X-axis. Also, each plot shows the thermal resistance of the
individual test runs (shown as R1, R2 and R3) with the type of startups as legends (S1 and S2).
‘S1’ corresponds to a sudden startup, whereas ‘S2’ indicates the smooth startup.
The plots of figure 4-5 reveals that sudden and smooth startups do not have any
significant effect on the thermal resistance. For instance, in the case of FR 50 % and 76 W,
among three test runs two smooth startups, and a sudden startup was detected. The thermal
resistances during smooth startups were 0.30 ℃/W and 0.47 ℃/W, whereas, during sudden
startup, thermal resistance was 0.46 ℃/W.
Likewise, at FR 70% and 55W heat load, the thermal resistances during smooth startups
were 0.63 ℃/W and 0.62℃/W, while after sudden startup thermal resistance was 0.60℃/W.
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Similarly, for other cases, very little difference in thermal resistances between sudden and
smooth startup was observed.

Figure 4-5 Variation of thermal resistance with power at various filling ratios for different test runs.

The performance of the PHP seems to be independent of types of startup. However, the
thermal resistance is calculated by the difference in average temperatures at the evaporator and
condenser sections, ∆𝑇 = 𝑇̅𝑒 − 𝑇̅𝑐 , divided by the power input. So, the thermal resistance does
not give any information on how these (operating) temperatures 𝑇̅𝑒 and 𝑇̅𝑐 are affected by the
startup mode. At higher heat fluxes, due to a higher rate of heat transfer between the two
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sections, ∆𝑇 decreases [98,99]. However, a lower value of ∆𝑇 can be obtained at lower mean
temperatures as well as at very high mean temperatures, and therefore judging PHP
performance based on thermal resistance is not sufficient.
Another important observation from figure 4-5Figure 4-5 plots is the variation of
thermal resistance among the test runs of the same filling ratios. For example, for 80% FR, in
the case of the test run R1, the range of thermal resistance was 1.3 – 0.35 ℃/W (max-min)
while for the test run R2, Rth ∈ (1.79-0.47℃/W). Similarly, at 50% FR during the test run R1,
the thermal resistance varied between 1.15-0.30℃/W whereas for the test run R2, Rth ∈ (1.780.46 ℃/W) and for R3, Rth ∈ (1.74-0.45 ℃/W). In terms of percentage deviations (for extreme
cases), the Rth deviated by an average of around 30% in case of FR 80%, while in case of FR
50% deviation was 54%. The average variation in thermal resistance values are significantly
higher than the average uncertainty measured in Rth for FR 50% (8.85%) and FR 80% (9.1%).
The variation at similar operating conditions, reveals the dynamic nature of the PHP.
For tests at each FR and a specific setting of the input power, the only parameter that could
vary is the initial distribution of slugs and plugs within the PHP. While charging a PHP, it is
impossible to control the initial spatial arrangement of bubbles and liquid slugs. Therefore, for
the similar filling ratio, countless cases of the initial distribution of bubbles and slugs are
possible. The fact that different slug-plug distributions are possible and the deviation of thermal
resistances at similar operating conditions indicates that the initial distribution of slugs and
plugs affects the thermal resistance and thus the performance of the PHP.
The discussion above shows that the startup type is independent of the level of heat
flux. Besides, the mode of startup does not appear to have any effect on the performance of the
PHP. Nevertheless, the current study is looking at the potential use of a PHP in electronic

Chapter 4: Performance evaluation of a SLPHP under different startup modes

91

cooling. Hence, it becomes essential to judge the performance of the PHP in terms of startup
time and startup temperature, as well.

Startup time, Startup temperature and Power
4.8.1 Startup time
Four charts have been plotted in figure 4-6, which show the type of startup at various
power inputs at filling ratios of 50%, 60%, 70%, and 80% respectively. The startup time (t, in
seconds) is shown on the Y-axis, whereas power input (Power, in W) is shown on the X-axis.
The corresponding startup type has also been shown for each test run by the legends S1
(sudden) and S2 (smooth).
The startup time is defined as the total time between the instance power input is
switched on (i.e., t=0) and the moment when the first significant fluctuation is detected. In
other words, it is the time taken by the PHP to achieve the required pressure redistribution
[41,74] to initiate the fluid movement.
For a cooling device, the startup time must be minimum; i.e., it must have a quick
thermal response. As shown in figure 4-6, the startup time for all the cases follows a common
trend: on increasing the power input, the startup time decreases. A shorter startup time at higher
power inputs can be explained by the fact that the higher rate of energy input will cause all the
processes of nucleation and bubble expansion to occur at a faster pace. Thus, the necessary
condition of the pressure difference across PHP will be reached in a comparatively shorter time,
which will initiate an early startup. On the contrary, in the case of lower values of heat input,
the slow rate of power input will cause a delay in all the startup processes, which will lead to
higher startup time.
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Figure 4-6 Startup Time Vs. Power

It was shown earlier that the type of startup does not have any significant effect on the
performance (thermal resistance) of a PHP. However, a clear difference in startup times
corresponding to S1 and S2 can be seen from figure 4-6. For example, at FR 50% and power
input of 76 W, the startup time for smooth startups (S2) were almost the same; however, when
the PHP underwent sudden startup (S1), the startup time increased from 80 seconds (S2) to 140
seconds (S1). Furthermore, the thermal resistance for all the tests mentioned above were almost
similar (see figure 4-5, FR 50 %, 76W), yet, they have significant differences in startup times.
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Though the thermal resistance can predict the performance of a PHP, however, the
thermal resistance is calculated with the averaged values of the evaporator and condenser
sections (equation 4-1). As a result, the information regarding the internal mechanism during
the operation gets lost. This was the reason why thermal resistances were not able to capture
the variation in start-up time. Nevertheless, based on the observation, it could be said that the
sudden startup tends to increase the thermal response time of the PHP, which quantifies as a
degradation in the performance of a PHP.
Furthermore, figure 4-5 also shows that the minimum variation in thermal resistances
for test runs (at the same FR) was in the case when FR was 70%. Thus, it can be argued that
the optimal filling ratio for the current PHP is 70%; since in this case, the thermal resistance is
most stable as compared to other FR’s. However, startup time plots for FR 70% shows that
even after having a stable thermal resistance, a significant change in startup time can occur.
For instance, for FR 70% at 55 W, among the three trials, there were two S2 and one S1. The
maximum difference in startup time for (S1) sudden and (S2) smooth startup was 114 seconds.
Different values of the startup time for similar operating condition indicate that there
are parameters which are affecting the PHP startup. The only setting which was not controlled
during the test condition was the initial slug and plug distribution. Therefore, the analysis hints
that the required redistribution of pressure for the startup is not a fixed value; instead, it could
be the function of the initial spatial arrangement of bubbles and liquid plugs. The volume
fraction of liquid/vapour at the evaporator section might be the cause of different startup types
and related startup time.
Additionally, the analysis of the startup time shows that the thermal resistance alone
cannot be considered as the deciding criteria for the thermal performance of a PHP regarding
the application in electronic cooling. The thermal resistance might give insufficient information
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about the operational behaviour of the PHP. The startup time is crucial in electronic cooling,
and therefore the startup time should be considered as one of the parameters for assessing the
performance of a PHP.
4.8.2 Startup temperature
The extent to which the startup temperature could change can have a significant effect
on the performance of a PHP employed for electronic cooling. Ideally, the startup temperature
should remain well within the maximum temperature prescribed for the host electronic device;
otherwise, the device will fail before the PHP could reach its startup condition. As discussed
earlier, the startup time for a PHP is the function of startup types. Higher startup times were
observed during the sudden startups as compared to a smooth startup. Higher startup time
directly equates to high temperatures because, in the absence of any heat transport, the energy
going into the system will accumulate at the evaporator. As a result, the overall temperature
will increase.
For evaluating the startup temperature variation with startup type and power, graphs of
startup temperature vs power have been plotted in figure 4-7. Each of the four plots in figure
4-7 shows startup temperature variation (Te, in ℃, along the Y-axis) with power (in W, along
the X-axis) at different filling ratios.
Plots in figure 4-7 show a striking difference in startup temperature between sudden (S1) and
smooth startups (S2). For example, in the case of FR 50 % and 76 W power input, the PHP
underwent smooth startups (S2) at the startup temperatures of 38℃ and 48℃. However, during
the sudden startup, the startup temperature was much higher at 92℃. Similarly, for FR 70%
and 55 W, startup temperature was 97℃ for the sudden startup, which was significantly higher
as compared to the startup temperatures (66 ℃ and 54 ℃ W) during smooth (S2) startups.
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Figure 4-7 Startup Temperature Vs Power

Furthermore, for the high heat flux cases where there was a minor difference in startup
time between S1 and S2, a visible difference in startup temperature was observed. For example,
in figure 4-6 plot for 80 FR at 55 W, shows a small variation in the startup time for S2 and S1;
however, a clear difference in startup temperatures can be seen in figure 4-7 for the same case.
The reason for varying startup temperature (ST) is directly related to the rate of energy
going into the system. During the startup phase, there is no heat transfer, which means all the
energy going into the PHP will accumulate in the evaporator section. The energy accumulation
will increase the temperature of the evaporator section, i.e., the evaporator block, capillary
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tube, and the fluid inside and therefore, the extended startup period will lead to higher startup
temperature.
Besides, at higher heat fluxes, the delay in startup time caused by the sudden startup
will affect the startup temperature more adversely; because, even with the small-time
differences, the higher rate of energy transfer will manifest into a significant increase in startup
temperatures. This behaviour can be seen in figure 4-8 (startup time vs startup temperature),
for example, in the case of FR 50 R3, when PHP underwent sudden startup (S1) despite low
startup time startup temperature surged to 100 ℃. Similarly, in the case of 70% during sudden
startup, startup temperature was 100 ℃ (approx.) at a power input of 55 W.
Quick thermal response and low startup temperature are chief performance attributes
for an electronic cooling device. The analysis of the startup time and the startup temperatures
corresponding to the startup types shows that the sudden startup is not a favourable
characteristic for PHP performance. The sudden startup degrades the thermal response of a
PHP and forces the PHP to start at higher temperatures. Hence, the sudden startup should be
avoided when using a PHP for a temperature-sensitive electronic application.
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Figure 4-8 Startup Temperature Vs Startup Time

4.8.3 Filling ratio and Types of startups
The self-oscillating characteristic of a PHP is the outcome of the simultaneous
processes of bubble nucleation/expansion at the evaporator section and bubble
collapse/shrinkage at the condenser section [15,19,20]. Therefore, the expansion (or
nucleation) of bubbles and collapse (or shrinkage) of bubbles are critical aspects of the PHP
operation. Hence, it was hypothesized that the preference for a mode of a startup could be
because of the initial distribution of vapour plugs and liquid slugs in the PHP [74].
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The difference in values of startup time, thermal resistance and startup temperature for
a similar filling ratio and power, indicates the probability of initial spatial distribution of plugs
and slugs impacting PHP operation. The initial slug-plug distribution of a PHP is random, and
therefore for the same filling ratio, numerous cases of slug-plug arrangement can be obtained.
Thus, it becomes difficult to establish a direct relationship between types of startup and filling
ratio. Also, with the current experiment setup, it was not possible to view the initial distribution
of bubbles in the evaporator section. Since comments cannot be made on the relationship
between volume fraction of liquid (or vapour) and type of startup with the current setup, a
probability-based approach was employed to analyse the impact of initial slug-plug distribution
on the type of startup. The approach assumes that at any instance, the probability of evaporator
section being flooded with more liquid is high at high filling ratios and vice versa.
In Figure 4-9, the occurrence of the sudden startup at various filling ratios is shown.
Among all the investigated cases, 50% of the sudden startup were observed at 80% filling ratio.
A PHP requires an optimal amount of slug-plug distribution for its steady operation. In a
situation where vapour volume fraction is higher in the evaporator, the heat supplied at the
evaporator will directly go into the expansion of the bubble (due to evaporation at the liquidvapour interface). Whereas, in the case of the evaporator being flooded with liquid, the heat
supplied will first go into the sensible heating of the liquid and then into bubble formation [74],
i.e., nucleation and finally to bubble expansion.
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Figure 4-9 Sudden startup at various filling ratios [98]

Meanwhile, some of the heat will be transferred along the tube wall as well, thus
increasing the wall temperature along the length of the tube. Eventually, all the delay caused
by each step, i.e., sensible heating, nucleation, and bubble expansion will add up, and PHP will
start late. Since no heat will be transferred during this delayed startup phase, the accumulation
of energy will result in a higher PHP temperature and thus longer startup time. Furthermore,
due to the high-temperature gradient, a high-pressure difference (between the evaporator and
the condenser) will be set up. Therefore, on startup, a bulk of comparatively cold fluid will
move towards the evaporator section. The bulk fluid movement will cause an instantaneous
high amplitude oscillation. A large amount of cold fluid will rapidly flood the evaporator
section, and it is logical to assume that a substantial dip in evaporator temperature will occur.
So, based upon the above discussion, it can be concluded that the probability of a sudden
startup will be higher if the evaporator section is flooded with a high amount of liquid. Since
the probability evaporator section being flooded with more liquid is higher at a high filling
ratio, therefor sudden startup will occur more often at the high filling ratio.
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Summary
The objective of the study was to understand the startup behaviour of the PHP for electronic
cooling and establish a relationship between the filling ratio (FR), power inputs and startup
types. A single loop PHP was tested for FR 50%, 60%, 70% and 80% under different heat loads
(20 W, 33 W 55 W and 76 W). For each set of the experimental condition, i.e., FR and power
input, multiple tests were conducted. Summary of the outcome from the experiments are as
follows:
1. Smooth and sudden startup both can occur at high heat flux as well as at low heat fluxes,
contrary to previous literature.
2. The thermal resistance is calculated by the average values of condenser and evaporator
section for the entire test run. It hence does not give clear information about the effect
of startup modes on the thermal performance of a PHP. Therefore, for evaluating the
thermal performance of a PHP, especially for electronic cooling, other parameters such
as startup time and startup temperature should be considered.
3. A thermal management device for electronic cooling should have a high thermal
response. During sudden startup, the startup time of a PHP increase. The increases in
startup time reflect a low thermal response time, which in case of an electronic cooling
application count as a performance degradation
4. During sudden startup, the startup temperature also increases. At higher heat fluxes,
startup temperatures surge significantly even with a low difference among startup times
of startup types. A significant upsurge in startup temperature is not an ideal condition
for a device to be used for electronic cooling, as in such situation the electronic device
might fail well before PHP initiates any operations. Therefore, a sudden startup is not
desirable for the thermal management of electronic cooling.
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5. At higher FR, the probability of sudden startup increases and it is argued that the initial
level of flooding (i.e. the proportion of liquid) in the evaporator determines the type of
startup. For the current study, 50 % of sudden startup recorded were at 80 FR.
Understanding the modes of the startup is crucial for the probable application of a PHP for
thermal management of electronic equipment’s. The current study showed that the thermal
resistance alone could not be used to evaluate the thermal performance of a PHP as an
electronic cooling device. The startup time and startup temperature must be considered as well.

___________________________________________________________________________

___________________________________________________________________________

CHAPTER 5
5

Thermal Performance of the PHP
Under Non-Uniform Heating

___________________________________________________________________________

Introduction
This chapter discusses the effect of the non-uniform heating on the thermal performance
of a multi-loop pulsating heat pipe. For making terminologies simpler, CLPHP (closed loop
pulsating heat pipe) or PHP (Pulsating heat pipe) will be used to refer to the current setup.
Since its inception [100], extensive research has been carried out on the various aspects
of the PHP and the influence of several parameters on the thermal performance of a PHP.
Important parameters concerning PHP performance include the diameter of the tube d,
inclination angle θ and gravity [36–40,52–55], working fluid [38,56,57,65,69], heat input 𝑄̇
[42–44,71–73] and the filling ratio, FR [28–33]. Although different research groups have
different designs for the PHP test rig, yet the core setup containing an evaporator, a condenser,
and an adiabatic section, always remain the same.
The heat load is critical for driving the essential processes of nucleation, bubble
expansion, and flow pattern development in a PHP [42–47]. A minimum (critical) heat flux is
required to achieve the quasi-steady mode of stable slug-plug thermal oscillations. The critical
heat flux needed to achieve a stable operation varies with the PHP design and the working fluid
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[71,72]. The heat input has a significant effect on the flow pattern of the slugs and plugs in
PHP as well. The characteristic flow pattern of a PHP is a slug and plug oscillatory flow. The
frequency of the slug-plug oscillatory flows is known to increase on increasing the heat input.
At very high heat fluxes, oscillatory flow changes to a unidirectional annular flow. Studies
suggest that the cause for these different flow patterns could be the rate of nucleation (bubble
generation) and bubble expansion occurring at the evaporator section at varying levels of heat
fluxes [44].
The thermal resistance usually measures the thermal performance of the PHP, Rth,
which is the ratio of the difference in average temperatures of the evaporator and condenser
sections (ΔT) to the total heating power input (𝑄̇𝑇 ) at the evaporator section. For a given ΔT, a
lower value of thermal resistance corresponds to a higher thermal performance of the PHP.
The thermal resistance of a PHP decreases considerably when power input increases
from a very low value to the mid-ranges; after that, the rate of decrement of the thermal
resistance is comparatively less [42,44,73]. It has been well documented in the PHP literature
that the trend in thermal resistance values, i.e., decreasing with increasing heat flux, is the
consequence of the changes in internal flow patterns of the PHP

[14,17,42,44–46,48]. To

summarise, the flow pattern in a PHP can be classified as low amplitude slug-plug oscillatory
flow, medium amplitude slug-plug oscillatory flow, large-amplitude high-velocity slug-plug
capillary flow with direction reversal and annular flow with unidirectional flow. The
amplitudes of oscillations are relative to the length of the PHP tube.
At low levels of heat fluxes, a low amplitude slug plug oscillatory flow develops in the
PHP tubes in which the bubbles oscillate with small amplitudes about a mean position in the
tube. This causes the bubbles at the adiabatic section to act as isolators between the hot fluid
(at evaporator the section) and the cold fluid at the condenser section [42]. In the absence of
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mixing of cold and hot fluid, the thermal performance of the PHP remains abysmal (i.e., high
Rth). On increasing the heat flux, the slug-plug oscillatory flow transit into a medium amplitude
slug-plug oscillatory flow. Owing to increased amplitude of oscillation, hot fluid from the
evaporator would easily reach the condenser section, and as a result, heat transfer is enhanced
therefore the thermal resistance decreases.
On further increasing the heat flux the velocity of slug-plug oscillatory flow increases.
The slug-plug oscillatory flow inside the PHP takes a specific direction with an occasional
directional reversal, which results in a flow in which a slug-plug oscillatory flow is
superimposed on a global flow direction. With this flow pattern, more of the hot fluid reaches
the condenser section, and therefore the thermal resistance drops further. At very high heat
fluxes, the flow pattern in a PHP completely changes to an annular flow and the fluid flow in
the PHP takes an arbitrary direction. During annular flow, the PHP performs at its best [42].
On further increasing the heat flux, a condition of dry out occurs at the evaporator
section. In a dry out, all the liquid at the evaporator section gets evaporated; as a result, large
superheated vapour slugs form in the evaporator, and overall fluid movement in the PHP seizes
[35,92]. In the absence of any fluid movement, no heat transfer takes place, and the thermal
performance of PHP drops sharply. Since there is no heat transfer, the temperature of the
evaporator section increases rapidly due to energy accumulation. In the current experiment for
uniform heating, no dry outs were observed for the entire range of tested filling ratios and
power inputs.
The evolution of flow patterns in a PHP has been attributed to the rate of bubble
generation and expansion at the evaporator section at a different level of supplied heat fluxes
[44]. A closed-loop PHP is an isochoric device, and therefore at any instant, the sum of the
liquid volume and vapour volume should be equal to the internal volume of the PHP. Thus, for
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any volumetric expansion of fluid (liquid + vapour) at the evaporator, an equal amount of fluid
volume (liquid + vapour) should shrink at the condenser section. Hence, the isochoric boundary
condition also dictates the flow pattern in the PHP. For example, due to the limitation imposed
by the isochoric boundary condition, if fluid flow towards the condenser section has an annular
flow (high vapour content), then the fluid flow leaving the condenser section (towards the
evaporator section) must have a slug-plug flow (high liquid content) [42]. Obviously, in the
case of high filling ratios, liquid content in the fluid leaving the condenser section will be higher
as compared to the low filling ratio. Now, to maintain the annular flow, as soon as the fluid
reaches the evaporator section, it must undergo evaporation. However, the time required for
evaporation will be determined by the liquid content of the fluid entering the evaporator
section. For the same heat load, high liquid content (high FR) would take more time for
complete evaporation as compared to low liquid content (at low FR). As a result, it will become
difficult for a high FR to maintain an annular flow, while a low FR (less liquid) will sustain its
annular flow easily.
Following the same logic as the annular flow case, it can be understood that for the
same heat flux, the rate of vapour formation/expansion will be higher at low FR (less liquid)
as compared to high FR. Therefore, the PHP at low filling ratios will undergo a change in flow
pattern rapidly as compared to a high filling ratio for the same range of power input [35,50].
It can be concluded that the effect of the heat load on the performance of a PHP is
relatively well established. However, most of the researches so far has been conducted with
uniform heating applied at the evaporator section of the PHP. The studies conducted on nonuniform heating of a PHP so far has shown that non-uniform heating can be used to augment
the performance of a PHP [79–82]. For example, with non-uniform heating, control over the
direction of fluid flow can be achieved and, by controlling the pulsation, dry outs can be
prevented [79]. A PHP can work independent of gravity if the number of turns are more than
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the critical number of turns [40,41], which makes it ideal for space applications. In
microgravity, the non-uniform heating of a PHP was shown to have a positive impact on its
thermal performance, as it can be used to control the flow direction. Furthermore, a specific
non-uniform heating pattern can be used to stabilizes the two-phase flows in a microgravity
condition [81]. The thermal resistance of a PHP can be improved by employing non-uniform
heating [82].
The literature on non-uniform heating of the PHP suggests that there are gaps in research
on non-uniform heating of a PHP. The objective of this work is to examine and understand the
effect of non-uniform heating on the heat transportation capability of the CLPHP. The thermal
performance (Rth) of the CLPHP is measured for a broader range of non-uniform heating
conditions and filling ratios than found in the literature. A comparative study between uniform
and non-uniform heating of the PHP is carried out to understand the extent of the effect of nonuniform heating. An attempt is made to explain the reasons for variation in thermal resistances
of the CLPHP at different filling ratios and non-uniform heating. An optimal filling ratio is
also discussed based on the results of the experiments.

Experimental Procedure and data reduction
Before charging the CLPHP with the working fluid, it was evacuated to a pressure of
10-2 mbar using a vacuum pump. In order to accurately charge the PHP, a measuring cylinder
and mass balance was used. Mass of the working fluid in the measuring cylinder was measured
before and after charging the PHP. The mass difference was used to ensure the correct amount
of fluid was introduced into the PHP for the desired FR. After charging with the required filling
ratio, power to the silicone heating pads were turned on.
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Since the purpose of the experiments was to gain insight into the operational behaviour
of a PHP under non-uniform heating conditions, temperature fluctuations during its quasisteady operation phase were considered. The tests were conducted for filling ratios of 20%,
40%, 60%, and 80%, and measurements of the temperatures and heat input were recorded. For
comparison, experiments were also conducted under uniform heating.
Figure 5-1 show a typical temperature-time profiles obtained from one of the
experimental tests. Initially, the temperature of the whole setup was around 20 ℃. After the
heat input was switched on, the temperatures on the evaporator side gradually increased until
the temperature fluctuations started to appear (startup). After the initiation of temperature
fluctuations, the rate of temperature increment at the evaporator side diminished, and soon
after, the PHP achieved a quasi-steady state of operation.

Figure 5-1 Temperature-time profile

For each test run, data were acquired for 600 seconds, after which the heating power
was increased (or decreased) to the next power settings. After changing the power input and
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before taking the next set of temperature measurements, the PHP was left to run for a while
until a quasi-steady state of operation was reached.
The power input to each block was varied independently to achieve the desired nonuniform heating conditions. However, the total heating power to the system under non-uniform
heating was maintained at the same level as it was for the uniform heating. Table 5-1 shows
an example of power input settings for uniform and non-uniform heating cases, where the total
power supplied was maintained at 240 W.
Table 5-1 Example of power input during Uniform and Non-uniform heating cases

Uniform Heating (W)

Non-Uniform Heating (W)

Block 1

Block 2

Total

120

120

240

Block 1
60
80
100

Block 2
180
160
140

Total
240
240
240

5.2.1 Data Reduction
The performance of the PHP is quantified by the thermal resistance (Rth), which is defined as:

𝑹𝒕𝒉 =

̅𝒆 − 𝑻
̅𝒄
𝑻
𝑸̇

(5-1)

where, 𝑇̅𝑒 = (1⁄8) ∑8𝑖=1 𝐸𝑖 and 𝑇̅𝑐 = (1⁄8) ∑8𝑖=1 𝐶𝑖 are the average evaporator (thermocouples
E1–E8) and condenser side (thermocouples C1–C8) temperatures, and 𝑄̇𝑇 is the total input heat
load (i.e., power) (for both blocks 1 and 2, 𝑄̇1 and 𝑄̇2 ), calculated as:
𝑸̇𝑻 = 𝑸̇𝟏 + 𝑸̇𝟐 = 𝑽𝟏 × 𝑰𝟏 + 𝑽𝟐 × 𝑰𝟐
where, 𝑉 = voltage drop across the heating pad and 𝐼 = electrical current.

(5-2)
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PHP performance under uniform heating (UH) – the
reference case
Before discussing the thermal performance of the PHP under non-uniform heating
conditions, it was essential to observe its thermal performance under uniform heating. The
thermal resistance variation with input heating power and filling ratio obtained under uniform
heating mode served as useful references for comparing and commenting on the performance
of the PHP under non-uniform heating conditions. Figure 5-2 shows the thermal resistance
variation of the PHP with heating power input, across the range of filling ratios, and under
uniform heating mode. The thermal resistance (Rth) was calculated using equation 5-1. The
trend in thermal resistance agrees well with the literature [42,44,73], i.e., the thermal resistance
decreases with increasing power input.

Figure 5-2 Variation in thermal resistance of CLPHP with total uniform power input at various filling
ratios
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Figure 5-2 also suggests that for the entire range of power inputs, the performance of the
PHP increases with decreasing FR. The performance of the PHP was best at FR 20% and worst
at FR 80% throughout the range of power inputs.

PHP performance under non-uniform heating (NUH)
In figure 5-3, the thermal resistances obtained for uniform (U) and non-uniform (NU)
heating tests at FR 20%,40%,60%, and 80% have been plotted. In each graph of figure 5-3 the
thermal resistance for uniform heating (line chart) and non-uniform heating (scatter chart) are
plotted against total power input (𝑄̇𝑇 = 𝑄̇1 + 𝑄̇2).
Figure 5-3 show that the thermal performance (Rth) of the PHP changed on the
introduction of non-uniform heating conditions (scatter points). Though the values of total heat
input were kept similar to those used for uniform heating modes, yet the thermal resistances
were quite different. Non-uniform heating has been found to alter the thermal resistance and
operating power range of a PHP [80]. The variation in thermal performance during nonuniform heating is believed to be caused by unbalanced driving forces [77,78,101] generated
due to different levels of heat input at each heating locations [80]. However, the extent of the
effect of non-uniform heating at different filling ratios is still unknown.
The decremental trend of thermal resistance with increasing power input is generally
independent of filling ratios (see figure 5-2). However, figure 4-3 shows that the effect of nonuniform heating on the thermal resistance of the PHP is maximum at FR 20% and diminishes
filling ratio was increased to 80%. For similar total power, at FR 20% the difference in values
of thermal resistance obtained during uniform heating and non-uniform heating is very high as
compared to when FR was 80%. Furthermore, at higher filling ratios (60% and 80%), even
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under non-uniform heating, the nature of variation of thermal resistances was similar to the
uniform heating cases.

(d
)
Figure 5-3 A comparison of thermal resistances during uniform (U) and non-uniform (NU) heating modes

For a better perspective of the data shown in figure 5-3, figure 5-4 is presented. In figure
5-4, the percentage change in thermal resistance from uniform heating (%𝑅𝑡ℎ =
(𝑅𝑡ℎ𝑈 − 𝑅𝑡ℎ𝑁𝑈 )/𝑅𝑡ℎ_𝑈 ) has been plotted against the total power input (𝑄̇𝑇 = 𝑄̇1 + 𝑄̇2). For
simplicity, the data from the cases FR 20% (low filling ratio) and FR 80% (high filling ratio)
have been plotted. The plot illustrates the effect of non-uniform heating in terms of power
difference (Δ𝑄̇ = (𝑄̇1 − 𝑄̇2), shown as legends).The negative value of %𝑅𝑡ℎ show a decrement
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in thermal performance of the PHP (high Rth), whereas a positive value of %𝑅𝑡ℎ represents an
increment in thermal performance (low Rth). Maximum possible power input at each block was
180W (max power rating of heating pads) i.e. 𝑄̇𝑇 = 180 + 180 = 360W. So, the maximum
possible power difference was Δ𝑄̇ = 180 – 40 = 140W, 40 W was the minimum power at each
block (i.e., 𝑄̇𝑇 = 40 𝑊 + 40 𝑊) at which pulsation were recorded.

Figure 5-4 Trend in thermal resistance variation with power difference in heat input for FR 20% and FR 80%

The plot shows that in the case of FR 20%, for the entire range of 𝑄̇𝑇 , the performance
of the PHP was deteriorated due to non-uniform heating. Furthermore, the decline in thermal
performance was observed to be directly proportional to the power difference (Δ𝑄̇ ). For
example, for a total power input of 𝑄̇𝑇 =220 W, there were two different configurations, case
1 and case 2. For case 1 when the power difference (Δ𝑄̇ ) was 60 W, the thermal resistances
was, Rth = 0.077 ℃/W, whereas for case 2, at Δ𝑄̇ = 140 W, the thermal resistance increased to
0.355 ℃/W. In a PHP for the same power range, when the heat load is increased, the thermal
resistance of the PHP at a low filling ratio drops sharply as compared to a high filling ratio
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[35,92] (see figure 5-2). Since low FR has less liquid content, they are more prone to dry outs
at higher heat loads, and dry outs are known for exceptionally high thermal resistances [35,92].
No dry outs were observed during uniform heating for the entire range of power inputs.
Nevertheless, a very high thermal resistance was seen at 𝑄̇𝑇 =220 W, which means that the
non-uniform heating alters the fluid distribution in the PHP in such a way that it facilitates dry
out at comparatively lower heating power. Due to early dry out, a vast difference (%R=458%)
in thermal performance at the same total power was observed.
Contrary to FR 20%, in the case of FR 80%, the negative effect of non-uniform heating
on the thermal performance of the PHP was minuscule. At high filling ratio, the redistribution
of fluid across PHP is hindered by large liquid content and therefore non-uniform heating has
less effect on the PHP performance. Moreover, higher filling ratio can perform without fail
even at higher heat loads as compared to lower filling ratio due to large liquid inventory.
Though the literature review suggests that the inconsistency in thermal resistance
during the non-uniform heating case is caused by uneven driving forces created due to nonuniform heating [80]. However, current data analysis also suggests that under non-uniform
heating, the thermal performance of a PHP depends heavily on the filling ratio as well. The
following section discusses the probable reason for the observed behaviour of the PHP under
non-uniform heating at different filling ratios mode.

Discussion and further analysis
5.5.1 Dimensionless non-uniform heating coefficient
Ahead of discussing the impact of non-uniform heating, it is essential to establish a
measure to quantify the non-uniform heating. Figure 5-4 shows that the change in thermal
resistance is a combined effect of 𝛥𝑄̇ and 𝑄̇𝑇 . A larger value of 𝛥𝑄̇ leads to a significant
variation in thermal resistances; also, the deviation in thermal resistance is substantial at higher
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values of 𝑄̇𝑇 despite the same amount of ∆𝑄̇. In a recent study [80], the level of non-uniformity
was quantified by dimensionless heat difference, which was calculated as:

∅=

∆𝑸̇
𝑸̇𝑻

(5-3)

However, on using dimensionless heat difference (∅), crucial information regarding
total power and power difference vanishes. For example, dimensionless heat difference (∅) is
0.5 for ∆𝑄̇ =80 and 𝑄̇𝑇 = 160 as well as for ∆𝑄̇ =120 and 𝑄̇𝑇 = 240, therefore, using ∅ could
be misleading for quantifying the non-uniform heating. Also, dimensionless heat difference (∅)
does not reveal the impact of non-uniform heating in terms of filling ratio.
For quantifying the level of non-uniformity while capturing the severity at different
total power levels and filling ratio, a dimensionless non-uniform heating coefficient is
proposed, which is defined as:

𝜹=(

𝟏
𝑸̇𝑻 × ∆𝑸̇
)(
)
𝑭𝑹
𝑸̇𝟐𝒎𝒂𝒙

(5-4)

where, 𝑄̇𝑇 is total power (𝑄̇1 + 𝑄̇2 ), ∆𝑄̇ is power difference (𝑄̇1 − 𝑄̇2), FR is filling ratio and
𝑄̇𝑚𝑎𝑥 is maximum total power possible without any failure (dry out) for the device under
uniform heating conditions. In the current setup, maximum power was limited to 360 W by the
power rating of heating pads, and no dry outs were observed for the entire range of FR’s.
Dimensionless non-uniform heating coefficient (𝛿) for ∆𝑄̇ =80 W and 𝑄̇𝑇 = 160 W is
0.49 whereas for ∆𝑄̇ =80 W and 𝑄̇𝑇 = 280 W, 𝛿=0.86. Based on figure 5-4, it can be said that
a higher value of 𝛿 represents the extent of the effect of non-uniform heating on the
performance of the PHP. A higher value of 𝛿 for the same value of ∆𝑄̇ shows that the
performance of the PHP will be affected more at higher 𝑄̇𝑇 . The value of 𝛿, also shows the
level of non-uniformity at the same total power and different ∆𝑄̇. For example, corresponding
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to ∆𝑄̇=60 W and ∆𝑄̇=140 W at 𝑄̇𝑇 = 220 W, 𝛿 is 0.51 and 1.19, which shows that even if total
power is identical, the difference in power inputs can significantly affect the thermal
performance of the PHP.
Dimensionless non-uniform heating coefficient (𝛿) also shows the scope of the impact
of non-uniform heating on PHP at various filling ratios. For example, 𝛿 is 1.19 for FR 20% at
∆𝑄̇=140 W and 𝑄̇𝑇 = 220 W, whereas for FR 80% for similar non-uniform heating conditions
𝛿 is 0.3. The lower value of 𝛿 at FR 80% shows that the impact of non-uniform heating will be
lower, and the same is revealed in figure 5-4.
Based on the experimental results, it can be established that for a non-uniform heating
condition (∆𝑄̇ and 𝑄̇𝑇 ), a higher value of 𝛿 represents a deterioration in the thermal
performance of the PHP. In comparison, a lower value of 𝛿 signifies less or no effect of nonuniform heating on the thermal performance of the PHP.
5.5.2 Low FR
It has been discussed in the introduction section, that the thermal resistance of a PHP is
highest under two conditions, (a) if the PHP is operating under low heat flux, resulting in low
amplitude flow oscillations, and (b) if due to very high heat flux the evaporator section has
dried out. In a non-uniform heating situation, the above-stated conditions, (a) and (b) could
exist simultaneously. In a non-uniform heating condition, one evaporator block could be
receiving very high heat flux, whereas another evaporator block may be subjected to a very
low heat flux.
For exploring the reasons for very high thermal resistance during non-uniform heating
at low FR (20%), the temperature oscillation curves over time are considered. In a PHP, if
thermocouples are placed along the same tube, at the evaporator section and the condenser
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section, the internal flow pattern can be easily estimated by temperature oscillations with very
high accuracy [45,79].
Figure 5-5 show plots of temperature oscillations (uniform heating) of the PHP, for FR
20% and at heating power inputs of 120 W, 240 W, and 360 W. The temperature-time plots
were obtained from thermocouples C1, C2, E1, and E2 (i.e., on the side of evaporator block 1)
and C7, C8, E7, and E8 (i.e., on the side of evaporator block 1). The thermocouple locations
are shown in figure 3-10.

Figure 5-5 A comparison of temperature oscillations (flow patterns) for FR 20% at 120 W, 240W and 360 W in
uniform heating conditions

Figure 5-5 reveal that at 120 W power input, PHP has an irregular slug-plug oscillatory
flow, whereas, at 240W and 360W, the flow pattern in the PHP has transitioned to a regular
and more frequent slug-plug oscillatory flow. As expected, the evolution of different flow
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patterns at different power levels affected the thermal performance of the PHP. At 120 W, the
thermal resistance (Rth) was 0.27 °C/W, at 240 W Rth was dropped to 0.05°C/W, and at 360 W,
the thermal resistance was further decreased to 0.02 °C/W. Since, the range of total heating
power input for the experiments was 80 W to 360 W, therefore based on thermal resistance and
temperature oscillations (flow patterns), 𝑄̇𝑇 = 120 W can be placed in low heating powers
ranges, whereas 𝑄̇𝑇 = 240 W and 𝑄̇𝑇 =360 W falls in medium and high heating ranges,
respectively.
In figure 5-6 the temperature oscillations during non-uniform heating of the PHP at FR
20% and 𝑄̇𝑇 = 240W (medium heating power) has been plotted. Though the first two plots
were obtained for the same total power of 240 W, however, they were under two different nonuniform heating conditions, i.e., (a) Δ𝑄̇ = 80W (𝑄̇1 = 80 W and 𝑄̇2 = 160 W) and (b) Δ𝑄̇ =
120 W (𝑄̇1 = 60 W, 𝑄̇2 = 180 W). A third case of 𝑄̇𝑇 =220W (FR 20%) has also been plotted
in figure10. The purpose of plotting the two cases of 𝑄̇𝑇 =240 W was to compare the
temperature oscillations and, thus, thermal resistance with uniform heating cases. 𝑄̇𝑇 =240 W
was chosen for comparison because it falls under medium heating power range for the current
setup and had shown a decent performance (Rth= 0.05°C/W) during uniform heating cases.
Furthermore, 𝑄̇𝑇 =240 W was plotted because it represents the case with the maximum power
difference (Δ𝑄̇ = 140W).
A quick comparison between the uniform heating (figure 5-5, total power 240W) and
non-uniform heating (figure 5-6, total power 240W, (a) and (b)) shows that despite the same
total power, the temperature oscillations in the PHP were significantly different. For both the
cases (a) and (b), at later stages of operation, the temperature of the evaporator section of the
high heating side (dotted lines) starts to increase from its quasi-steady operation.
Simultaneously, the temperature oscillations at the condenser side (dotted line) seem to die out,
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which means there are no slug-plug oscillations, and the rate of heat transfer has diminished.
As a result, the thermal performance of the PHP declined.

(a)

(b)

(c)
Figure 5-6 Temperature oscillations in the PHP at FR 20% during various non-uniform heating configurations.

The thermal resistance (Rth) at 𝑄̇𝑇 =240 W during uniform heating was 0.02 ℃/W, while under
non-uniform mode, Rth was decreased to 0.15 ℃/W (fig.5-6a) and 0.20 ℃/W (fig.5-6b).
Furthermore, the temperature oscillations at the low heating side also changed
according to power input. When, Δ𝑄̇ = 80 W and the low heating side was receiving 80 W
power input, the temperature oscillations were uninterpreted by high heating side for the entire
run and didn’t show any temperature rise. Whereas, when, Δ𝑄̇ = 120 W, the low heating side
showed a direct impact of events happening at the high heating side; the nature of temperature
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oscillations changed as soon as the temperature of the high heating side started to rise. The
reason behind the different behaviour low heating side could be the combined effect of the
swift dry out due to high heating power and the inability of low heating side to produce high
amplitude oscillations, which could have replenished the liquid of high heating side.
As discussed, a sudden increase in temperature at the evaporator section, and
discontinuation of temperature oscillations (slug-plug oscillations) are the attributes of a PHP
experiencing a dry out. The rate of increase of temperature (at the evaporator section) for Δ𝑄̇ =
120 W (figure 5-6b) was higher than for Δ𝑄̇ = 80 W (figure 5-6a). This was because at Δ𝑄̇ =
120 W (figure 5-6b), the rate of power input to high heating section (𝑄̇2 = 180 W) was greater
than when Δ𝑄̇ = 80 W (𝑄̇2 = 160 W). As expected, the dry outs resulted in poor performance
of the PHP. The thermal performance of the PHP with higher power difference (Δ𝑄̇ = 120 W,
Rth = 0.20 ℃/W) was found to be poorer than the PHP with Δ𝑄̇ = 80 W (Rth = 0.15 ℃/W). It
is important to mention that no dry outs were observed when the PHP was supplied a total
power of 360 W under uniform heating conditions (𝑄̇1 = 180 W and 𝑄̇2 = 180 W) and thermal
resistance was also lower (Rth = 0.03 ℃/W).
For non-uniform heating, all the operational parameters were similar to the uniform
heating, i.e., the total power input, filling ratio, design of PHP, and the working fluid. The only
difference was the difference in power input to each block; therefore, the reason for the dry out
must be the value of Δ𝑄̇ . The relation between dry out and Δ𝑄̇ can further be strengthened by
analysing the temperature profiles of the PHP when the Δ𝑄̇ was maximum, i.e., Δ𝑄̇ = 140W
(𝑄̇1 = 40 W and 𝑄̇2 = 180 W, figure 5-6c). The plots show that after a few initial stray
temperature oscillations, the temperature of the evaporator section of the high heating side
increased rapidly.
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Concurrently, the temperature profile of the condenser section (high heating side)
remained more-or-less constant, which indicated that there was no slug-plug movement along
the tubes. The conditions signify a dry out of the evaporator section at the high heating side
i.e., a local dry out. Furthermore, the dry out condition was reached rapidly for Δ𝑄̇ = 140 W
as compared to the other two cases even though the total power input was comparatively low,
i.e., 220 W. Also, the small heat load (𝑄̇1 = 40 W) and the low heating side was not sufficient
to initiate high amplitude oscillations [42], which could have transferred the liquid to the higher
heating side, therefore low heat load added to rapid dry out in case (c).
The reason for dry out at a high Δ𝑄̇ can be understood as follows. In PHP, the rate of
heat input triggers varying rates of bubble generation and expansion, which cause a change in
the slug-plug flow patterns [44]. The amplitude and frequency of slug-plug oscillations also
vary with input heat flux [89]. In a non-uniform heating condition, one evaporator block is
always supplied with a low heating power as compared to others. This means that the amplitude
of oscillations at the higher heating side must be larger as compared to the low heating side.
The situation has been shown in figure 5-7, and the arrows represent the amplitude of
oscillations at each side.
In non-uniform heating conditions, in the first half of oscillation, the high heating side
would push some amount of fluid towards the low heating side. While in the second half of the
oscillations, the low heating side will drive a certain amount of fluid towards the high heating
side. Due to relatively large amplitudes of oscillations, the amount of fluid pushed by the high
heating side will be higher as compared to the low heating side, owing to small amplitude
oscillations. The difference in the fluid being pushed by each side will eventually cause a net
fluid movement in the direction from the high heating side towards the low heating side. It has
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also been reported in the past studies that the non-uniform heating could cause a net fluid
circulation in a preferential direction [79,81].

Figure 5-7 Schematic of PHP showing probable slug-plug distribution under non uniform heating

As a consequence of the net fluid movement towards the low heating side, over time,
the high heating side will become devoid of any fluid. In the absence of fluid, the heat transfer
between the evaporator and condenser sides of the high heating side will stop. Without any
heat removal, the supplied energy to the evaporator will start to accumulate at the evaporator
section itself, which will rapidly raise the temperature of the evaporator section. In other words,
dry out will occur in the evaporator section. The time for the dry out to occur will undoubtedly
depend upon the amount of heat flux, and the difference of heating power inputs between the
two sides.
At very high values of heat flux, the amplitude of oscillations at the high heating side
will be larger, whereas, at the low heating side, the amplitude of oscillations will become
shorter. Therefore, the net fluid movement and fluid accumulation at the low heating side will
happen quickly. This explains the different rate of temperature increase of the high heating side
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at varying levels of Δ𝑄̇ (80 W and 120 W, figure 5-6 a, b) for the same total heating power
(240 W) and speedy dry out in the case where Δ𝑄̇ =140W, even when the total power was
comparatively low (𝑄̇𝑇 =220 W, figure 5-6c).
5.5.3 High FR
As shown in figures 5-3 and 5-4, the thermal performance of the PHP appears to be
unaffected by the non-uniform heating for higher filling ratios. Figure 5-8 shows the
temperature oscillation patterns of the PHP for FR 80% and at maximum power difference,
i.e., Δ𝑄̇ = 140 W; no evidence for dry out is observed for the high heating side. The reason for
this is a large amount of liquid is present in the PHP tubes at high FR. Since the PHP is an
isochoric device and there is no mass transfer between the surroundings and the PHP system,
a filling ratio of 80% means that almost 80% of the PHP volume will always have liquid at any
given time. For example, at FR 80%, if all the tubes of the low heating side (i.e. 4 tubes) are
entirely filled with liquid, the higher heating side will still have sufficient liquid (40% of the
total working fluid) to sustain slug-plug oscillations at large heat fluxes, and heat transfer (slugplug oscillations) will never seize.
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Figure 5-8 Temperature oscillations in the PHP at FR 80% during non-uniform heating, 𝑸̇𝟏 = 40 W and 𝑸̇𝟐 = 180
W, Δ𝑸̇ = 140 W

5.5.4 Operating range
In terms of heat load, the operating range of a PHP can be defined as the maximum heat
load at which a PHP can operate without any dry outs. It has been observed that the nonuniform heating reduces the operating range of a PHP [80] . In present work, when current PHP
was tested in uniform heating conditions at FR 20%, the maximum total power was 360 W, yet
no dry out were seen. Based on the thermal resistance and the temperature oscillations 𝑄̇𝑇 =240
W was categorised under medium heating power during uniform heating. However, in nonuniform heating mode, the PHP showed dry out at total power input (𝑄̇𝑇 ) of 240 W. Besides,
the current study also reveals that due to small liquid inventory, the lower filling ratio (<50%)
are more prone to reduction in operational range (maximum heat load) as compared to high
filling ratios (>50%).
Based on the previous discussions, for a PHP to operate in a non-uniform heating
environment, the FR must be greater than 50% to sustain the massive difference in heat fluxes.
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The actual value of optimal FR for a PHP under non-uniform heating conditions will depend
on the largest possible difference in heat fluxes across the device needed to be cooled.
The effect on non-uniform heating on the thermal performance of the PHP was known
[79,80,82]. The findings from the current study further establish that the impact of non-uniform
heating on the thermal performance of the PHP depends upon the filling ratio. Lower filling
(<50%) ratios tend to get affected more by the non-uniform heating. Also, the study showed
that the extent to which non-uniform heating affects (negatively) depends upon the power
difference between heat sources. On the contrary, at high filling ratio (>50%), the effect of nonuniform heating, despite any power difference is minimal. In fact, for most of the cases, nonuniform heating compelled a net circulation of working fluid in a preferential direction which
improved the thermal performance of the PHP

Optimal Filling Ratio for non-uniform heating
According to thermal resistance calculations, the optimal filling ratio for the current
multi-loop PHP under uniform heating was 20% for the entire range of power input. However,
under non-uniform heating, the PHP at 20% filling ratio showed significant inconsistency in
thermal resistance (see section 5.4). Also, all the thermal resistances obtained during
nonuniform heating were either similar to or higher than the thermal resistance during the
uniform heating case.
At a 20% filling ratio, in some of the cases, a significant rise in thermal resistance was
witnessed, which also implies potential dry outs (see figure 5-6). As suggested by figure 5-6,
since heat input to the blocks was different, therefore the dry outs could be local, i.e., they can
happen at the high heating side only. However, at the high filling ratio, i.e., 60%-80%, the
variation in thermal resistance was low and followed almost the same trend as the thermal
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resistances obtained during uniform heating. A recent study on non-uniform heating also
reported that the optimal filling ratio for PHP changes in non-uniform heating conditions. For
the different levels of non-uniformity, filling ratios of 60%, and 70% were proposed to be the
optimal filling ratios [80].

Figure 5-9 Average percentage deviation in thermal resistances under non-uniform heating from thermal
resistances during uniform heating at various filling ratios

Figure 5-9 show the average percentage deviation of the thermal resistances during nonuniform heating, from the thermal resistance during uniform heating across the filling ratios.
Essentially, figure 5-9 is an alternative graphical representation of the spread of the thermal
resistances (percentage averaged) seen in plots of figure 5-3 for each filling ratio.
Based on the analysis of figures 5-3 and 5-9, it can be deduced that the optimal filling
ratio for the current PHP under the non-uniform condition is 60%. The optimal filling ratio was
chosen by analysing the combined performance of the PHP during uniform and non-uniform
heating. The PHP at 60% FR had third-best performance (Rth) during uniform heating, whereas
during non-uniform heating, in terms of deviation in Rth, 60%, and 80% filling ratios had
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similar variations. Since 80% FR was the worst-performing filling ratio during uniform
heating; therefore, by overall comparison, 60% was found to be the optimal filling ratio.

Conclusions
The comparative thermal performance analysis of the PHP during uniform and non-uniform
heating cases revealed that:
1. The low filling ratio (20%, 40%) are not suitable for PHP’s operating in applications
where massive differences in heat fluxes could occur. However, these results are
corresponding to two power sources, and further experiments with multiple sources are
required to establish trends for more than two heating power sources.
2. At low filling ratios (FR 20%) and non-uniform heating conditions, dry outs could
occur even at mid-ranges of total power inputs (based on uniform heating) if the Δ𝑄̇ is
too high, i.e., 𝛿 is very high.
3. The thermal performance of the PHP at a low filling ratio (20%, 40%) degrades as the
difference in power input increases.
The adverse effect of the non-uniform heating on the thermal performance of a PHP
decreases as the filling ratio increases, i.e., high filling ratios (60%-80%) were found to be
unaffected by nonuniform heating
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___________________________________________________________________________

CHAPTER 6
6 Flow Pattern in a PHP Under NonUniform Heating
___________________________________________________________________________

Introduction
A pulsating heat pipe is often referred to as an oscillating heat pipe (OHP) because of
typical oscillatory flow. The flow patterns in a PHP are closely related to the heat supplied.
They can be broadly classified into low amplitude slug-plug oscillations, high amplitude slugplug oscillations and annular flow [42,45,46]. In PHP, flow patterns inside the tubes can be
estimated by the wall temperature fluctuations [45,46]. Karthikeyan et al. [45] performed
infrared thermography of pulsating heat pipe. The study was focused on the flow regimes in a
multiloop PHP. Thermocouples were placed at the wall of the tube as well inside the tube.
Temperature data obtained from the thermocouples (inside and on the wall), along with the
infrared data showed that the internal working fluid movement synchronises with the wall
temperature oscillations. In another study [46], wall temperature variations were mapped over
a time strip visualisation. It was found that the wall temperature oscillations profile matches
the internal flow pattern of the PHP.
The different flow patterns in a PHP are caused by the different rates of nucleation and
bubble expansion at the evaporator section, under varying levels of heat fluxes [44]. In addition
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to the amplitude, the frequency of slug-plug oscillations also varies with input heat flux [89].
The flow patterns correlate strongly with the thermal performance of the PHP [42,45,46,48].
Similar observations were also made in the current experiments as well. In figure 6-1, thermal
resistances recorded during the uniform heating at different FR has been plotted.
For showing the relationship between temperature oscillations (flow patters), wall
temperature oscillations of PHP with FR 20% and FR 80% at total power 80 W, 200 W and
360 W has been presented as well. The three power inputs were chosen based on the thermal
resistance graph, and the power inputs represent the low [zone 1], medium [zone 2] and high
[zone 3] heating loads for the current PHP. At low heat fluxes, the heat transportation is low
because of irregular slug-plug oscillations with small amplitude do not allow the mixing of
fluid between evaporator and condenser section [42], and therefore thermal resistance remains
high. Zone 1 (𝑄̇𝑇 =80 W) in figure 6-1 repersets the low heat load zone with high thermal
resitances. As expected, the wall temeparture oscillations for both FR (20% and 80%) are
intermittent with small amplitude (figure 6-1 b and c, 𝑄̇𝑇 =80 W ).
On increasing the power input, the transition of flow patterns from low amplitude to
higher amplitude oscillation and subsequently to annular flow is faster in low FR’s as compared
to high filling ratios due to higher vapour volume fraction (less liquid, more bubbles) [35,50].
As a result, for the same range of heat loads, the thermal resistance of the PHP with low FR
drops sharply as compared to high filling ratio [35,92].
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(a)

(b)

(c)

Figure 6-1 (a) Variations of thermal resistance during uniform heating (b) Temperature oscillations for
FR 20% at different heat loads (c) Temperature oscillations for FR 80% at different heat loads

Between 𝑄̇𝑇 =80 W and 𝑄̇𝑇 =200 W (zone 2), the wall temperature oscillations for FR
20% changed from irregular low amplitude oscillations to regular high amplitude oscillations
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(figure 6-1b), whereas for FR 80%. However, the amplitude of oscillations changed, but the
nature of oscillations remained irregular (figure 6-1b). The changes in wall temperature
oscillations were reflected by the thermal resistances as well, the thermal resistance for FR
20% decreased by 87.14% from 0.62 ℃/W to 0.08 ℃/W when power input was increased from
80 W to 200 W compared to 69.35% decrease in Rth, (from 0.88 ℃/W to 0.27 ℃/W) when FR
was 80%.
When total power was increased to 360 W [Zone 3], the flow pattern of the PHP with
FR 20% further changed to small amplitude regular oscillations which is the indication of a
semi annular (or annular flow). In an annular flow, the mode of heat transfer changes to latent
heating/cooling, as a result the thermal resistance becomes minimum [14,17,48]. For a better
understanding of the annular flow and associated temperature oscillations, the flow pattern
observed through the glass tube and a picture from a previous visualisation study [43] is show
in figure 6-2.
The image in figure 6-2 (i)(e) shows an annular flow in the PHP tubes; the rightmost
tube shows fluid flowing from evaporator to condenser (upheader, indicated in the figure). It
is visible from the figure 6-2 (i)(e) that while moving towards the condenser section, the volume
fraction of vapour was very high as compared to the rest of the cases. A similar fluid behaviour
was seen in the current study as well (figure 6-2 (ii)(d)), which indicates an annular flow in the
PHP. Due to the high volume of vapour getting condensed at the condenser section, the latent
heat transfer increases during annular flow [14,17,48]. In figure 6-2 (i)(e), the down header
shows a higher liquid content (compared to upheader), indicating condensation at the condenser
section.
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Figure 6-2 (a) Internal flow pattern of the PHP [43] (b) flow patterns observed through the glass
tube
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Although in annular flow most the heat transfer is due to latent heating, still there will
be some heat transfer due to sensible heating. As a result, wall temperature oscillations show
small amplitude (high frequency) oscillations (see figure 6-1 (b) at 𝑄̇𝑇 = 360 W).
In the case of FR 80%, the increased power didn’t have any significant effect on the
nature of temperature oscillations which remained irregular with varying amplitudes. At
𝑄̇𝑇 =360, the thermal resistance of the PHP for FR 20% was 0.03 ℃/W, which means that at
FR 20%, the thermal performance of the PHP was five times better than when filling ratio was
80%. Better thermal performance at FR 20% can be attributed to annular flow which increases
the rate of heat transfer due to dominant latent heating.
As discussed in the previous chapter, the thermal performance of the PHP under nonuniform heating conditions exhibits distinctly different behaviour to uniform heating
conditions. Under similar operating conditions, the PHP showed a distinct trend in thermal
resistances at low filling ratios as compared to a high filling ratio. The Thermal resistance of a
PHP is a function of the flow patterns [42,45,46,48]; therefore the thermal resistance to an
extent, can be used to envisage the dominant flow pattern during the whole PHP operation.
However, to grasp the reasons for the thermal resistance variation during non-uniform heating;
The flow pattern variation throughout the PHP operation requires a thorough analysis.

Flow Patterns (Temperature oscillations)
Generally, the flow pattern in a PHP evolves with increasing heat fluxes. On increasing
heat flux, the flow patterns change from small amplitude low-frequency slug-plug oscillations
to semi-annular or annular flow [42,45,46,48]. However, the flow pattern evolution is different
in non-uniform heating conditions.
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In figure 6-3, the wall temperature data obtained from all the thermocouples on the PHP
during uniform heating and non-uniform has been plotted. Since it was not possible to observe
a clear flow pattern by showing the data from all the thermocouples, therefore, to clearly
understand and explain the temperature oscillations and thus the flow patterns, only four
thermocouple data points (E1, E2, E7, E8, C1, C2, C7 and C8) were chosen. The location of
the thermocouples (in green) E1, E2, E7, E8, C1, C2, C7 and C8 are shown in figure 6-4. The
thermocouples E1, E2, C1 and C2 represent the wall temperature variations at block 1 and E7,
E8, C7 and C8 represent the wall temperature variation at block 2.
A comparative analysis was carried out on the wall temperature oscillations (flow
pattern) of PHP at FR 20% and FR 80%, i.e., minimum and maximum FR in the current study.

Figure 6-3 Temperature time profile during uniform (100W+100W) and non-uniform (40W+160W) heating for
20FR and total power input of 200W
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Figure 6-4 Placement location of all the thermocouples on the PHP

Furthermore, for the rest of the discussion, the information about the operating condition
will follow the pattern, FR, total power, power to block1 and block2. For example, for PHP at
20% filling ratio and total power of 160W, and uniform heating will be represented by 20FR,
TP 160W, 80W-80W. Similarly, for non-uniform heating, naming will be 20FR, TP 160W,
60W- 100W.
6.2.1 Stopover period
Before going further, it is crucial to define an essential aspect of flow patterns in PHP’s,
which is called as a stopover period. Figure 6-5 presents a commonly known characteristic of
a PHP under uniform heating operation, the stopover period [46,74]. A stopover is a period
when PHP stops oscillating, during the PHP operation. One such stopover period has been
indicated in figure 6-5.
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Stop Over

Sudden
Temperature Drop

Figure 6-5 Temperature oscillations during uniform heating (20FR, TP160W, 80W-80W)

As it can be seen during the stopover period, the temperature of the condenser side
starts to drop and attains a minimum value, suggesting no heat is being transferred from
evaporator to condenser side. A stopover period usually occurs just after a large amplitude
oscillation (comparable to tube length). The large amplitude oscillation instantly floods the
evaporator section by somewhat colder fluid from the condenser section. The flooding (by cold
fluid) can be seen by the sudden drop in temperature at evaporator section, shown in Figure
6-5. A finite amount of time is required to raise the temperature of the colder fluid to the
saturation temperature and consequently to achieve nucleation [45]. On initiation of bubble
generation (nucleation), the PHP retains its normal pulsating mode of operation.
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6.2.2 Flow Pattern Characteristics at a low filling ratio - reference case
In figure 6-6, the wall temperature variations of the PHP at FR 20% and 𝑄̇𝑇 =160 during
uniform heating has been plotted. The temperature variations on the low heating side (E1, E2,
C1 and C2) are shown with solid line chart whereas the wall temperature variations on the high
heating side (E7, E8, C7 and C8) is shown in dotted lines. The plot for the temperature
variations under uniform heating serves as a reference case while commenting on the
temperature oscillations during non-uniform heating cases. 𝑄̇𝑇 =160 W was chosen as the
reference case because 160 W was the minimum total power while performing the non-uniform
heating tests.
A quasi-steady operation of a PHP can be identified by looking at the evaporator wall
temperature fluctuations. It was shown in chapter 5, that during a quasi-steady state, the
temperature at the evaporator side fluctuates around a mean value, without any significant
increase in temperature. Hence, the wall temperature oscillations of the evaporator side in
figure 6-6, confirms that the PHP is operating in a quasi-steady state.

Figure 6-6 Temperature variations under uniform heating (20FR, TP 160W, 80W-80W)
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In figure 6-6, the wall temperature oscillations seem somewhat regular; however,
occasional stopover periods were also detected. The occurrence of the stopover period reduces
the consistency of temperature oscillations, which in turn hinders the heat transportations. As
a result, the thermal performance of the PHP drops, the thermal resistance obtained was 0.15
℃/W for the discussed case. When power was increased to 𝑄̇𝑇 =200 W (for FR 20%), Rth
reduced to 0.08 ℃/W (reduced by 53%), this was because the temperature oscillations were
regular with almost no stopover period. The discussion shows the sensitivity of wall
temperature oscillation (flow patterns) of the PHP with respect to heat loads.
6.2.3 Flow pattern at low FR under Non-Uniform heating
A list of all the non-uniform heating tests conducted on the PHP at FR 20% is shown
in table 6-1. The table shows total power (𝑄̇𝑇 ), power input to each block (𝑄̇1 and 𝑄̇2 ), the
difference in power input (∆𝑄̇), thermal resistance (Rth) and % change in Rth. Percentage change
in Rth shows the deviation in thermal resistance under the non-uniform heating condition from
the uniform heating condition, for the same total power input. The total power during
nonuniform heating was varied from 160 W to 280 W and ∆𝑄̇ was changed from 40 W to 140
W.
Table 6-1 The thermal resistance at the various combination of non-uniform heating and percentage change in
thermal resistance from uniform heating for the same total power for FR 20%.

𝑸̇𝑻

𝑸̇𝟏

𝑸̇𝟐

Δ𝑸̇

Rth

% Change in
Rth

160
160
200
200
220
220
240
240
280
280

60
40
80
40
80
40
80
60
120
100

100
120
120
160
140
180
160
180
160
180

40
80
40
120
60
140
80
120
40
80

0.161
0.211
0.103
0.204
0.077
0.355
0.152
0.199
0.084
0.176

-6.853
-40.049
-27.480
-153.308
-20.925
-457.642
-227.200
-328.001
-139.665
-399.862
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The wall temperature variations for the case FR 20%, TP 160 W, 60 W – 100 W is
shown in figure 6-7. Figure 6-7 show the wall temperature oscillation of the evaporator side
(E1, E2, E7 and E8) and the condenser side (C1, C2, C7 and C8), under a non-uniform heating
condition. In this case, the power to block 1 (E1, E2, C1 and C2) was 60 W and power supplied
to block 2 (E7, E8, C7 and C8) was 100 W and therefore the ∆𝑄̇ was 40 W.

Figure 6-7 Temperature variations under uniform heating (20FR, TP 160W, 60W-100W)

On comparing Figure 6-6 and figure 6-7, it can be seen that the temperature oscillations
during non-uniform heating were almost similar to the temperature oscillations observed
during uniform heating. The evaporator temperatures were stable at 100°C; the condenser
temperatures were oscillating between 50°C - 90°C (approx.) and the fluctuations were almost
regular with few stopover periods; overall a stable PHP operation. Furthermore, the thermal
resistance for the case was 0.16°C/W, which was slightly higher than 0.15 °C/W (at TP 160W,
uniform heating). However, the small (0.01/0.15 ~ 7%) difference in thermal resistance can be
ignored considering the error in measurement and the sporadic nature of a PHP’s. Therefore, it
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could be said that at ∆𝑄̇ =40 W, the performance of the PHP was unaffected by the non-uniform
heating.
So, the thermal resistance suggests that the PHP operation was unchanged by the nonuniform heating. However, it was shown earlier that the PHP is sensitive to heat inputs and
therefore to inspect more closely, figure 6-8 was plotted. The plot shows the temperature
oscillations at condenser sides during uniform and non-uniform heating, at TP 160W. in further
discussion E1, E2, C1 and C2 will be referred to as low heating side while E7, E8, C7 and C8
will be mentioned as a high heating side.
Figure 6-8 (a) shows the thermal oscillations at the condenser section of low heating
side (C1 and C2) during uniform heating, while figure 6-8 (b) shows the temperature variations
during non-uniform heating. Similarly, figure 6-8 (c) shows the temperature oscillations at the
condenser section of high heating side (C7 and C8) under uniform heating whereas, the
temperature fluctuation during uniform heating is shown by figure 6-8 (d).
For creating the non-uniform heating conditions, the power input to the low heating
side was decreased to 60 W from 80 W. The effect of reducing the power input can be seen on
the temperature oscillations at block 1 (low heating), in figure 6-8 (a) and figure 6-8 (b). During
uniform heating, the temperature oscillations at C1 and C2 were high amplitude oscillations;
however, on reducing power input to 60 W, the amplitude of temperature oscillation decreases.
At the high heating side, the heat load was increased from 80 W to 100W. Figure 6-8
(c) and (d) shows that on increasing the heat flux, the temperature fluctuation became more
frequent, which is expected because on increasing the heat fluxes, the amplitude of oscillations
changes and the frequency of oscillations also increases [42,44,46,89]. The reason for
differences in flow pattern is the different rate of nucleation at varying levels of heat fluxes
[44]. Furthermore, at 80 W power input the temperature oscillations were between 50℃ -
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90℃, the range of temperature oscillations changed to 60℃ - 90℃. The change in temperature
oscillation means that the average temperature of the condenser during non-uniform heating
was higher than the uniform heating case. However, at low heating side the average
temperature of condenser side was lower in non-uniform heating, as a result there was only
small change in thermal resistance (~7%).

Uniform Heating
(a)

(c)

Non-Uniform Heating
(b)

(d)

Figure 6-8 Comparison between condenser side temperature oscillations during uniform and non-uniform heating at
FR 20% and TP 160 W
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Though there were no significant changes in thermal resistance yet the flow pattern
(temperature oscillations) were affected. The effect of non-uniform heating on flow patterns
become more prominent when ∆𝑄̇ was increased further to 80 W. Figure 6-9 shows the
temperature oscillations of high heating and low heating side, when 𝑄̇1 = 40 W , 𝑄̇2 =
120 W, 𝑄̇𝑇 = 160 W and ∆𝑄̇ = 40 W. The temperature-time plot shows a significant change in
temperature oscillations, especially at the low heating side.
The temperature oscillations at the high heating side were almost like the previous case
with a slight increase in the range of temperature oscillations (from 60 ℃ - 90 ℃ to 65 ℃ - 95
℃). However, the temperature profile of the low heating side (C1 and C2) indicates that the
fluid flow is an irregular small-amplitude slug-plug oscillation with frequent and extended
stopover periods. Besides, the range of temperature oscillations at the condenser section is
between 40 ℃ - 50 ℃, whereas at the evaporator section the temperature flatulates around 100
℃. A high-temperature difference between the condenser and evaporator section signifies poor
mixing of fluid between two sections. Due to small amplitude oscillations, the fluid from the
evaporator section does not mix well with the fluid at the evaporator section, which results in
reduced heat transfer [42]. The low rate of heat input (𝑄̇1 = 40 W) at low heating side caused
small oscillations and therefore reduced the rate of heat transfer.
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Figure 6-9 Temperature variations under non-uniform heating (FR 20%, TP 160W, 40W-120W)

The effect of reduced heat transportation at the low heating side resulted in a drop in
overall heat transportation by the PHP; as a result, the thermal resistance was increased by 40
% to 0.211 °C/W from 0.15 °C/W (uniform heating).
The temperature oscillations in figure 6-9 also show that the flow pattern at the low
heating side does not affect the temperature oscillations (flow patterns) of high heating side.
At low heating side (C1 and C2) the temperature oscillations were irregular with frequent
stopover periods, whereas at the high heating side (C7 and C8) the temperature oscillations
were regular with comparatively high frequency. Thus, it can be said that due to different heat
loads, under non-uniform heating at low filling ratio, each heating side of the PHP could have
an independent flow pattern.
The effect of non-uniform heating on the flow patterns (temperature oscillations)
worsens with an increase in power difference ∆𝑄̇ and 𝑄̇𝑇 . Figure 6-10 shows the temperature
fluctuations for FR 20%, TP 200 W, 40 W-160 W. The low heating side (block 1, 𝑄̇1) was
supplied with 40 W, whereas the power input to the high heating side was increased to 160 W,
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bringing 𝑄̇𝑇 to 200 W and ∆𝑄̇ to 120 W . In a previous case (FR 20%, TP 160 W, 40 W-120
W), due to small heating load (𝑄̇1 =40 W), the temperature oscillations at the low heating side
were irregular small-amplitude oscillation, and the range of temperature oscillations was
between 40 °C -50 °C. However, despite the same heat load (40 W), the nature of temperature
oscillations was different.

Figure 6-10 Temperature variations under non-uniform heating (FR 20%, TP 200W, 40W-160W)

Even with same (40 W) heat load, the low heating side was operating at a higher
temperature. There was a tiny difference between the average temperature at C1 and the
average temperature of C7 and C8 (high heating side).
Furthermore, the difference between the range of temperature oscillations of the
evaporator side and condenser side (at low heating side) was small, suggesting high heat
transfer. It was discussed earlier that during annular flow, the heat transfer rate is maximum,
the temperature oscillations have low amplitude but high frequency. In the current case, the
temperature oscillations at low heating side fit the criteria of annular flow. However, figure 610 also shows an abrupt decrease in temperature of the low heating side at 195 seconds, which
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suggests that the evaporator section of the low heating side has been flooded with
comparatively cold fluid, i.e., a stopover period. The length of the stopover period was
extended due to a low rate of heat input at low heating side
After 300 secs, the nature of temperature oscillations across PHP changed, the
temperature curves show a regular drop in temperature and the simultaneous increase in
temperature of the evaporator section. A sudden stop in temperature oscillations and an
increase in evaporator temperature implies a dry out [35,92], which means that all the liquid at
the evaporator side has evaporated and there is no fresh supply of cold fluid (liquid). However,
the dry out in the current case were not a complete dry out; instead, they were partial dry out.
Because the increase in evaporator temperature was followed by a decline in evaporator
temperature as well, which suggest a bulk movement of colder fluid to the evaporator section
form the condenser section.
Regular occurrence of partial dry outs high heating sides was caused by high heat load
(𝑄̇2 = 160 W). So, there was partial dry put at high heating side and stopovers at the low heating
side. The temperature oscillations reveal an interesting relationship between dry out at high
heating side and stopover at the low heating side. The temperature curves suggest that low
heating side was acting as a cold fluid reservoir and therefore preventing a complete dry out at
high heating side by supplying comparatively cold fluid. For showing the relationship between
partial dry outs and stopover period, figure 6-11 is presented.
Figure 6-11 (a) shows what kind of fluid (hot or cold) will be at different thermocouple
location if the fluid flow is from low heating side (C1, C2, C3 and C4) to high heating side
(C5, C6, C7 and C8). Figure 6-11 (b) display the temperature variations at C1 (low heating
side) and C8 (high heating side) after 300 secs, i.e., when regular partial dry outs started.
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(a)

(b)

Figure 6-11 (a) Fluid flow direction in the PHP with thermocouple locations, (b) temperature oscillations at low
heating (C1) and high heating side (C8)
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C1 and C8 were chosen for analysis because these two locations are connected via the long
tube which closes the PHP loop at the condenser section. Since there is no heating section
between C1 and C8, therefore when fluid moves from the long tube to either location, C1 and
C8 records a low temperature than any other location (C4-C7). Whereas, when the fluid reaches
other position (C4-C7) it must go through the evaporator section, which increases the fluid
temperature. Also, location C1 and C8 will always show a comparatively large amplitude
oscillations due to the big difference in temperature between evaporator (E1 and E8) and
condenser section (C1 and C8).
In, flow direction shown in figure 6-11(a), when fluid moves in an anticlockwise
direction from E1 towards C1, C1 will record high temperature while C8 will show a decline
in temperature because it will be receiving colder fluid from the long tube (condenser). Similar
behaviour can be seen in figure 6-11 (b), every temperature drop at C1 is accompanied by a
temperature rise at C8 and vice versa. The simultaneous temperature increases and decreases
at low heating and high heating sides show that high heating side is getting a constant supply
of colder fluid from low heating side, hence preventing a complete dry out at the high heating
side.
At 𝑄̇𝑇 = 200 W, the total heat load falls in zone 2. During uniform heating, there were
no dry outs at any power input (in zone 2). Furthermore, even at 𝑄̇𝑇 = 320 W (160 W + 160
W) there were no dry outs. However, the existence of partial dry outs during non-uniform
heating at 𝑄̇𝑇 = 200 W ( 𝑄̇1 = 40 W and 𝑄̇2 = 160 W) show that non-uniform heating can lead
to dry outs even at medium (zone 2) levels of heat fluxes. The reason could be the stopover
periods at the low heating side which prevented PHP to achieve an annular flow across PHP.
Due to high heat flux, the high heating side is pushing liquid towards low heating side;
however, due to hindrance caused by the stopover, the high heating side is not receiving the
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amount of fluid back. Owing to reduced supply of fluid and high heat flux dry out manifest at
the high heating side. Due to partial dry outs and stopover, the heat transfer performance of the
PHP dropped, and the thermal resistance was increased by 153% to 0.081 ℃/W from 0.204
℃/W.
In the current experimental setup, the minimum power required for the startup was 40W (to
each block), whereas the maximum power to each block was 180W, which was fixed by the
power rating of the silicone heating pads. Thus, the maximum possible difference in power
inputs between the two heaters was ∆𝑄̇ = 140 W, i.e., block1 (𝑄̇1) = 40 W and block 2 (𝑄̇2 )
=180W. The temperature times series obtained for FR 20%, TP 220, 40W-180W has been
plotted in figure 6-12.

Figure 6-12 Temperature variations under uniform heating (FR 20%, TP 220W, 40W-180W)

The temperature oscillations presented in figure 6-12 show a complete dry out at the high
heating side. The temperature of the evaporator section (E7 and E8) of high heating side shows
a continuously increment whereas the condenser side temperature (C7 and C8) achieves a
constant low value of ~ 20℃, i.e., the temperature of the condenser (cooling water); such a
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situation in a PHP suggests a dry out [35,92]. Furthermore, there are no oscillations at the high
heating side which indicates that there is no mixing of fluid between evaporator and condenser
section hence no heat transfer.
At low heating, there are no pulsation and temperature at the condenser section (C1 and
C2) shows a continuous decrease. Though there is no pulsation which means there is no heat
transportation between evaporator and condenser, yet the temperature of evaporator side shows
no sign of increase; which is simply because the rate of heat input is very low (= 40 W). The
condenser side showed some localized pulsation (in tube C1-E1) in the latter half of the PHP
operation however these localized oscillations failed to circulate enough liquid around the PHP
and dry out continued at the high heating side. It can be argued that due to the high pressure
created at the high heating side will eventually create a pressure difference between the high
heating side and low heating side. The pressure difference could drive the colder fluid from
low heating side to higher heating side like partial dry outs in the last case. However, due to
high heat flux, the high heating side might get damaged way before it receives any cold fluid.
Due to dry out the thermal performance of the PHP dropped and the thermal resistance,
compared to uniform case surged by ~ 457% from 0.06 ℃/W to 0.355 /W.
The discussion regarding low filling ratio and non-uniform heating so far showed that
the performance of the PHP reduces when the difference between power inputs increases.
Besides, it was also observed that the effect of ∆𝑄̇ also varies with 𝑄̇𝑇 as well. In figure 6-13,
the combined effect of total power (𝑄̇𝑇 ) and difference in power input (∆𝑄̇) is shown. The
graph shows that the negative impact of non-uniform heating for the same ∆𝑄̇ increases with
increasing 𝑄̇𝑇 . For example, at ∆𝑄̇ = 40 W and 𝑄̇𝑇 = 160 W the percentage change in Rth was
6.85%, whereas when 𝑄̇𝑇 was 280 W the thermal resistance changed by 139.66%. Furthermore,
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on increasing ∆𝑄̇ , the negative influence on thermal resistance also increases. At ∆𝑄̇ = 80 W
and 𝑄̇𝑇 = 160 W, Rth changed by 40.05% while at 𝑄̇𝑇 = 280 W change in Rth was 399.86%.

Figure 6-13 Effect of non-uniform (∆𝑸̇) and total power (𝑸̇𝑻 ) on the thermal performance (Rth) of
the PHP

The reason for increasing severity of non-uniform heating with the same ∆𝑄̇ is large
heat flux at the high heating side at higher values 𝑄̇𝑇 . For example, for ∆𝑄̇ = 40 and 𝑄̇𝑇 =160
W, high heating side (𝑄̇2 ) was receiving 100 W whereas, at 𝑄̇𝑇 = 280 W, 𝑄̇2 was 160 W. As
explained, high values of heat load at high heating side cause a rapid change in flow patterns
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as compared low heat loads. Due to partial/complete dry outs, the thermal resistance changes
accordingly.
6.2.4 Flow Pattern Characteristics at a high filling ratio
It was shown in the introduction section (section 6.1) that for the same range of power
input, flow patterns (temperature oscillations) evolutions in high filing ratio is different than
flow patterns at low filling ratios. Since thermal resistance depends on flow patterns
[42,45,46,48], for the same range of power input PHP with high FR, have an inferior thermal
performance as compared to low FR’s. Similar was observed in the present study and can be
seen in figure 6.1, FR 80% had the highest thermal resistance, i.e., lowest thermal performance.
Since the transitions in flow patterns (temperature oscillations) is different in high FR’s (for
same power range), it was expected that the flow pattern in a PHP with high FR would react
differently than low FR’s.
Figure 6-14 displays the temperature oscillations of the PHP during uniform heating
with FR 80% and 𝑄̇𝑇 =160 W. For uniform heating, in case of FR 20% for similar power (i.e.
𝑄̇𝑇 =160W), condenser side temperatures were oscillating between 50 ℃ and 100℃, whereas
for FR 80% condenser side temperatures were fluctuating between 40 ℃ and 80℃ (approx.).
Also, the evaporator temperature range for 20% FR was 95 ℃ -104 ℃ while for 80% FR it
was 96 ℃ -115 ℃ (approx.). As shown in equation 5-1, the thermal resistance of a PHP is a
ratio of difference of average evaporator temperature and condenser temperature (𝑇̅𝑒 − ̅̅̅
𝑇𝐶 ) and
total power input (𝑄̇𝑇 ). Therefore, a high-temperature difference ∆𝑇 (= 𝑇̅𝑒 − ̅̅̅
𝑇𝐶 ) means a high
thermal resistance and a lower heat transfer rate.
Another difference in temperature oscillations was observed at the evaporator side.
Figure 6-15 shows that the amplitude of temperature fluctuations at the evaporator side with
FR 80% and 𝑄̇𝑇 =160W (uniform) were larger than FR 20% case (𝑄̇𝑇 = 160W, uniform).
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Figure 6-14 Temperature variations under uniform heating (FR 80%, TP 160W, 80W-80W)

A noticeable difference in the temperature oscillations of the evaporator side can be
seen between low FR (20%) and high FR (80%). At the evaporator, the amplitudes of
temperature oscillations during high filling ratios were always larger than the amplitude of
temperature oscillations at low filling ratios. It was shown in section 3.4 that only a minuscule
amount of liquid changes to vapour while charging. Therefore at FR 80%, almost 80 % of the
PHP volume will have liquid whereas the vapour will fill 20% of PHP volume. Furthermore,
it is known, and also it was shown in the introduction section (section 6.1) that mode of heat
transfer at very high heat fluxes is latent heating while at lower values sensible heat remains
the main mode of heat transfer [14,17,48]. Due to the simultaneous existence of vapour and
liquid, the total heat transfer in a PHP will always be a combination of latent heating/cooling
and sensible heating/cooling. However, the contribution of each (sensible and latent) will
change according to flow pattern and thus applied power.
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Figure 6-15 Temperature fluctuations at the evaporator side at FR 80% and 20%

Due to high liquid content available at high FR’s, the probability that the fluid going
from evaporator to condenser section will have more liquid will remain very high. A higher
volume fraction of liquid (hence large liquid mass) going into the condenser section will
increase the contribution of sensible heat transfer. Since the fluid (high in liquid) will lose heat
due to sensible cooling, the fluid going towards evaporator will have a low temperature as
compared to the case where latent heating is dominant (little liquid). When this cold fluid
reaches the evaporator section, a large drop in evaporator temperature will be recorded.
6.2.5

Flow pattern at high FR and non-uniform heating
It was concluded in chapter 5 that the nature of the thermal resistance under non-

uniform heating was almost similar for 40%, 60%, and 80% filling ratios. Unlike 20% FR, the
thermal resistances during non-uniform heating at 40%, 60%, and 80% filling ratios followed
almost the same trend as during the uniform heating. Therefore, to analyze the flow patterns
at a high filling ratio, 80% filling ratio was chosen. A list of all the non-uniform heating tests
conducted on the PHP at FR 80% is shown in table 6-2.
Presented in table 6-2 are the thermal resistance and percentage change in thermal
resistance from uniform heating, for the same cases as were shown in table 6-1. Though there
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are cases where the performance of the PHP was reduced, yet unlike FR 20%, there were few
cases where the performance of the PHP was improved due to non-uniform heating.
Table 6-2 The thermal resistance at various combination of non-uniform heating and percentage change in thermal
resistance from uniform heating for the same total power for FR 80%

𝑸̇𝑻

𝑸̇𝟏

𝑸̇𝟐

Δ𝑸̇

Rth

% Change in
Rth

160
160
200
200
220
220
240
240
280
280

60
40
80
40
80
40
80
60
120
100

100
120
120
160
140
180
160
180
160
180

40
80
40
120
60
140
80
120
40
80

0.382
0.344
0.286
0.262
0.244
0.246
0.213
0.223
0.181
0.172

-6.263
4.280
-5.591
3.257
-4.192
-5.273
-8.027
-13.167
10.537
15.319

Some of the past experimental studies also suggest that the non-uniform heating could
potentially increase the thermal performance of a PHP [79,81,82]. Though, considering the
errors in measurement and erratic nature of the PHP, at best comment could be made that the
current PHP at high filling ratio did not have any negative impact on its performance due to
non-uniform heating. However, by examining the flow patterns and how they were altered,
detailed comments can be made on the behaviour of PHP under non-uniform heating conditions
at a high filling ratio.
Like FR 20%, the first case for comparison between uniform and non-uniform heating
was the 60W-100W case, i.e., FR 80%, TP 160W, 60W-100W; the temperature-time profile
for the case is shown in figure 6-16. When non-uniform heating was applied, the temperature
oscillations at the evaporator side did not show any recognizable changes; however,
differentiable changes in temperature oscillations at the condenser side were observed.
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Figure 6-16 Temperature variations under uniform heating (80FR, TP 160W, 60W-100W)

In figure 6-17 show a more precise comparison between temperature oscillations at the
condenser section of high and low heating side. Figure 6-17 (a) and (b) displays a comparison
among temperature among low heating side (C1 and C2). The during non-uniform heating the
heat load at the low heating side was reduced to 60 W from 80 W. The reduction in heat load
changed the temperature oscillations, earlier (𝑄̇1= 80W) the range of temperature oscillations
was 40 ℃- 90 ℃ (large amplitude), however due to a lower rate of heat input (𝑄̇1= 60W) the
temperature oscillations were reduced to 30 ℃ -50 ℃ (small amplitude).
On the other hand, the power input to high heating side (C7 and C8) was increased to 100 W
from 80 W. As a result of increased heat input the temperature oscillations were changed to
comparatively high amplitude oscillations. The range of temperature oscillations at the high
heating side was 30 ℃ - 60 ℃ which was changed to 35 ℃ -75 ℃.
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Uniform Heating

Non-Uniform Heating

(a)

(b)

(c)

(d)

Figure 6-17 Comparison between condenser side temperature oscillations during uniform and non-uniform heating
at FR 80% and TP 160 W

In uniform heating at 𝑄̇𝑇 = 160 W (80 W + 80 W) and FR 80%, the thermal resistance
was 0.36 ℃/W, while during non-uniform heating (60 W + 100 W), the thermal resistance
slightly changed to 0.38 ℃/W. Though there were changed in temperature oscillations, yet the
thermal resistance did not change much. Because average temperature decrease at low heating
was compensated by an average temperature increase at the high heating side. As a result, there
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̅̅̅
was no significant change in the overall average temperature of the condenser side (𝑇
𝐶 ) and
thermal resistance didn’t change much.
So, the change in thermal resistance was only 6.2%, under the same operating
conditions, i.e., 𝑄̇𝑇 = 160 W, ∆𝑄̇ = 40 W, FR 20% did not show any significant effect in thermal
resistance as well, Rth changed by only 7%. Thus, it can be inferred that for any filling ratio at
low total power, if ∆𝑄̇ is small, the impact of non-uniform heating on the thermal performance
of the PHP will remain very low.
At same total power (160 W), ∆𝑄̇ was increased to 80 W at this condition, 𝑄̇1 = 40 W
and 𝑄̇2 = 120 W, the temperature-time profile is shown in figure 6-18. The figure shows that
the nature of temperature oscillations is entirely different than the previous case (∆𝑄̇ = 40 W).
Earlier, the evaporator side temperatures were oscillating around the same mean temperature
(approx.). Also, for all the cases with FR 20%, despite any level of heat input (except dry out
cases), the evaporator temperature at low heating and high heating side were always oscillation
around the same temperature range. However, as the figure 6-18 shows at the high heating side,
evaporator temperature is fluctuating around 118 ℃ while at the low heating side, the mean
temperature of oscillations is around 100 ℃.
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Figure 6-18 Temperature variations under uniform heating (FR 80%, TP 160W, 40W-120W)

A higher temperature at the evaporator side simply means that the heat transfer between
the condenser and the evaporator sections is low. Furthermore, even in a uniform heating case
(see figure 6-14), the temperature oscillation at the evaporator section was around 112 ℃.
Similarly, the lower temperature of oscillations at the low heating side is because the rate of
heat input is low.
Other difference in temperature oscillations was the high amplitude oscillations at the
high heating side on location C8. As explained previously, the long tube closing the PHP loop
does not have any heat source in between C1 and C8; as a result, C1 and C8 always receive
comparatively cold fluid. Therefore, whenever fluid flows from the long tube to C1 and C8, a
sudden drop in temperature is detected. The magnitude of the temperature drop will be
determined by the temperature of the fluid, which was replaced by the new fluid. In the current
case, the temperature of the original fluid is close to the evaporator temperature and therefore,
whenever cold fluid from the long tube replaces it, a considerable drop in temperature is
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recorded. Furthermore, change in temperature is higher because due to sizeable liquid mass,
sensible cooling is dominating the heat transfer at the condenser section.
Another important observation was the temperature oscillations range of location
(thermocouple) C8; the temperature oscillations were between 60 ℃ and 114 ℃. The upper
limit of temperature fluctuation was 114 ℃, which was very close to the evaporator
temperatures. For analysing the unique temperature oscillations (flow pattern), figure 6-19 has
been presented. The figure shows a portion of figure 6-18 (A), phases of temperature
oscillations and temperature oscillations during uniform heating at 𝑄̇𝑇 = 80 W (E) and 𝑄̇𝑇 =
240 W (F). The two uniform cases were chosen because they represent the cases where each
side was getting either 40W or 120 W.
Four phases of oscillations have been designated as 1,2,3 and 4. The numbers have
also been shown on the figures showing the moment of fluids in the tubes (B, C and D)
corresponding to the temperature oscillations during different phases (1,2,3 and 4); these tubes
represent the high heating side, i.e., block 2 (𝑄̇2 ).
The situation is also represented tubes in picture B in figure 6-19, a dotted circle near
E8 is also shown which denotes a fluid block (liquid +vapour). During phase one, the direction
of fluid flow is from C8 to E8 and therefore while C8 will receive cold fluid, the temperature
of E8 will also drop since the relatively cold fluid in tube C8-E8 will pe pushed towards E8.
The temperature drop at E8 can be seen in figure 6-19 (A). Similarly, fluid will also move from
E8 towards E7; however, the fluid that will reach E7 will already be at high temperature, and
that is why temperature drop at E7 was negligible. Furthermore, the fluid at C7 will be replaced
by the fluid coming from E7; as a result, a temperature rise was recorded at C7. So, at point 1,
tube C7-E7 will have comparatively hot fluid then tube C8-E8, it is shown in figure 6-19 (B)
with colours.
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Non-Uniform
Heating
TP: 160 W
Block 1: 40 W
Block 2: 120 W

3

4

2
(A)
1

(B)

1

(E)

(D)

(C)

3

2

Uniform Heating TP: 160 W
Block 1: 80 W, Block 2: 80 W

(F)

4

Uniform Heating, TP: 240 W
Block 1: 120 W, Block 2: 120 W

Figure 6-19 Details of flow pattern at high filling ratio (FR 80%)
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In a PHP, the main driving force is the pressure difference which is caused by
temperature changes across PHP tubes [71,97]. At point 1, temperature difference (hence
pressure difference) exists between tube C7-E7 and C7-E8, in addition, there is a high
temperature difference between C8 and E8. As a result, fluid quickly moves back towards C8,
and this is shown in figure 6-19 (C), phase 2. At the end of phase 2, there will again be a
temperature difference between tubes C7-E7 and C7-E8, and therefore fluid must flow back
from C8-E8. However, no such movement was detected probably due to hindrance caused by
small oscillations at the low heating side to the fluid flow. During phase 3, there is a large
temperature difference between C7 and E7, and therefore it is expected that fluid will flow
from E7 towards C7. Yet, the temperature at C7 displays a continuous drop which indicates no
fluid movement. Consequently, it can be argued that the low heating side was preventing any
fluid flow towards it, which causes the unique temperature profile at the high heating side.
Figure 6-19 (E) and figure 6-19 (F) show the temperature oscillation during uniform
heating and indicates that there were no high amplitude oscillations either at C1 or C8. Thus,
it can be said that the non-uniform heating of the PHP causes the unique temperature
oscillations. The non-uniform heating at ∆𝑄̇ = 80W generated different temperature
oscillations (flow patterns), interestingly, the thermal resistance showed an improvement of
4.2%, Rth improved from 0.36 ℃/W to 0.34 ℃/W.
Similar temperature oscillations were obtained when ∆𝑄̇ and 𝑄̇𝑇 were increased further.
Figure 6-20 and figure 6-21 are showing the temperature oscillations when ∆𝑄̇ = 120 W, 𝑄̇𝑇
=200 W (𝑄̇1= 40 W and 𝑄̇1= 160 W) and ∆𝑄̇ = 140 W, 𝑄̇𝑇 =220 W (𝑄̇1= 40 W and 𝑄̇1= 180
W), respectively. It can be seen that the nature of temperature oscillations was similar to the
previous case (∆𝑄̇ = 80W). Since power input to the high heating side was increased, the
temperature oscillations in tube C7-E7 were at higher temperatures. Furthermore, the frequency
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of high amplitude oscillations was a bit higher than the last case, which was expected due to a
high rate of heat input [89].
There were no dry outs or partial dry outs while operating PHP at FR 80% under
different non-uniform heating conditions. At 80% filling ratio, most of the cases showed an
improved performance, which could have been caused due to the unique flow pattern
developed in the PHP. The high amplitude oscillations caused the average temperature of the
condenser section to increase, and as a result, an improvement was recorded. However, the
amount of gain recorded is small; it cannot be considered as an actual improvement. At best, it
could be said that the non-uniform heating didn’t have any significant impact on PHP
performance while operating on a high filling ratio.

Figure 6-20 Temperature variations under uniform heating (FR 80%, TP 200W, 40W-160W)
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Figure 6-21 Temperature variations under uniform heating (FR 80%, TP 220W, 40W-180W)

Chapter Summary
For understanding the thermal performance of a PHP under a non-uniform heating
condition, a comprehensive and comparative analysis of the temperature fluctuations (flow
pattern) was performed. It was found that small power difference does not cause any significant
changes in the flow pattern and therefore, the deviations in thermal resistances were negligible.
However, as power difference increase PHP starts to show a different evolution of temperature
oscillations (flow patterns) than the uniform heating cases.
As the difference in power ranges (∆𝑄̇) increases the temperature oscillation pattern
changes drastically, which reflects as significant deviations in the values of thermal resistances.
The overall temperature oscillations in the PHP during non-uniform heating were found to be
utterly different from uniform heating. On increasing the level of non-uniformity, for low
filling ratio (20%), the flow patterns change first to localised independent fluctuation, where
each side fluctuates according to the supplied heat input. On further increasing the heat load
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the high heating side transit to annular flow. At very high heat fluxes, the high heating side
showed dry outs, even though the total supplied power was in the range of medium heat fluxes.
At high filling ratio (80%), it was found that due to the non-uniform heating, the high
heating side develops a unique pattern of temperature oscillations. The temperature oscillations
in the tube closer to long tube at high heating side changes to high amplitude oscillations. For
the entire range of power inputs, no dry outs were observed for FR 80%.
The study revealed that a PHP at low filling ratio is not suitable for application where a
large gap in heat fluxes can appear. For a non-uniform heating application, a PHP should have
enough localised liquid inventory to sustain high heat fluxes. This could be done by filling the
PHP with a relatively high filling ratio (50% -70%). However, the filling ratio should not be
too high (e.g. > 80%) as it will degrade the performance of the PHP when operating in a low
power difference scenario or uniform heating condition. Therefore, the optimal filling ratio
should be chosen based on the maximum flux range as well as the maximum possible difference
in heat fluxes. For example, in the current study, the optimum filling ratio was 60%. At 60 %,
the variation in the thermal resistance of the PHP between uniform and non-uniform heating
was almost identical to 80%, but during uniform heating, the thermal resistance was also lower
than the 80% FR.
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CHAPTER 7
7

Conclusion and Future Work

___________________________________________________________________________

Summary and Conclusions
The aim of the present study was to analyse the thermal performance of a PHP as a
cooling device for the thermal management of electronic devices. Experimental investigations
were divided into two parts. The first part of the study dealt with the effect of modes of startup
(operational characteristic of a PHP) on PHP’s thermal performance. The second part of the
study was carried out to find out the behaviour of the PHP when subjected to a non-uniform
heating condition (possible working environment). Two test setups were designed, a single
loop PHP (SLPHP) and a multi-loop PHP (four loops).

Electronic cooling and startup
In first phase of the study, the startup of the PHP was studied. The objective of the study
was to answer following questions:
1. What are the effects of startup modes on the thermal performance of the PHP?
2. How does startup modes impact the calculation of thermal performance of a PHP?
3. What is the relation between heat flux, filling ratio and modes of startup?
For answering the question, a single loop PHP was tested for FR 50%, 60%, 70% and 80%
under different heat loads (20 W, 33 W 55 W and 76 W). For each set of experimental
condition i.e., FR and power input multiple test were conducted.
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It was found that the mode of startup does not affect the performance of the PHP.
However, mode of start does have significant effect concerning the application of PHP for
electronic cooling. The performance of the PHP is calculated by the thermal resistance;
however, thermal resistance alone does not give enough information regarding the effect
of statups on PHP performance. It was established that for evaluating the performance of
the PHP concerning electronic cooling, parameters such as startup time and startup
temperature should be considered.
A thermal management device for electronic cooling must have a quick response time.
It should start operating as soon as the heat flux from the device reaches a certain limit.
Experiments revealed that the startup time of a PHP increases when PHP undergoes a
sudden startup. An increase in the startup time equates to a slow response time.
The tests also revealed that the startup temperature also depends on the mode of startup.
A startup temperature was defined as temperature at which PHP starts operating (pulsating).
It was found that the sudden startup causes the startup temperature to rise. The effect of
sudden startup on startup times was found to be more severe at high heat fluxes. For the
same startup time, startup temperature was much higher as compared to low heat fluxes.
For electronic cooling very high startup temperature are desirable because in such situations
electronic device might fail well before PHP initiates any operations.
It was concluded that the traditional method of calculating the performance of the PHP
while being used for electronic cooling is not reliable. Startup temperature and startup time
needs to be considered. Furthermore, it was found that sudden startup degrades the
performance of the PHP (considering startup time and temperature), and therefore sudden
startup is not desirable for electronic cooling.
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The investigation on modes of startup also revealed that smooth and sudden startup are
independent of the heat loads. Both startup can occur at high heat fluxes as well as at low
heat fluxes. In terms of filling ratios, it was found that the probability of sudden startup is
higher at high filling ratio. In other words, initial level of flooding (high liquid volume
fraction) at the evaporator section determines the mode of startup.

Electronic cooling and nonuniform heating
For the second half of the study, a four-loop water-based CLPHP (closed loop pulsating
heat pipe) was fabricated from a copper tube that had an ID = 3.25 mm. The thermal
performance of the CLPHP was measured over a wide range of filling ratios (20% to 80%),
total power input (80 W to 360 W), and power difference (Δ𝑄̇ =𝑄̇ 1 − 𝑄̇ 2 , 40 W to 140 W).
The objective of second part was to answer following questions:
1. What will be the effect of nonuniform heating on the thermal performance of a PHP?
2. How will the thermal performance of the PHP change under different filling ratio and
non-uniform heating?
3. How will non-uniform heating influence the flow pattern evolution in PHP? What will
be the effect of filling ratio and nonuniform heating on the flow patterns in the PHP?
The second half of the study was further subdivided into two parts, first part was
focused on answering question 1 and 2 while second part was inclined towards answering
question 3.
The experimental investigation revealed that low filling ratio (20%, 40%) are not
suitable for operating in situation where large difference in heat fluxes can occur. It was also
found out that at very low heat fluxes (FR 20%), dry out can occur in a PHP at medium range
of heat fluxes even if it is tested safe at same power level during uniform heating. It was shown
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that the performance of the PHP was best at FR 20% during uniform heating. However, when
non uniform heating was applied the PHP at FR 20% failed at medium level (based on power
input range) of heat fluxes. From electronic cooling perspective, stated finding is important
because the difference in heat fluxes generated by an electronic device based on its use could
vary massively. A PHP with low filling ratio could end up destroying itself as well as the
device. Furthermore, it was revealed that adverse effect of the non-uniform heating on the
thermal performance of a PHP decreases as the filling ratio increases, i.e., high filling ratios
(60%-80%) were found to be unaffected by nonuniform heating. A dimensionless non-uniform
heating coefficient (𝛿) was also proposed to quantify the effect of non-uniform heating.
The flow pattern in PHP were found to change significantly under non uniform heating
conditions. Under non uniform heating, at small differences in power, the flow pattern does not
show any significant changes as compared to uniform cases for same total power input.
However, when difference in power (∆𝑄̇) was increased significant changes in temperature
oscillations were recorded. The changes in temperature oscillations reflected as significant
deviations in the values of thermal resistances (from uniform heating). On increasing the level
of non-uniformity, for low filling ratio (20%), the flow patterns change first to localised
independent fluctuation, where each side fluctuates according to the supplied heat input. On
further increasing the heat load the high heating side transit to an annular flow and drives the
flow pattern across the PHP, eventually causing the dry out. In case of FR 80%, the temperature
oscillations at high heating side were of high amplitude with regular stopover. The low
amplitude pulsation at the low heating side prevented the fluid movement at high heating side.
It was concluded that for a non-uniform heating application, a PHP should have enough
localised liquid inventory to sustain high heat fluxes. This could be done by filling the PHP
with a relatively high filling ratio (50% -70%). However, the filling ratio should not be too
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high (e.g. > 80%) as it will degrade the performance of the PHP when operating in a low power
difference scenario or uniform heating condition.

Suggestions for Future Work
The aim of the current study was to explore the PHP as an electronic cooling device.
The results showed that PHP could behave differently under certain operating conditions.
Based on the knowledge obtained during the course of the study, the following are some
suggestions for future work.
1. The study of startup modes were found to be crucial if PHP were to be applied
for electronic cooling. Therefore, more studies are needed to find out the relationship
between modes of startup and other PHP parameters such as number of turns, working
fluid, the diameter of the tube and inclination.
2. The current startup experiment was conducted on a single loop PHP. Although,
a single loop PHP is the basic unit of a multiloop PHP but SLPHP are very sensitive to
operating parameters. Therefore, it is important to carry out an experimental work on PHP
startup with a multiloop PHP.
3. In current work copper tube were used therefore no visualisation study was
possible. A PHP can be designed which can facilitate a visualisation experiment. The
processes occurring at the evaporator section can be photographed or recorded, which could
be used to show all the stages of startup at the evaporator and the condenser section. Such
a study would significantly help in understanding the operational mechanism of the PHP.
4. The thermal performance of the PHP under nonuniform heating was studied.
Similar studies can be carried out with a different working fluid. It is possible that the PHP
operation could change with a different working fluid.
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5. The micro diameter and embedded PHP can be tested under the nonuniform
heating condition for exploring their feasibility for microelectronic cooling.
6. In current experiments there was an indication that nonuniform heating can
enhance the thermal performance of a PHP; this needs further investigation.
7. During nonuniform heating, it was found that the low heating section was acting
as a cold fluid reservoir and due to which high heating side never reached a dry out (at high
filling ratio). This concept needs further exploration, can non-uniform heating prevent dry
outs?

___________________________________________________________________________
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Appendices
Appendix A: List of experiments (non-uniform
heating)
___________________________________________________________________________

Uniform Heating
P(W)

Filling Ratio
20

40

Non-Uniform Heating
P(W)

Block 1
40
60
80
100
120
140
160
180

Block 2
40
60
80
100
120
140
160
180

Total
80
120
160
200
240
280
320
360

Block 1
40
40
40
40
60
60
80
80
80
100
120

Block 2
120
140
160
180
100
180
120
140
160
180
160

Total
160
180
200
220
160
240
200
220
240
280
280

40
60
80
100
120
140
160
180

40
60
80
100
120
140
160
180

80
120
160
200
240
280
320
360

40
40
40
40
40
40
60
60
60
60
60
60
80
80
80
80

180
160
120
100
80
60
180
160
140
120
100
80
180
160
140
120

220
200
160
140
120
100
240
220
200
180
160
140
260
240
220
200

80
100
100
100
100
120
120
120
140
140
160

100
180
160
140
120
180
160
140
180
160
180

180
280
260
240
220
300
280
260
320
300
340

60

40
50
60
70
80
90
100
110
120
130
140
150
160
170
180

40
50
60
70
80
90
100
110
120
130
140
150
160
170
180

80
100
120
140
160
180
200
220
240
260
280
300
320
340
360

40
40
40
40
40
40
60
60
60
60
60
60
80
80
80
80
80
100
100
100
100
120
120
120
140
140
160

180
160
120
100
80
60
180
160
140
120
100
80
180
160
140
120
100
180
160
140
120
180
160
140
180
160
180

220
200
160
140
120
100
240
220
200
180
160
140
260
240
220
200
180
280
260
240
220
300
280
260
320
300
340

80

40
60
80
100
120
140
160
180

40
60
80
100
120
140
160
180

80
120
160
200
240
280
320
360

40
40
40
40
40
40
60
60

180
160
120
100
80
60
180
160

220
200
160
140
120
100
240
220

60
60
60
60
80
80
80
80
80
100
100
100
100
120
120
120
140
140
160

140
120
100
80
180
160
140
120
100
180
160
140
120
180
160
140
180
160
180

200
180
160
140
260
240
220
200
180
280
260
240
220
300
280
260
320
300
340

___________________________________________________________________________

Appendix B: Uncertainty Analysis
___________________________________________________________________
Voltage, current, and temperature measuring instruments have uncertainties in measuring
respective parameters. So to accommodate

for errors due to measurements, the

error

propagation method [95] was used to calculate maximum uncertainties in data as:
𝑒 2 = 𝑒𝑠2 + 𝑒𝑟2
In equation 3, 𝑒𝑠 corresponds to uncertainties from measuring instruments i.e. from clamp
meter, thermocouple, and multimeter. 𝑒𝑟 denotes random uncertainties from experiment
variability. Table 1 shows maximum uncertainties concerning various measured quantities.

Parameters

Maximum Uncertainty (%)

𝑇̅𝑒
𝑇̅𝒄
𝑉
𝐼
𝑇𝑖𝑛
𝑇𝑜𝑢𝑡
𝑇𝑒
𝑄
FR

0.22
0.22
1.50
1.51
0.61
0.61
1.4
2.13
1.58

___________________________________________________________________________

Appendix C: Instrument Specifications
___________________________________________________________________________
C.1 Specification vacuum pump: Model number VP6D

___________________________________________________________________________

C.2 Specification mass balance

___________________________________________________________________________

C.3 Specification: ISOTECH Jupiter 650B

___________________________________________________________________________

Appendix D: Drawings
___________________________________________________________________________

___________________________________________________________________________
D.1 Drawing of Condenser section

___________________________________________________________________________

___________________________________________________________________________

___________________________________________________________________________
D.2 Drawing of Evaporator section

___________________________________________________________________________

