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Chapter 1

Introduction

Thermosyphons and heat pipes are one of the most effective heat transfer devices
known nowadays. Due to simultaneous phase changes in the evaporation-condensation
cycle, apparent thermal conductivity of thermosyphons is several orders of magnitude
higher than those of metals like copper or silver [164]. The first reported thermosyphon
was the Perkins tube which transported heat from the furnace to the steam boiler evap-
orator in the middle of XIX century [52]. Since that time, thermosyphons are used in
various applications, such as geothermal systems, preservation of permafrost, snow melt-
ing and deicing, nuclear reactors, heat exchangers, cooling of electronics, or solar energy
storage systems [52, 123, 164, 166, 226, 219].

Two-phase closed thermosyphon consists of a pressurized container divided into three
parts: evaporator where heat absorption takes place, isolated adiabatic section and con-
denser where heat is released. The sealed pipe is filled with a working fluid. As the
external source of heat is supplied to the evaporator, vapor is generated in the working
fluid gathered in the lower part of the device. Bubbles grow in the fluid and flow through
the adiabatic section to the upper part – the condenser section. The vapor condenses
and heat is released to the external cooling medium. The condensate form a falling film
or rivulets that return to the boiling pool in the evaporator due to gravity forces. For
this reason, the evaporation section is always located below the condenser. The device
must be positioned either vertically or slightly inclined. This separates thermosyphons
from heat pipes with capillary structures (condensate return to the evaporator is carried
out using capillary, osmotic or electrostatic forces) or oscillating heat pipes (movement
of liquid slugs interspersed with vapor bubbles is a result of pressures difference).

Decades of research exhausted possibilities of further improvement based on pure
liquids or mixtures. Common heat transfer fluids, such as water or glycols seem to reach
their operational limits. One of the most promising solutions for overcoming underlying
heat and mass transfer limitations is the introduction of nanofluids.

Nanofluids are defined as suspensions of nanoobjects with at least one dimension
smaller than 100 nm [31], while nanoparticles indicate nanoobjects with all spatial di-
mensions smaller than 100 nm [1]. The term nanoparticle is commonly used for both -
nanoobject and nanoparticle [31, 100, 117], and is used in similar context in this thesis.

Capacities and thermal performances of thermosyphons are limited by thermodynamic
properties of working fluids. The primary reason of creating suspensions with nanoparti-
cles is to improve thermal conductivity of the base fluid - thermal conductivity of metallic
solids is an order of magnitude higher than that of traditional heat transfer fluids, e.g.
water or ethylene glycol. Attempts with micro-sized particles did not succeed due to prob-
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lems with stability and clogging. In 1984, Yang and Maa [224] reported the first known
study on boiling of suspensions with nano-sized particles. In 1993, Grimm [65] patented
in Germany suspensions of aluminum particles with sizes between 80nm and 1µm and
concentrations from 0.5 to 10 vol.% as a method for thermal conductivity enhancement
[136]. The concept of nanofluids was introduced 2 years later (in 1995) by Choi and
Eastman [38] from Argonne National Laboratory of USA. They published theoretical
discussion on thermal conductivity copper nanofluid.

Since the 1990s, the interest in nanofluids is continuously increasing. They are at-
tractive due to improved thermal properties, increased surface to volume ratio, reduced
erosion, and great potential in numerous and intensively investigated fields, such as mi-
croelectronics, heat transfer systems, medical applications, and so on [45, 136].

In thermal sciences, the most investigated property of nanofluids is thermal conduc-
tivity. Although literature reports exceptionally high values, it does not simply translate
to enhanced thermal capacity of heat transfer devices. During phase transitions other
properties of both working fluid and heater surface affect heat transfer. Limited infor-
mation in literature hints the need for shifting research to real applications which involve
multiple processes at the same time.

Despite the raising number of studies, the impact of nanoparticles on thermophysical
properties and phase change performance of suspensions is still inconclusive. In specific
situations nano-additives work particularly well, while in other cases their impact is dis-
putable. The influence of chemical stabilizers commonly used to improve stability of the
suspensions is often neglected although they change working fluid properties. Different
models attempt to describe enhanced heat transfer mechanisms, propose explanations
to underlying mechanisms, but they have not been verified. Without understanding of
behavior and relations between various factors and parameters, proper mathematical
model cannot be developed. Drawing meaningful conclusions requires larger number of
comparable experiments.

This dissertation summarizes the work conducted on nanofluids and surfactant solu-
tion used as working fluids in a two-phase closed thermosyphon with focus on the boiling
process. Working fluids were chosen to address above mentioned research concerns. The
list includes:

� two gold nanofluids with the same nanoparticles but different stabilizers (PVP
polymer (polyvinylpyrrolidone) and potassium hydroxide KOH),

� different carbon-based nanofluids, including nanofluid based on single wall car-
bon nanohorns stabilized with sodium dodecyl sulfate (SDS), and graphene oxide
nanofluid with and without addition of SDS,

� silica nanofluid stabilized with potassium hydroxide,

� water solution of sodium dodecyl sulfate,

� distilled water.

Gold shows the highest thermal conductivity of the metals and thus is considered
as one of the most interesting materials for nanofluids. Single wall carbon nanohorns
stand out for high specific surface area, up to several hundreds of square meters per gram
[145]. Silica has film-forming properties and undergoes polymerization. It should im-
prove deposited layer what is consider as one of the most important mechanisms for heat
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transfer enhancement. Graphene oxide is interesting due to its extremely high thermal
conductivity, large surface area and mechanical strength. The existence of graphene was
predicted nearly 40 years ago but for the first time it was isolated in 2004 by Andre Geim
and Konstantin Novoselov (2010 Nobel prize winners). Graphene oxide is a promising
material, but it is unknown how its flakes behave during boiling and if they interact with
the surface of heat exchanger.

Sodium dodecyl sulfate is an anionic surfactant commonly used for stabilization of
nanofluids. Its suspension with the same concentration as in investigated nanofluid was
used to study the effect caused by nanoparticles themselves and the stabilizer separately.
Chosen working fluids show uncommon diversity and allow for observation of different
properties and their influence on the results.

Literature review (Chapters 2 and 3) underlines that there is a lack of studies com-
paring broad range of working fluids under comparable operating conditions in a ther-
mosyphon. Among carbon-based nanofluids, no studies on graphene oxide or nanohorns
were conducted. Only one paper analyzed the silica nanofluid in thermosyphon and it
is focused on the functionalization effect. No investigations of sodium dodecyl sulfate
or any other surfactant on thermosyphon efficiency were available. Some hints could be
find in the literature discussing pure boiling processes or determining single thermophys-
ical properties. Still, further research was required in all these fields to fully understand
mechanisms behind nanofluids behavior. The mentioned lacks in knowledge determined
the scope of this dissertation.

Under some specific conditions, thermosyphon operates under geyser boiling regime.
This phenomenon often remains unrecognized and is still not well understood. Usage of
highly precise pressure transmitters located along the device allowed for observation and
analysis of time-dependent behavior. Effect on geyser boiling seems to be negligible small
on the averaged thermal performance of the device. However, it causes high mechanical
loads and may be dangerous for thermosyphons usually installed in systems that are
respected to work for long periods of time. The literature review (section 3.2) showed
that almost no study on influence of nanofluids and surfactant solution were available.
Research presented in this thesis fills this gap.

1.1 Scientific thesis and objectives of the

dissertation

Scientific thesis of the dissertation

Operating parameters of a thermosyphon can be controlled by means of properly se-
lected and prepared working fluid - a nanofluid. Nanoparticles and surfactant change
properties of the base fluid influencing the boiling process and overall heat transfer effi-
ciency.

Thermal resistance at the heater wall influences an overall heat transfer efficiency of
the device. Deposition of nanoparticles into porous layers on the heater wall is the key
mechanism leading to heat transfer improvement.

Under specific working conditions, a pseudo steady-state boiling regime - geyser boil-
ing may occur. The frequency and the intensity of geyser events can be controlled by
means of appropriate working fluid selection, i.e. properly determined composition of a
base fluid, nanoparticles, and surfactant.
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Objectives of the dissertation

The main aim of this dissertation is to analyze the influence of nanofluids (understood
as a composition of base fluid, nanoparticles and optional stabilizer) on heat transfer and
boiling behavior in a two-phase closed thermosyphon.

Objectives of the thesis:

1. Analysis of parameters and nanofluids properties affecting the boiling process in a
thermosyphon. Characterization of selected nanofluids (Chapters 3 and 4).

2. Enhancement of the heat flux transported by a thermosyphon in the range of low
thermal loads by means of appropriately selected nanofluids (Chapter 5).

3. Study of the impact of the boiling process on nanoparticles suspended in a fresh
nanofluid (Chapter 5).

4. Determination of how nanoparticles and surfactants influence the geyser boiling
phenomenon (Chapter 6).

Thesis structure

This thesis is divided into 7 chapters, including this chapter covering the short overview
of the topic. Literature review is presented in Chapters 2 and 3. It starts with a general
introduction to nanofluids in Chapter 2, including synthesis and stabilization methods,
and thermophysical properties of nanofluids. Then, the literature review expands to heat
transfer processes in a thermosyphon working with nanofluids in Chapter 3. Starting
from the assessment of effects that are possible to obtain by changing typical working
fluid (e.g. water) by nanofluids, this chapter contains the comprehensive analysis of
studies conducted so far, identification of boiling process as crucial for enhancements
caused by nanofluids, and finally focuses on boiling regimes and possible effects caused
by nanofluids and surfactant solution. Chapter 3 ends with the conclusions drawn from
the literature review and shows how knowledge gaps are filled with the research study
shown in presented dissertation. This partially covers the first objective of this thesis.

Chapters 4 through 6 address results and discussion. Chapter 4 starts with an intro-
duction of investigated working fluids, including two types of graphene oxide nanofluids,
two types of gold nanofluids, nanohorn and silica nanofluids, distilled water and solution
of surfactant (sodium dodecyl sulfate) which was used as stabilizer for nanohorn and
graphene oxide nanofluids. Results from the experimental characterization focus mostly
on graphene oxide nanofluids, as their properties are still not well investigated.

Chapter 5 presents the performance of two-phase closed thermosyphon filled with
earlier mentioned working fluids. It starts with the description of the test rig and mea-
surement procedures, and then moves to time-averaged analysis of the collected experi-
mental data. This part includes parameters describing work of the thermosyphon, such
as thermal resistance or heat transfer capacity, and investigates boiling curves, temper-
ature distributions, and internal pressure. Inner surface of the evaporator was checked
with endoscopy camera to evaluate micro-sized changes of surface caused by deposition
of nanoparticles. Finally, graphene materials that remained in the working fluid taken
out from the device after experiments was analyzed under scanning electron microscope.

Chapter 6 discusses the geyser boiling phenomena. High-precision pressure trans-
mitters located along the device allowed for detection of geyser events analyzed in this
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chapter. The differences between working fluids operated in the wide temperature range
are underlined and compared by using methodology of data reduction implemented in
Python programming language. The code allowed for averaging the frequency and am-
plitude of detected geyser events over the whole experimental time and gave an answer
how nanoparticles and surfactant solution influence boiling behavior.

Chapter 7 summarizes the presented research and looks into perspectives for further
work in this scientific area.



Chapter 2

Nanofluids

The primary goal of creating suspensions with particles was to improve a thermal
conductivity of a base fluid. Attempts with micro-sized particles did not succeed, mostly
due to problems with stability and clogging [45]. The new way appeared with a develop-
ment of nanotechnology. In 1984, Yang and Maa [224] published the study on boiling of
suspensions with nano-sized particles. In 1993, Grimm [65] patented (in Germany) sus-
pensions of aluminum particles with sizes between 80 nm and 1 µm and concentrations
from 0.5 to 10 vol.% as a method of thermal conductivity enhancement [136]. The term
nanofluids was officially introduced 11 years later by Choi and Eastman [38] from Ar-
gonne National Laboratory of USA. They published a theoretical discussion on thermal
conductivity of copper nanofluid.

Nanofluids are defined as suspensions of nanoobjects with at least one dimension
smaller than 100 nm [31]. Nanoparticles are characterized as nanoobjects with all spatial
dimensions smaller than 100 nm [1]. The term nanoparticle is commonly used for both -
nanoobject and nanoparticle [31, 100, 117] and is used in this thesis in a similar way.

Additional chemicals, such as surfactants or polymers, improve stability of nanofluids.
They inhibit agglomeration and sedimentation, and often change thermophysical proper-
ties of nanofluid, affect its boiling behavior, etc. Their presence in a suspension should

Figure 2.1: Components of nanofluids
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be carefully analyzed, yet as the literature confirms it is often neglected. In this study
all three components (Fig. 2.1) are taken under consideration. Details on synthesis of
different types of nanofluids and the most common stabilizers - surfactants and polymers
- are presented in the following sections.

2.1 Synthesis and stabilization

Nanofluid covers combinations with variety of nanoparticles, base fluids and stabiliz-
ers. Production processes of nanofluids are classified into:

� one-step method produces and disperses nanoparticles directly in base fluids. It
allows for avoiding the oxidation of metal nanoparticles and leads to nanofluid
production with well-controlled sizes of nanoparticles. It is often based on expensive
vacuum techniques.

� two-step method disperses earlier synthesized nanoparticles in a base fluid. This
technique is easily scalable and easier to conduct, but the final product is of lower
quality, particles agglomerate and sediment more often [45, 67]. Stability is often
improved by addition of chemical substances, such as surfactants or polymers.

Both methods (one- and two-step) lead to a stable product, but the approach to
synthesis must be carefully chosen depending on used material and required application.
These factors are the most important to consider: thermal stability, dispersability in
diverse media, chemical compatibility, and ease of chemical manipulation [45].

Surfactants and polymers

The reason of adding surfactants into nanofluids is to improve their stability. Surfac-
tants (or surface active substances) are amphiphilic, usually organic compounds. They
consist of a lyophilic part (mostly hydrophilic polar group), a lyophobic part which is
often hydrophobic hydrocarbon chain [2, 37, 108]. Taking into account the polar group
character, surfactants are classified into two main groups [37]:

� nonionic surfactants,

� ionic surfactants which include:

– anionic surfactants,

– cationic surfactants, and

– amphoteric or zwitterionic surfactants.

From them, anionic and nonionic surfactants are the most commonly used in the industry.
Small amount of surfactant added to water does not noticeably affect its physical

properties, except surface tension and eventually viscosity (surfactant solution shows non-
Newtonian behavior in some cases) [37]. Due to amphiphilic nature, surfactants show a
tendency to aggregate in solutions into various structures like micelles and bilayers, and
to concentrate at interfaces [37, 108]. In case of liquid-vapor interface of water-based
solutions, surfactants adsorb with their hydrophilic head located toward the liquid and
hydrophobic tail towards the vapor [108]. This relocation requires from several seconds
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Figure 2.2: Dynamic and static surface tension of sodium dodecyl sulfate [37, 230]

to hours, depending on the type and concentration of surfactant, temperature of solution,
and conditions at the interface. It reduces static surface tension, but before reaching the
equilibrium, the surface tension changes with time what is defined as dynamic surface
tension. At fixed concentration of surfactant, static surface tension is usually lower than
the dynamic one and it should be taken into consideration during measurements (see
Fig. 2.2). Increase in temperature causes a decrease in both static and dynamic surface
tension [37, 108].

Increase in surfactant concentration reduces static surface tension, but only to the
value of critical micelle concentration (CMC). From this point, aggregates or colloid-
sized clusters called micelles are formed. Their structures and sizes change with time.
CMC indicates efficiency of a surface tension reduction. Further increase in surfactant
concentration does not affect the surface tension or changes it with a lower slope. High
concentration may affect other physical properties of solution [2, 37, 138]. The most com-
mon methods for the determination of CMC are based on surface tension, self-diffusion,
conductivity [37]. Values are plotted against the surfactant concentration and cmc is
then determined as a breakpoint in an asymptotic function [37].

One of most commonly used surfactants is sodium dodecyl sulfate (SDS). It is an
organic compound with the formula of CH3(CH2)11SO4Na and structure shown in Fig-
ure 2.3 a). Figure 2.3 b) showcases molecular dynamic simulation of sodium bridging.
Bruce et al. [25] simulated this phenomenon indicating that sodium ions located in the
first shell of headgroups may interact with only one headgroup (72%), or bridge two
(23%), or even three (5%) headgroups in SDS/water solutions (see green arrows in Fig-
ure 2.3b).

Polymers are an alternative for surfactants to enhance stability of nanofluids. As large
molecules (or macromolecules), they are comprised of many repeatable units (monomers)
created in polymerization process. Their addition to water increases the viscosity of solu-
tion and may cause shear-rate dependent rheology. The difference grows with the increase
in polymer concentration or its molecular weight [108, 229]. Among the polymers, only a
group of polymeric surfactants with surface-active characteristics, shows notable impact
on surface tension (σ). The most common polymers from this group are hydroxyethyl
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Figure 2.3: a) Structure of sodium dodecyl sulfate, b) Molecular dynamic simulation
(blue - sodium, red - oxygen, yellow - sulfur, dark gray - carbon, light gray - hydrogen)
[25].

Figure 2.4: a) The repeating unit of polyvinylpyrrolidone (PVP) [115], b) PVP chain
(red - oxygen, blue - nitrogen, black - carbon, and white - hydrogen) [112]

cellulose (HEC) and polyethylene oxide (PEO). Increased viscosity of aqueous polymeric
additive solutions should be considered during the σ measurements, particularly at high
bubble frequency [37, 108, 229].

One of polymers used to stabilize nanofluids is polyvinylpyrrolidone (PVP), called
also polyvidone or povidone. It is a light hydroscopic powder soluble in both water
and different organic solvents. The repeating unit of PVP is shown in Figure 2.4 a) and
simulation of PVP chain in Figure 2.4 b). Its molecule contains a hydrophobic group (the
alkyl group) and strongly hydrophilic group (the pyrrolidone moiety). PVP has excellent
solubility in water [98] and its solution is characterized by good wetting properties and
the ease of film forming. That is why it is used as an adhesive, emulsifier, surfactant,
stabilizing addition or shape controlling agent.

2.2 Thermophysical properties of nanofluids

This section focuses on parameters relevant for heat transfer processes in the ther-
mosyphon. Research community still debates whether nanofluids can be treated as a
single-phase fluid or should be considered as a two-phase fluid. The answer seems to be
dependent on particular property and nanofluid components. The property of a nanofluid
treated as one-phase fluid is often called effective.

Most of available correlations that allow for calculation of thermophysical properties
of nanofluids are based on volume concentration. It is not always possible to measure
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Figure 2.5: Techniques for size determination of colloidal systems [214]

this parameter, thus following relation with a mass concentration was proposed [19, 108]:

φvol =
1(

1−φwt

φwt

)
ρnp

ρbf
+ 1

(2.1)

Where φvol is volume concentration, φwt mass concentrations; ρnp and ρbf densities of
nanoparticles (np) and base fluid (bf ), respectively.

Size of nanoparticles

Size and shape of nanoparticles may influence thermophysical properties of final sus-
pension. Currently, all available methods allowing for direct determination of size of na-
particles suspended in base fluid enforce some compromises according to sample prepara-
tion. A review of techniques for size determination of particles in nanofluids are presented
in Fig. 2.5.

The most common techniques are scanning electron microscope (SEM), transmission
electron microscopy (TEM), atomic forces microscope (AFM), and dynamics light scat-
tering (DLS). First three require small amount of diluted and dried samples. Particles
are measured separately from the base fluid what can affect the results but this approach
gives an overview on particles shape. In case of DLS, there is a critical concentration
above which too much noise is detected and the quality of results is too low. Thus,
samples are often diluted what can alter the final outcomes. DLS estimates diameter
of a sphere that has the same diffusion coefficient (D) as the measured particle. This
includes structures on the surface, ionic strength of medium or agglomerates, thus results
are usually higher than the real size of particle core [214].

Dynamic Light Scattering (DLS) is used to characterize size or hydrodynamic radius
of nanoparticles dispersed in a liquid. A typical DLS system consists of a coherent light
source (laser) that illuminates the sample. Due to the thermal agitation, particles are
bumped by fluid molecules surrounding them what causes their random motion, called
Brownian motion. Resulting fluctuations of the scattered light are detected at a known
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Figure 2.6: Dynamic Light Scattering method (DLS) [118]

scattering angle θ. The intensity of a laser beam depends on particles size - the smaller
particle sizes the faster Brownian motion. The Stokes-Einstein equation allows to connect
the diffusion coefficient measured by DLS and particle size [118, 201]. The general scheme
of DLS measurement is presented in Fig. 2.6.

Thermal conductivity

Improved thermal conductivity of nanofluids was the main motivation for their devel-
opment and is one of the most discussed topics in this area. As the thermal conductivity
of solids is much higher than that of liquids, researchers attempted to develop suspen-
sions with solid particles to enhance heat transfer properties of base fluids. Prior to the
development of nanotechnology, micro-particle suspensions failed because of poor stabil-
ity, significantly increased pumping power and clogging of flow channels [45]. Nanofluids
seem to overcome these issues and they have been receiving increased attention worldwide
since their first presentation by Choi and Eastman [38].

Thermal conductivity of nanofluids depends on a number of factors, such as type of
the base material (of both base fluid and nanoparticles), size, shape and concentration
of particles, pH value, pressure, and temperature. For this reason, studies on physical
mechanisms responsible for enhancing the thermal properties of nanofluids present many
divergences among themselves and one complete theory on heat conductivity in nanofluids
does not currently exist.

Conventional thermal conductivity theory fails when predicting the degree of thermal
conductivity improvement by nanofluids [24, 155]. Additional phenomena must be consid-
ered in the nanoscale, e.g. Brownian motions of particles, molecular-level layering on the
liquid-particle interface, the ballistic nature of heat conduction in particles (increase of the
phonon free path length due to liquid layering), or clustering of nanoparticles [18, 24, 155].
Difficulties arise from problems with understanding the multiscale of nanofluids, includ-
ing the molecular scale, the microscale, the mesoscale and the macroscale [24]. Quality
of results in the available literature are indecisive. Majority of them show raising trend
in nanofluids thermal conductivity with the increase of temperature and concentration
of nanoparticles [24]. Some researchers [17] argue that Maxwell equation allows for good
estimation of thermal conductivity of nanofluid. Understanding mechanisms of nanoflu-
ids behavior requires wide range of results obtained from analysis of well characterized
materials.
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Figure 2.7: Cross-section of the cylindrical cell [217]

Multiple comprehensive reviews on thermal conductivity of nanofluids were published
[4, 9, 12, 121, 120, 172, 192, 228], and thus will not be repeated here.

Thermal conductivity measurements are conducted using three groups of methods:
steady-state methods (the temperature is maintained to be constant during the exper-
iment), transient techniques (temperature varies during the experiment in a controlled
way), and thermal comparator techniques. The latter are rarely used for nanofluids
[152, 217].

Group of the devices with one of the highest measurement accuracy is based on
cylindrical cell method. Cross section of measuring device is schematically shown in
Fig. 2.7. Investigated fluid is placed between two concentric cylinders maintained at
constant temperature. A constant heat load is provided to an inner cylinder and the
temperature of the outer cylinder is constant and controlled by a thermostat. Heat flux
needed to maintain the temperature difference between external and internal surface is
measured.

Viscosity

Viscosity is an important parameter affecting heat transfer and fluid flows, in par-
ticular pumping power needs. In case of nanofluids, it has received increasing attention
since 2006 [134]. Available literature presents studies on nanofluids showing both shear
rate-dependent viscosity (Newtonian nature) and shear rate-independent viscosity (non-
Newtonian nature). The most commonly used correlations for nanofluids viscosity is
Einstein’s model for an effective viscosity suspension (µeff ) that assumes spherical shape
of particles [134]:

µeff = µf (1 + 2.5φ) (2.2)

Where µf is the viscosity of base fluid, φ is the volume concentration of nanoparticles.

Extensive overview of existing models for viscosity calculations is described in re-
cent review paper [134] that summarizes experimental studies. Authors observed rising
nanofluids viscosity with an increase in nanoparticles concentration but there were big
inconsistencies between different studies. Literature did not provide a final answer on
how temperature influences nanofluid’s viscosity and in many cases, available correla-
tions failed to predict its value. Researchers proposed empirical correlations, but they
were usually applicable in a very narrow range of parameters, and particles types. There
is also a need to understand how others factors, such us nanoparticles size and shape, or
pH value affect viscosity of nanofluids. Another challenge is to check a long-time stability
and influence of nanofluids on heat transfer systems [134].
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Figure 2.8: Measurement methods of differential scanning calorimetry (DSC): a) the
dynamic method, b) the isostep method, and c) the areas method [55]

Specific heat capacity

The specific heat capacity, commonly called specific heat, is the amount of heat needed
to change the temperature of one kilogram of a substance by 1 K [156]:

Cp(T ) =
δQ

δT
(2.3)

Where T is temperature [K].

Next to the thermal energy that can be accumulated within a given material, the
specific heat determines the speed of cooling or heating of a body defined as a thermal
time constant [156]:

τ = R · Cp · V (2.4)

Where R is the thermal resistance of heat dissipation and V is the body volume. This
constant takes small values for nanoscale particles, such as 1.2 x 10−11 s for a single
graphene sheet [156].

One of the most common techniques for determination of specific heat capacity is
differential scanning calorimetry (DSC). A sample of a known mass is heated or cooled
and the change in heat flux is measured. The heat flux obtained by DSC is given with
the equation [55]:

Q̇ =

∫ Tf

Ti

ṁ · Cp · dT = m · Cp · β (2.5)

Where m is the mass of the sample, Cp specific heat capacity, dT temperature differential,
and β the heating rate depending on the method used.

The most popular DSC techniques shown in Fig. 2.8 are: the dynamic method, the
isostep method, and the area method [55]. Dynamic method consists of three following
stages: achieving the thermal equilibrium to homogenize material temperature, heating
with a constant heating rate of 10-20 K/min and reaching the thermal equilibrium again.
The isostep method includes many short stages along the whole temperature range. Heat-
ing rate is usually between 1-2 K/min and isothermal stages are much shorter than in
the dynamic method. The areas method includes following isothermal segments without
heating stages [55].
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Figure 2.9: Methods of surface tension measurements [22]

The most common equation for calculating the specific heat capacity is the mixture
rule [60]:

Cpnf =
φ(ρnpCpnp) + (1− φ)(ρbfCpbf )

φ(ρnp) + (1− φ)(ρbf )
(2.6)

Where φ is volume fraction of nanoparticles ; ρ is density; nf , bf and np subscripts
determines values for nanofluid, base fluid and nanoparticles.

Surface tension

Surface tension appears in many heat transfer correlations, such as Bond number,
critical heat flux (CHF), or Kutateladze number. The most common methods of surface
tension measurements are presented in Fig. 2.9 and includes [51]: pendant drop, Wil-
helmy plate, maximum bubble pressure, Du Nouy Ring, capilary rise and spinning drop
techniques. More information on these methods can be found in [22, 47].

Nanoparticles added to the base fluid change its surface property, but the current
state of knowledge does explain this mechanism. A recent review [51] showed that sur-
face tension of nanofluids is affected mostly by: type of nanoparticles and base fluid,
(lack of) surfactant addition, temperature, particles size and shape, and nanoparticles
concentration. Al2O3 is the most studied nanofluid with respect to the surface tension
measurements. SiO2 and various graphene-based nanofluids were described in only four
papers each. For SiO2 most research groups reported an increase in surface tension with
increasing nanoparticles concentration and decreasing temperature. For graphene ma-
terials, half of presented analysis showed increase and half decrease in surface tension
for higher concentrations. All papers showed surface tension reduction with an increase
in temperature. Surface tension is strongly dependent on surfactant usage and most
authors reported its decrease after surfactant addition. The review [51] highlighted the
need for high-temperature measurements and development of more universal correlations
and models, e.g. for different types of nanofluids and wide range of working conditions.
They pointed out that some research groups did not measure nanofluid density, although
it is required for surface tension interpretation.
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Contact angle

Contact angle is the angle between the solid and liquid interface, as presented in
Fig. 2.10. It is a parameter characterizing wettability of the solid surface by the liquid
and is described by the Young’s equation [37]:

θ = arccos

(
σSV − σSL

σLV

)
(2.7)

Where σSV is the surface tension of the solid and vapor (called also surface free energy),
σSL interfacial tension of solid and liquid, and σLV surface tension of liquid and vapor,
respectively.

Figure 2.10: Graphical interpretation of the Young’s equation [37]

Wettability strongly influences boiling heat transfer coefficient, thus understanding of
how nanofluids affect contact angle is an important task. So far, the state of knowledge
is just at the beginning and review of selected papers can be found in Hernaiz et al. [71].
Further research is required to explain the influence of nanoparticles on contact angle
and determine correlations and models applicable for a wide range of materials.



Chapter 3

Heat transfer processes in a
thermosyphon

3.1 Nanofluids in two-phase closed thermosyphons

The main goal of using nanofluids in thermosyphons is the reduction of their over-
all thermal resistance without changing other operating conditions. The working fluid
properties that determine maximum heat transfer can be described with Figure Of Merit
proposed by Reay and Kew [164] (and Rice [165]) for neglected loss of vapor pressure.
For thermosyphons, it is defined as [164]:

M =

(
∆hk3

l σl
µl

)1/4

(3.1)

Where ∆h is latent heat of vaporization, kl thermal conductivity of liquid, σl surface
tension of liquid and µl viscosity.

Addition of nanoparticles affects all mentioned thermophysical properties, except la-
tent heat of evaporation. To increase Figure Of Merit by nanofluids, the following rela-
tionship between the nanofluid and base fluid must be met [29, 100]:(

k3
nf

k3
bf

)(
ρ2
nf

ρ2
bf

)(
µnf
µbf

)
> 1 (3.2)

Equation 3.2 can be applied only if nanofluid meets the assumptions of effective
medium theory, so when it can be treated as a homogeneous liquid. It does not cover the
interaction of nanoparticles with the evaporator wall which significantly changes proper-
ties of both working fluid and evaporator surface. Classical approaches to thermosyphon
designs (such as Reay and Kew [164] or [232]) cannot be used in case of thermosyphons
working with nanofluids. Experimental study is required to determine changes related to
nanofluids. Big number of reliable experimental data is required for further development
of mathematical tools.

Partial thermal resistances

To define expectations from using nanofluids as working fluids in the thermosyphon,
determination and understanding of parameters describing capabilities of the device to

16
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Figure 3.1: Color analysis of partial thermal resistances Ri possibly affected by nanofluids
[30]

transport heat are required. An overall thermal resistance of the thermosyphon is ex-
pressed as [29, 218]:

Rth =
te − tc
Q

(3.3)

Where: te and tc are the mean temperatures of the evaporator and condenser, respectively
[◦C], Q is the amount of energy transported by a device in the form of heat [W].

The overall thermal resistance is comprised of partial thermal resistances Ri, schemat-
ically analyzed in Figure 3.1. Each Ri refers to another physical mechanism responsible
for heat transfer process [30]. Some of identified Ri cannot be influenced by working
fluid, such as the thermal resistance between heat source (Reo) or heat sink and internal
surface of the thermosyphon wall (Rco). The next ones are thermal resistances of the pipe
material itself in radial (Rpr) and axial (Rpa) directions. Other thermal resistances may
be or may be not affected by nanofluids, thus their impact requires further investigation.

Thermal resistances in the condenser and adiabatic sections are influenced by nanofluid
only if nanoparticles are somehow transported from the evaporator. Taking into account
relatively low operating temperatures, particles cannot melt and evaporate. Thus, the
question is whether they are carried by vapor.
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Nanoparticles commonly used in nanofluids are usually from 4 nm to even more than
100 nm in diameter. Base fluid molecules with diameter of the order of 10−10 m (i.e. water
molecule is about 0.28 nm) are not able to carry significantly larger nanoparticles from
the free surface of the working fluid and transport them over long distances [30]. Further
experiments [63] confirmed that particles are not transported by vapor, thus nanoparticles
cannot affect partial thermal resistances in the upper parts of the device. As a result,
changes in thermal resistance of condensate film in both axial (Rfa) and radial directions
(Rfr), Rvf between the vapor and condensate, and Rci between condensate film and inner
wall of condenser can be neglected during normal operation conditions. The only known
possibility of getting nanoparticles into upper parts of the device is operation under geyser
boiling conditions. This regime is characterized by violent eruption of liquid gathered
above the rising bubble, what may transport suspended nanoparticles to the condenser.
However, conducted studies showed that negligible amount of particles was found in the
condenser section [29, 63, 96, 218]. No mechanism allowing particles to attach to the
inner surface of condenser wall was recognized.

Three of thirteen partial thermal resistances shown in Fig. 3.1 can be affected by
nanofluids: thermal resistance of the fluid itself Rk, Rs of the phase interface between
liquid and vapor, and Rei between inner wall of the evaporator and heated fluid.

Thermal conductivity of nanofluid is higher than the one for water. Still, considering
low concentrations of nanoparticles used in heat transfer applications, the possible en-
hancement is small. It is highly unlikely that this parameter has a decisive impact on the
thermal performance of the thermosyphon, in particular during phase changes [30, 215].

Several thermophysical properties, including latent heat of vaporization and vapor
pressure, determine the rate at which heat is transported through the vapor/liquid inter-
face. As studies on these properties are rare [30] and the available results are inconsistent,
the thermal resistance Rs is still in the group of possible but must be proven thermal re-
sistances.

The last thermal resistance - Rei between the evaporator wall and the heated work-
ing fluid (inner heat transfer coefficient of the evaporator) is undeniably influenced by
nanofluid because particles interact with each other and the heater wall. Deposition into
layers on the inner wall of the evaporator changes the properties of working fluid, but
also the surface energy, roughness and chemistry. They affect the dynamics of bubble
nucleation and create thermal bridges, what in turn enhances heat transfer capabilities.
Due to deterioration, nanofluids cannot be described with an effective medium theory
[30].

Deposition of nanoparticles

During boiling of nanofluids, particles deposit into a porous layer on the heater surface.
Kim et al. [97] proposed microlayer evaporation as the main mechanism responsible for
nanoparticles deposition (schematically shown in Fig. 3.2). Liquid gathered between the
growing bubble and the heater surface evaporates fast what increases local concentration
of nanoparticles, initially distributed uniformly in the microlayer. This decreases the
distance between particles and leads to their deposition on the surface. Later, microlayer
evaporator was experimentally confirmed by Kwark et al. [102].

Research on two types of silica nanoparticles (strongly and moderately hydrophilic)
conducted by Quan et al. [159] showed that the distribution of deposited particles on
the heater surface depends on nanoparticles wettability. Strong hydrophilicity translates
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Figure 3.2: Mechanism of nanoparticle deposition during boiling (microlayer evaporation)
[102]

into an uniform composition of particles in the droplet. The evaporation occurs mostly
at the edges, thus fluid flows and transports suspended nanoparticles from the droplet
center to the edges. Accumulated particles deposit into a layer along the original drop
edge. This phenomenon is known as the coffee-ring effect [180]. Moderately hydrophilic
particles are initially loosely distributed on the vapor-liquid interface and interparticle
interactions prevent particles from attaining the drop edges and thus lead to irregular
deposit. Created flat-like layer is much rougher than the coffee-ring pattern what will
further affects boiling behavior, in particular bubble sizes and critical heat flux [159].

Deposition of nanoparticles influence surface roughness in three ways depending on
the particle size and the initial surface roughness [200]:

� nanoparticle size is much smaller than the surface roughness: particles will fill the
cavities and reduce the surface roughness.

� nanoparticle size is smaller than the surface roughness but the difference is not that
significant (e.g. 47 nm and 0.524 µm, respectively): the number of active nucleation
sites will be multiplied by splitting a single cavity into several nucleation sites, thus
surface roughness in increased.

� size of nanoparticles or its agglomerates is greater than cavities: the surface rough-
ness and number of nucleation sites may change diversely and the effect on surface
roughness depends on how particles deposit.

In general, the increase in surface roughness improves phase change heat transfer due
to enhanced nucleation site density [63, 218]. Enlargement of the heat transfer area as
a result of increased roughness is rather small when compared to the uncoated surface.
Thus, this effect can be neglected as a mechanisms for boiling heat transfer enhancement
[30, 218].

Particle deposition influences the surface wettability [56, 200]. The interplay of wetta-
bility and porosity of porous layer is called wickability [195]. Deposition of nanoparticles
affects chemistry and structure of the surface but also the surface energy. According to
Young’s equation, it modifies the force balance at the triple line [195, 200, 218]. All these
mentioned factors affect heat transfer characteristics during boiling [56, 107, 127, 200,
218].

Different research groups tried to determine the effect of nanoparticle deposition on
various parameters affecting boiling behavior. Kwark et al. [102] reported that deposited
coating bonds well to the surface even after repetitive testing. Phan et al. [154] noticed
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Figure 3.3: Boiling curves for heater ITO surface coated with porous and non-porous
graphene [104] in [80]

existence of maximal thickness of deposited layer depending on duration of experiment
and nanoparticle concentration. Park et al. [149] reported that CHF enhancement abated
gradually due to reduction of layer porosity when boiling exceeds critical length. Lee et
al. [104] in [80] also showed lowered heat transfer performance and CHF for non-porous
graphene coating compared with porous graphene coating (see Figure 3.3).

As vapor cannot transport nanoparticles, none or very small number of particles is
deposited in the condenser section [218, 63]. Qu and Wu [158] found that deposition of
nanoparticles in the condenser may even cause the decrease of condensation heat transfer
coefficient due to increased surface wettability.

Previous studies on thermosyphons with nanofluids

Tables 3.1, 3.2, and 3.3 provide a review of the available literature which considers
water-based nanofluids operating as working fluid in two-phase closed thermosyphons.
Publications are classified in a chronological order according to the type of nanofluid.

Table 3.1 includes studies on carbon-based nanofluids used as working fluid in a ther-
mosyphon. Three publications analyzed the influence of multiwall carbon nanotubes
and three of graphene-based nanofluids. These materials are characterized by big differ-
ences of dimensions in different directions - their length is orders of magnitudes larger
than thickness or diameter. None of the papers investigated graphene oxide flakes or
nanohorns what is the scope of this thesis.

Table 3.2 summarizes research on nanofluids based on oxides in thermosyphons. The
most investigated nanofluids are Al2O3 and TiO2. Only one paper [222] discussed the
silica nanofluid and focused mostly on the functionalization effect on the fluid stability
and basic coefficients describing thermal efficiency. More detailed analysis of the silica
nanofluid effect on heat transfer in a thermosyphon is described in this dissertation.

Table 3.3 focuses on nanofluids based on silver. Part of articles considering gold
nanofluids are included also in table 3.2 due to comparative analysis between TiO2 and
gold. Research on gold nanofluids used in a thermosyphon were conducted only by
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one research team. Gold and silver are characterized by one of the highest thermal
conductivity of known metals. For this reason, gold with different stabilization was also
investigated in this work.

Tables 3.1 - 3.3 include following footnotes and acronyms:

Footnote Meaning
a outer diameter (do)
b thickness/diameter
c length
d hydrodynamic diameter
e GNP = graphene nanoplatelet
f SDBS = sodium dodcylbenzenesulfonate
g MWCNT = multiwall carbon nanotube; CNT = carbon nanotube
↑ increase in a given parameter
↓ decrease in a given parameter
→ no effect of/on a given parameter
IA inclination angle (the angle formed by the x-axis and thermosyphon

symmetry line in the length direction)
FR filling ratio (volume of working fluid to volume of the evaporator section)
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Majority of research reported in tables 3.1 - 3.3 showed the increase in thermosyphon
thermal capacity when base fluid (water) was replaced by nanofluids. Results suggest
that the main improvement comes not from the enhanced thermal conductivity of the
nanofluid itself, but mostly from the interplay between nanoparticles, evaporator surface,
and bubble release. Understanding of the deposition layer buildup mechanism exceeds
the current state of thermodynamics and fluid mechanics knowledge and requires further
investigations. This explain the lack of proper theoretical and numerical models and why
available experimental results are incoherent. Further research and higher amount of
data is required for fully understanding the mechanisms behind the use of nanofluids in
thermosyphons.

Few studies confirmed no effect of nanofluids on condenser [29, 63, 113, 222] and
none of reviewed research showed that nanoparticles affect the heat transfer in condenser
section. The overall thermal resistance of the thermosyphon (see eq. 3.3) in most cases
decreased with the addition of nanoparticles, increase in heat load, or increment in oper-
ating pressure. The positive effect of using nanofluids seems to be reduced for high heat
flux. Some authors found an optimum concentration of tested nanofluids. Nanofluids
decreased the temperature level of the device (or evaporator) in comparison with pure
base fluid. Some research group reported that thermosyphon filled with nanofluid may
operate at higher heat loads without a dry-out than in case of water.

The presented literature survey indicates that there is a lack of studies comparing
working fluid behavior under comparable operating conditions and in similar device ge-
ometry. Not every nanofluid used in available literature was well characterized and de-
scribed. It applies also to the usage of surfactant/chemical additives with the aim of
improving stability.

In addition to mentioned papers, there are various studies on the effect of applying
magnetic or electrical field on the thermal capabilities of the device [62, 69, 70, 122]. Next
to the heat exchanger prototypes [40, 161], thermosyphons are also investigated in solar
systems [59, 79]. Another trend considers nanofluids based on various base fluids, e.g.
glycols [176], methanol [124, 126] or acetone [13].

3.2 Boiling process

Fundamentals of boiling process

For a given working fluid, the leading mechanism of heat transfer depends on the
heat load and surface overheating (the difference between the inner wall of the heater
and saturation temperature of the working fluid). Figure 3.4 shows well-known boiling
curve for water at atmospheric pressure. A small heat input is transported only through
natural convection. Then, the first bubble is formed (point A) what starts nucleate
boiling regime. Here, bubble nucleates and grows up to level enough for its detachment
from the surface. At the initial stage of this process, bubbles collapse in the liquid. With
a further increase in overheating, increased number of bubbles move to the free surface
where they release their vapor content. This regime is supposed to be the most effective
region of heat transfer. Critical heat flux (CHF) is reached when the heat flux exceeds
its maximum value, and leads to the transition boiling called also unstable film boiling
regime. The surface is alternately covered by a vapor phase and liquid. The vapor acts
as an insulation what significantly lowers the heat transfer efficiency and causes a rapid
increase in the surface temperature [93]. Heat flux decreases and overheating rises to the
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Figure 3.4: Pool boiling curve for water at atmospheric pressure [77, 130]

Leidenfrost point. From this point, film boiling begins. Vapor blankets over the heating
surface with a continuous layer and no liquid is in contact with the wall [93, 108, 130].

Process of nucleate boiling consists of transitory sequences of nucleation, growth of
bubble and its detachment. It takes place in natural pits and cavities on the surfaces,
called nucleation sites. There are three stages attainable for cavities [15]:

� cavity is active when nucleation occurs.

� dormant cavity - nucleation is not currently developed but cavity contains the vapor
that may nucleate.

� extinct or flooded when cavity does not include the vapor. Nucleation is possible
only when overheating extends the value required for heterogeneous nucleation.

Activation of cavity depends on its size and shape, thermal boundary, temperature of
the heater surface, surface energy, liquid surface tension and bulk pressure [107]. At the
superheat enough for a quasi-steady regime of nucleate boiling, transportation of heat
and mass ensues from the convection promoted by buoyancy, moving bubbles, evaporation
and motion of the wetting line [15].

To improve process of heat transfer during boiling researchers attempt to [108]:

1. decrease of wall superheat and wall heat flux for the boiling onset (the point where
boiling is initiated),

2. reduce or avoid the sharp temperature increment followed by sudden decrease, which
sometimes occurs just before and after the boiling incipience,

3. reduce the wall superheat for boiling regime, mostly accomplished by activating
a bigger number of nucleation sites and increasing bubble detachment frequency,
decreasing diameter of departure bubbles, or increasing effective surface area,

4. shift critical heat flux (CHF) to higher heat flux values.
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The above strategies extend the regime of effective boiling conditions (1, 2 and 4) or allow
to transport more heat under the same working conditions (3).

Fundamental effectiveness indicators of boiling heat transfer are critical heat flux
(CHF) and heat transfer coefficient (HTC) used interchangeably with the thermal resis-
tance (R).

One of most common correlations for predicting boiling heat transfer of liquid was
proposed by Rohsenow [167]:

Cp(Tw − Tsat)
∆h

= Csf

[
q′′

µ∆h

√
σ

g(ρl − ρv)

]r (
Cpµ

k

)s
(3.4)

Where: Cp is specific heat of liquid, ∆h the latent heat of vaporization, Tsat saturation
temperature, Tw temperature of heater wall, q′′ hest flux, µ viscosity of saturated liquid, σ
surface tension, ρl and ρv density of saturated liquid and vapor, respectively, g acceleration
of gravity, k liquid thermal conductivity. Csf , r and s are empirical values. They are
determined in the literature for well investigated fluids, such as for pure water on a
relatively smooth surface: s = 1.7, r = 0.33 and Csf in the range of 0.0065 − 0.05
[136, 193].

Parameter Csf in Rohsenow correlation covers many important phenomena [193]. It
includes thermophysical properties of liquid but also interaction between liquid, vapor
and solid at the heating surface. For nanofluids additional solid nanoparticles are present
at the surface and interactions become even more complex. Roughness and condition
of heating surface also play important role in heat transfer process. Stil, it needs to be
determined which value of surface roughness (averaged, spacing, extreme or some com-
binations) is the most demonstrative. Contact angle and wettability are also connected
with the geometry. All this translates into lack of simple equation to describe Csf . With
the current state of knowledge, it can be determined only empirically. Thus, it is under-
stood as a constant describing all the interaction behind the heat transfer at the heating
surface [193]. For nanofluids that tend to make layers on the heating surface this constant
become even more complex.

Another universal correlations for calculation of heat transfer coefficient during boiling
include [79]:

� Imura et al. [76]:

he = 0.32

(
ρ0.65
l k0.3

l C0.7
pl g

0.2

ρ0.25
v ∆h0.4µ0.1

l

)(
pv
patm

)0.3

q0.4 (3.5)

� Kutateladze [168] in [79]:

he = 0.44Pr0.35

(
kl
Lb

)(
ρl

ρl − ρv
qp · 10−4

ρvg∆hµl

)0.7

(3.6)

� Shiraishi [182]:

he = 0.32

(
ρ0.65
l k0.3

l C0.7
pl g

0.2

ρ0.25
v ∆h0.4µ0.1

l

)(
pv
patm

)0.23

q0.4 (3.7)
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� El-Genk and Saber [49]:

he = Ψ(1 + 4.95)0.44

(
kl
Lb

)(
10−4qP

gρv∆hµl

ρl
ρl − ρv

)0.7

Pr0.35
l (3.8)

Where:

Ψ =

(
ρv
ρl

)0.4
[
pvνl
σ

(
ρ2
l

σg(ρl − ρv)

)0.25
]0.25

(3.9)

The second important parameter - critical heat flux (CHF) describes the thermal limit
of the boiling phenomenon. The available studies confirm that nanofluids enhance CHF
values, even up to 200% [20, 56, 97, 195, 200]. One of the most common explanation
for the enhanced CHF [195] of nanofluids is so-called capillary wicking. Deposition of
nanoparticles into porous layers on the heater surface affects heat transfer processes.
As a result, liquid is transported through the hydrophilic pores and re-wets the surface
underneath the growing bubble preventing growth of dry spots.

Group of Tetreault-Friend et al. [195] hypothesized that two heat transfer regions
are formed in the porous layer during the bubble growth: the wicking-dominated and
the conduction-dominated areas (see Fig. 3.5). Conduction dominates near the heater
surface, while advection owing to the capillary wicking influences heat transfer close to the
top layer-liquid interface. If temperature of the fluid being in contact with wall exceeds
the local saturation temperature resulting from the capillary pressure in the pores, the
vapor is generated at the bottom of layers. This inhibits wicking and leads to CHF. Thus,
CHF value is determined by rivaling outcomes of liquid viscous pressure drop, capillary
pressure and change of momentum by cause of evaporation [195].

Figure 3.5: Heat transfer during bubble growth on the porous layer [195].

Jothi Prakash and Prasanth [80] concluded that both - surface characteristics (includ-
ing roughness, micro-cavities, contact angle, nucleation site density, surface energy), and
working fluid properties (density, viscosity, thermal conductivity, surface tension, and
specific heat) improve boiling heat transfer process and CHF. Kamel et al. [84] discussed
the latest studies on CHF enhancement by nanofluids. They extracted followinf factors as
crucial for the CHF: thermophysical properties of base fluids and nanofluids, nanoparticles
morphology (type, size, etc.), concentration of nanoparticles, heating surface character-
istics (type, roughness, etc.), the capillary wicking forces, re-wetting phenomena, and
operation conditions (pressure, mass flux, sub-cooling temperature).
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Pool boiling of nanofluids

Experimental studies on boiling of nanofluid are summarized in Table 3.4. Acronyms
used in Table 3.4 are summarized below.

Acronym Meaning
BA boric acid
CMC carboxy methyl cellulose
CNT carbon nanotubes
fCNT functionalized carbon nanotubes
GO graphene oxide
ITO indium tin oxide
PVA polyvinyl alcohol
PVP polyvinylpyrrolidone
rGO reduced graphene oxide
SDBS sodium dodecylbenzenesulfonate
SDS sodium dodecyl sulfate
SLS sodium lauryl sulfate
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Figure 3.6: Various ways in which nanofluids affect parameters influencing boiling heat
transfer

The boiling process, and thus boiling heat transfer coefficient, depends on a multitude
of parameters summarized in Fig. 3.6. Together with a diversity of used nanoparticles and
their poor characterization, they causes a strong inconsistency of the results published in
the literature. Most of reported papers hold the view that nanofluids increase the heat
transfer coefficient (e.g. [114, 148, 213, 214]). Enhancement is explained by: reduction
of thermal resistance caused by particles deposition or modification of cavities sizes [53].
Decreased number of active nucleation sites and reduced capillary wicking due to fouling
formation of nanoparticles are reported to deteriorate HTC [53, 179].

Nanoporous layer deposited on the heater surface affects not only the surface rough-
ness but also the density of active nucleation sites, wettability, liquid spreadability, surface
chemistry, and structure [56, 107, 127, 195, 200]. The surface roughness influences sur-
face wettability and the other way around. With decrease in wettability, the possibility of
cavity flooding decreases. Probability of nucleation sites activation is higher when both
fluid and vapor are in contact with the heating surface, thus it improves heterogeneous
nucleation process [15]. Nucleation site density, porosity, wettability and roughness inter-
act strongly and depend on each other. Nano-deposition alters also surface chemistry and
structure that leads to modifications in the force balance at the triple line. All mentioned
factors have a crucial impact on characteristics of boiling heat transfer process [56, 200].

The following conclusions can be drawn from the presented analysis:

� The most commonly investigated nanofluids in boiling experiments are metal oxides,
in particular Al2O3. Recently, carbon-based nanofluids (e.g. carbon nanotubes or
graphene) and hybrid particles gained increasing attention.

� Addition of nanoparticles enhances (even up to 200%), decreases or does not affect
boiling heat transfer coefficient. 61% of the reviewed papers reported increase in
HTC, 30% decrease, and 9% no effect. Results depended on working conditions,
used nanofluid, stabilization, and experimental procedures. However, there is no



38 CHAPTER 3. HEAT TRANSFER PROCESSES IN A THERMOSYPHON

clear conclusion which parameters are directly responsible for such a big difference
in results.

� Despite of conflicting results on boiling heat transfer coefficient, critical heat flux
(CHF) is enhanced by replacing water with water-based nanofluids. Only 6% of
studies showed no effect of nanoparticles on CHF. The highest increase was 270%
for CNT nanofluid [11]. The CHF improvement is associated to the nanoparticles
deposition on the heater wall, rather than changed nanofluid properties itself.

� There is still a need for more systematic and comprehensive studies on pool boiling
of nanofluids and mechanisms responsible for noticed effects. It should include
proper sample preparation and characterization of key properties, investigation of
the stabilizer effect and well-planned long-term experiments that gives repeatable
results and allows for further drawing conclusions.

� Only few studies analyze the effect of surfactant addition. Many research groups
do not mention whether they use or not any stabilizers. Available research shows
(e.g. [136, 218]) that addition of surfactant to nanofluid may significantly alter the
results.

� Researchers should consider additional concerns, such as possibility of clustering
and sedimentation of nanoparticles, erosion of heating surfaces, time-dependent
performance, costs analysis, possibility of large-scale production and influence on
human beings and the ecology. After solving these problems, nanofluids have a
chance to become reliable and high-effective working fluids.

Boiling regimes in thermosyphons

Two-phase flow regimes occurring in a thermosyphon and heat transfer capabilities of
the device are complementary and depend on each other. This section analyzes possible
co-current flow patterns inside a thermosyphon. It will help to understand and explain
the trends observed in experimental results.

Flow of liquid and vapor in the thermosyphon interact continuously. Even small
changes in working conditions may lead to flow disruptions due to lack of external pump-
ing forces. Visualization conducted using a reflux transparent thermosyphon of 8 mm in
diameter and 500 mm in length showed analogy of flow patterns inside the thermosyphon
with a flow boiling in vertical channels. Observed flow patterns were divided into four
regimes:

� slug/plug flow,

� bubble flow,

� churn flow, and

� geyser flow.

For low pressure and heat loads water operated in geyser boiling regime [186, 185].
Geyser boiling (or geysering) is a boiling regime of thermosyphon and its scheme is

presented in Fig. 3.7. During this phenomenon four main phases may be highlighted:
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Figure 3.7: Consecutive phases of geyser boiling

� heat is supplied to the evaporator and stored within the working fluid, the superheat
between the evaporator wall and liquid pool increases (a),

� bubble nucleation and its rapid growth to the size of pipe diameter due to evap-
oration from the surrounding liquid film. It may enhance heat transfer due to
movement of bulk liquid what translates into a decrease in the pool temperature
(b),

� geyser event : bubble expansion that pushes the fluid trapped above into the con-
denser (c). The large difference between the vapor pressures inside the bubble and
in the condenser section forces the high speed of the liquid,

� return of the propelled liquid (d).

Afterwards, there is a quiet period again until the fluid pool temperature reaches the
superheat required to nucleate another bubble. The phenomenon occurs mostly at low
pressures due to rapid increase of vapor density and specific volume resulting from de-
creasing pressure, for large filling ratios, or during start-ups [35, 92, 109, 186, 215].

Visualization of this phenomenon captured in a transparent thermosyphon for water
is presented in Fig. 3.8. Smith et al. [186, 185] confirmed that the working fluid gathered
above the growing bubble can be pushed even up to the top of thermosyphon with a high
speed. At the same time, significant pressure peak was noticed in measured signal. Then,
the system came back to the initial conditions and the cycle started again. For a given
heat load, intensified vapor production resulted in large bubbles that grew faster. Once
the Taylor-type bubble was formed, strong evaporation of surrounding fluid occurred.
Vapor was produced with a high rate as a result of significant difference between the
liquid and vapor density. The boiling conditions become more unsteady and explosive
what resulted in a geysering regime.

At higher pressure and for low heat fluxes, observed geyser boiling regime turned into
slug/plug flow. Bubbles could still grow and coalesce to Taylor-like shapes at superheated
liquid pool. Occasionally, small amounts of liquid in form of liquid bridges was pushed
upwards but did not reach the condenser. The expelled liquid was so thin that returned
to the evaporator pool together with a condensate film on the thermosyphon wall. It
translated into much steadier operating thus no pressure peaks were noticed for this
regime [186].

Changing water to the working fluids characterized by lower surface tension inhib-
ited geysering and led to different boiling regimes[186]. It highlights the significance of
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Figure 3.8: Visualization of geyser boiling in a transparent thermosyphon with water:
high speed images (left), temperature and pressure signals (right) [186]

proper selection of working fluid. To the best author’s knowledge, there is no analogous
visualization available for nanofluids used as working fluids in the thermosyphon. It was
only possible to look for similarities based on working fluid properties, pressure, and
temperature measurements.

Geyser boiling

Detection of geyser boiling requires high resolution and continuous pressure measure-
ments, thus the phenomenon often remains unrecognized. There is limited number of
studies on that topic and their summary are shown in Table 3.5. It compares details
of tested devices, including information of characteristic parameters, such as filling ratio
(volume of working fluid to the volume of evaporator section), inclination angle (the an-
gle formed by the x-axis and thermosyphon symmetry line in the length direction), and
tested parameters.
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Morgan and Brandy (1962) [128] published one of the first papers on the geysering
effect in vertical pipes, defining it as an ejection of liquid by the release of vapor. They
found that the phenomenon depends on the reduced pressure boiling and the ability of
the system to release vapor, thus processes of liquid heating, bubble formation and its
further behavior must be considered. They recognized three regimes of boiling. The first
one is characterized by relatively low bubble population and little mutual interference.
Then, these interferences between bubbles start and lead to liquid circulation. Lower and
smaller bubble tends to flow faster in the wake of the above bubble (the wake effect) and
joins it. It creates a vapor ‘slow-moving mass’ or the large cylindrical (Taylor) bubbles.
Merged bubble acts as a barrier for normal escape of vapor what translates into the
geyser boiling. Morgan and Brandy [128] proposed and analyzed several possibilities to
avoid the geysering, among others inert gas helium injection and external or internal
recirculation lines.

Murphy (1964) [133] proposed a correlation allowing for the determination of geyser
and non-geyser conditions. It was later shown [27, 101] that this approach works for a
very small number of applications because it does not include dependency of the heat
input.

Burkhalter et al. (1968) [27] experimentally investigated geysering in transparent
vertical tubes. They draw a conclusion that there is a certain total energy that may
be released in a geysering regime. Thus, for high heat loads, the energy is transferred
by both boiling and geysering. For smallest heat flux, they found only Taylor bubbles
without geysering.

Ozawa et al. (1979) [144] tested vertical forced flow boiling system. They found out
that the period and amplitude of geysering increases with heat flux density and decreases
with inlet velocity. Higher amplitudes are also related to the greater heated length.

Negishi and Sawada (1983) [140] studied the inclination and the filling ratio effects of
two working fluids (water and ethanol) on the heat transfer performance in thermosyphon.
Heating and cooling of the evaporator and the condenser were carried out by water cycles
what allows for a self-adjustment of the system. They found that for filling ratios below
5% there was no liquid pool and the main mechanism was liquid droplets evaporation.
Geyser boiling described as ‘the turbulent motion of the liquid caused by the explosive
expansion of a boiling bubble’ appeared when filling ratio exceeded 60%. The optimal
filling ratio to obtain stable operation and relatively high heat transfer performance was
40% for water and 50% for ethanol. The highest performance was obtained for an in-
clination angles between 20◦ and 40◦ but the differences up to 90◦ were not significant.
Dry-out phenomenon occurred for inclination angle of 15◦. Maximum overall heat trans-
fer coefficient was higher for water (2400 – 3000 W/m2K) than for ethanol (900 – 1100
W/m2K).

Fukano et al. (1983) [57] experimentally investigated various operation limits of the
thermosyphon filled with methanol and water, among others oscillation, dry-out and
boiling limits. They occurrence depended mostly on heat load and filling ratio. Boiling
limit took place for high filling ratio, dry-out for low filling ratio and oscillation for
the moderate filling ratio and in relative large tube diameter (authors tested two inner
diameters: 9.53 and 20.9 mm). Wall temperature varied by about 100◦C during these
fluctuations.

Casarosa et al. (1983) [35] observed geyser effect during the operation of ther-
mosyphon filled with water at low pressure conditions (between 0.03 and 1 bar). They
found that the geyser frequency increased and intensity remained constant for an increase
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in heat flux at the constant pressure inside the device, measured in the condenser sec-
tion. Increasing pressure caused decrease in the intensity of the geysers for the same
heat flux applied to the device. They argued that the frequency of geysers depends on
thermal capacity of the whole system (or its parts). At conditions of low pressure (below
0.15 bar) they found no influence of thermo-physical properties of materials on the su-
perheat between evaporator wall and working fluid. A Nusselt correlation based on the
experimental data using the least squares method was proposed.

In 1986, Fukano et al. [58] continued to study on oscillations in a thermosyphon,
dividing them into three types. Geyser boiling was described as periodic oscillation and
was registered only for filling ratio of 33%. The authors found that oscillations were
triggered by flooding which causes dry-out of the evaporator wall and then re-wetting
occurred. They proposed a correlation for the heat input at which oscillations begin.

Lin et al. (1995) [109] performed an experimental work on geyser boiling in a vertical,
transparent thermosyphon filled with water and ethanol. They determined that the
period of geyser events decreases with an increase in heat load (in the range of 6 – 66 W),
decrease in filling ratio (in the range of 30 – 140%), shorter evaporator section (compared
length: 140 and 190 mm) and a drop of temperatures in the condenser (cooling medium
temperature: 5 - 30◦C). They determined the parametric range of geysering region for
water depending on filling ratio, heat flux, and pressure.

Kuncoro et al. (1995) [101] compared operation of a thermosyphon when filled with
water and freon R113. A glass thermosyphon was electrically heated and had 2.8 times
larger diameter of the condenser compared to the evaporator section. The authors showed
that the geysering frequency depends on the heat load, geometry of the device and thermo-
physical properties of the working fluid. No superheat was observed for water employed
as working fluid, thus they proposed that an internal-energy storage pattern is responsible
for geyser boiling. The situation changed for R113 that was characterized with a good
wettability and a near-zero contact angle. Superheat was always reached before bubble
initiation and its degree was reduced with an increase in heat load and pressure.

Noie et al. (2007) [142] conducted experiments to check the influence of filling ratio
and inclination angle on the thermal performance of the copper thermosyphon heated
electrically. The tested filling ratios were 15%, 22% and 30%. The values were considered
due to a dry-out phenomenon for the values lower than 15% and possibility of geyser
boiling for filling ratios larger than 30%. Maximum condensation heat transfer coefficients
were obtained for the inclination angle in the range of 15 and 60◦. They found that the
geyser boiling did not limit the heat transfer performance, but can be dangerous for the
mechanical resistance of the device.

Later (2009), the same research group [50] studied the geyser boiling in more detail.
They showed experimentally that the phenomenon occurred only under specific condi-
tions, such as filling ratios larger than 30% and the smallest tested diameter of the device
(inner diameter of 14 mm). They showed that there was no effect of coolant mass flow
on the geyser boiling behavior. Period and amplitude of events decreased with a decrease
in inclination and amount of working fluid. The increase in the diameter of the pipe
was related to the lower frequency and amplitude of geysers. A bigger device diameter
allowed the working fluid to form larger bubbles, thus the driving forces needed to move
the bubble were lowered and the bubble vanished.

Khazaee et al. (2010) [92] investigated the effect of filling ratio, heat input, coolant
mass flow rate and aspect ratio (ratio of the evaporator length to the inside diameter of
the pipe) on the geyser boiling in thermosyphon. They recognized period and amplitude
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of surface temperature oscillations as a measure of boiling regime. Rise in heat input
decreased the period of events and the intensity of temperature changes what was the
opposite effect to the increase in filling ratio. When the coolant mass flow rate increased,
the frequency of geysers, as well as the surface temperatures of the evaporator and con-
denser increased. For constant filling ratio (35%) and heat load (100 W), increase in
aspect ratio from 17.2 to 28.6 shortened the geyser period by 16%. The authors proposed
a correlation for period of temperature oscillation τto including the impact of filling ratio,
inclination angle, aspect ratio, heat flux, mass flow and specific heat.

Chen et al. (2015) [36] studied experimentally geysering performance in a vertical
heated system with a heat source at the bottom and no cooling circulation. The main
motivation was to check possibilities of geyser boiling as a heat sink under nuclear ac-
cident conditions when cooling system is damaged. They recognized three main phases
of geysering: thermal storage, vapor eruption and liquid refilling with occasionally sub-
cooled or superheated boiling. Instead of single bubble responsible for geysering they
found out sudden and rapid vaporization of the bubble population. Superheated liquid
surrounding bubbles caused violent expansion of the vapor content. It induced decrease
in the pressure below the vapor what in turn led to more vapor generation, even to the
level of the whole cross-section of the channel occupation. Authors linked this behav-
ior with a geometry of the device, in particular long and non-heated channel what is
not the point when considering thermosyphon. They also investigated the influence of
heat flux, sub-cooled temperature, coolant inventory and geometry on the working fluid
performance. With increase in heat load, the geysers frequency and amplitude increased.

Agunlejika et al. (2016) [3] conducted an experimental study on horizontal ther-
mosyphon reboiler. They showed that system instabilities can be determined in terms
of flow rate, temperatures and pressure fluctuations. They propose the mechanisms for
geysering in such a systems. During geysering transition between churn and slug flows
were detected as a result of variations in vapor velocity and quality. They recognized
three regimes of stability depending on the heat flux which are from the lower values:
low flow or no circulation, sustained oscillations and stable system.

Xia et al. (2017) [221] conducted a visualization study on the phase-change insta-
bilities in flat thermosyphon employing water, acetone or ethanol as working fluids and
operating under sub-atmospheric pressure. They noted that the geyser boiling (or inter-
mittent boiling) may harm the steady and safe operation of the device and determined
the influence of different parameters, such as heat load, filling ratio and coolant tem-
perature. They recognized three boiling regimes for the heat input between 13.1 and 93
W/cm2: natural convection, geyser boiling and nucleate boiling. Heat load significantly
affected the geyser events up to the value of 69.6 W/cm2. For higher heat loads, it had
almost no effect. Temperature of cooling water reduced the intensity of geysers only for
the medium range of the thermal loads (between 23.6 and 69.6 W/cm2). The maximum
amplitude for temperature of the evaporator wall and pressure were 3.1◦C and 0.8 kPa
for water filling ratio of 50% and the lowest cooling water temperature. No geysering
was found for ethanol and acetone. Moreover, the visualization showed that the droplet
of condensate falling into the evaporator pool may act as a nucleate site, even when no
other nucleation site is active.

Smith et al. (2018) [186, 185] studied the geyser boiling in a transparent sapphire
thermosyphon. They determined a confinement number as a quantity measure of growing
bubble confinement for a given pipe diameter. They proposed the flow maps for each
working fluid as a dependency between confinement number and rate of vapor production.
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The maps indicate regimes of slug/plug flow, bubble flow, churn flow and geyser flow.
Geyser boiling occurs for high confinement numbers and high vapor production rate,
in particular during working at low pressure conditions. They highlighted that heat is
transported through the device as both latent and sensible heat during geyser boiling.
However, such instabilities may cause shock damages to the thermosyphon constituents.

Alammar et al. (2018) [7] published a study on the influence of different parameters
(filling ratio, inclination angle and heat load) on the performance of the thermosyphon
without adiabatic section. They found that after geysering occurrence, the temperature
distribution of the evaporator wall becomes more uniform what leads to the lower thermal
resistances of the device.

A month later, authors [6] added effects of coolant flow rate and inlet temperature
to the previous results. They found that the temperature oscillation is not affected by
increasing coolant mass flow rate for filling ratio of 100%, while for lower filling ratios
it causes a decrease in geysers frequency. Oscillation period decreases additionally with
an increase in inlet of cooling temperature (tei) for filling ratios of 25 and 100%, or a
decrease in tei for 65% fill of the evaporator.

Jouhara et al. (2015) [81] presented the first three-dimensional CFD simulation that
included prediction of geyser boiling. Jafari et al. (2017) [78] studied numerically and
experimentally the effect of filling ratio on thermosyphon operation. They found that
the optimal filling ratio is below 35% for the heat transfer, however the risk of dry-out
phenomena can occur in this range. Wang et al. (2018) [208] combined CFD analysis
(improved and original Lee model based on volume fraction equation method) with a
visualization of geyser boiling in thermosyphon. They recognized geyser events with a
period of approx. 90-100 seconds. Improved Lee model that included a superheat for
activation of nucleation allowed to reproduce the geyser boiling in reasonable agreement
with experiments.

To sum up, the effects of key parameters on the geyser boiling behavior reported by
different research groups are presented in Table 3.6. The table focuses on water data
as it is the most commonly investigated working fluid in reference to the geyser boiling
phenomenon.

Filling ratio and heat load are the most investigated parameters influencing the geyser
boiling and the results are rather unequivocal. Increase in heat load leads to more frequent
geysers (up to certain value of heat flux [50]) and their intensity is reduced or not affected.
When considering the increase in the working fluid mass, the geysers showed significantly
higher intensity (again at least up to some heat flux [221]) and period of the phenomena
decreased. Increase in inclination angle and length of the evaporator caused less frequent
events with higher amplitude. The intensity of the geysers is not affected by coolant mass
flow rate and increased by elongation of the evaporator section or heating the temperature
of cooling water.

The above analysis indicates that geyser boiling in thermosyphons is still not well
understood. Experiments require high-resolution sensors, which make investigations
challenging. The effect of geysering on the averaged heat transfer performance of ther-
mosyphon operated with classical single-phase liquids seems to be negligible small. How-
ever, geysering causes high mechanical load and may even lead to shock damage of the
device components. As thermosyphons are used in systems usually intended to work for
long periods of time, these features provoked rising awareness of geyser boiling in the
last years. The literature survey shows that there is nearly no research on the effect of
nanofluids, influence of surfactants etc. what motivates my study.
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Table 3.6: Summary of key parameters affecting geyser boiling for water
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1 Up to 150 W; 2 Small or no geysers for heat flux higher than 150 W; 3 No geysers for filling ratios below 30%; 4 Heat fluxes

smaller than 69.6 W/cm2; 5 Heat fluxes higher than 69.6 W/cm2; 6 Heat fluxes in the range of 23.6 – 69.6 W/cm2; 7 Filling ratio

of 25%; 8 Filling ratio of 65%; 9 Filling ratio of 100%

Figure 3.9: Comparison of boiling behavior of pure water and surfactant solution (aqueous
Nicotine) [138]

Boiling of stabilizers

Nanofluids are often stabilized with surfactants or polymers what can influence the
boiling process. The literature review on that issue is presented in following sections.

Surfactant boiling

Most of the experimental papers report that the surfactant addition causes an increase
in boiling heat transfer of water, mixtures and organic fluids [2, 37, 108, 138]. Decrease
in surface tension, which usually occurs in surfactant solutions, influences a pool boiling
process by affecting the dynamics of bubble nucleation and size of detaching bubble [108].
The visual comparison of pure water and surfactant solution (aqueous Nicotine) [138] is
shown in Figure 3.9.

The temperature difference between the wall temperature Ti and liquid’s saturation
temperature Tsat, commonly called overheating or superheat, during nucleation boiling is
given by the equation 3.10 [108]:
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Ti − Tsat =
Tsat · υlv

∆h

2σ

r
(3.10)

Where υfg is the specific volume difference between liquid and vapor, ∆h is the latent
heat of vaporization, σ surface tension, and r radius of a surface cavity.

This equation indicates that reduced surface tension translates into lower superheat
of the wall required to form a bubble. At given temperature difference more bubbles are
formed according to the relationship N ∝ e−σ

3
, where N is number of nuclei in liquid

boiling [37]. Bubble growth period is slightly extend, while the waiting period and time
between two successive bubbles is significantly decreased [37].

The second parameter - bubble departure diameter - also depends on the surface
tension and its decrease is even higher with increasing surfactant concentration. More
bubble with more regular shapes are formed on the surface as a consequence of reduced
inter-bubble coalescence. Both trends result in enhancement of boiling heat transfer.
Surfactant solution shifts boiling curve and boiling onset to the lower wall superheat in
comparison to water [37, 108]. Reduced surface tension means lower amount of energy
required to create a bubble. It promotes cluster mode of detaching bubbles and facilitates
activation of nucleation sites. This induces higher bubbles departure frequency (affected
also by cavity-cavity interaction, microlayer evaporation, and coalescence of bubbles), a
more vigorous boiling process, smaller bubble diameters, and shorter life-time of bubbles
in cluster mode [2, 218, 205].

Depending on the boiling regime, addition of surfactant changes ratios of convection
and latent heat to the total heat flux. In partially developed boiling regime, reduced sur-
face tension facilitates activation of dormant nucleation sites and enhances contribution
of latent heat component. For fully developed nucleation, bubbles departure at higher
frequency preventing vapor agglomeration on the heating surface. It moves the balance
to the convection part [37, 108].

Wang et al. [205, 206] argued that enhancement of heat transfer capabilities is not an
effect of surface tension reduction but rather two mechanisms occurring during surfactant
boiling: bubble bursting/explosion and bubble jet phenomena. The first one occurs
when bubbles appearing in a short distance from each other merge. Surfactant molecules
move to the coalescence point, what significantly decreases the surface tension compared
to other locations at the gas-liquid interface. As a result, the merged bubble expands
rapidly and explodes at the point with the lowest surface tension. The bubble explosion
was seen in conducted visualization for all tested surfactant solutions (anionic surfactant
of sodium dodecylbenzenesulfonate SDBS, catonic surfactant of cetyltrimethylammonium
chloride CTAC and nonionic surfactant of alkyl polyglycoside 1214) but did not occur
for deionized water, ethanol and silicone oil.

The second mechanism - bubble jet phenomena leads to the ejection of small bubbles
from the main bubble. The jetted bubbles flow into the pool volume and do not return
in case of surfactants. It allows for effective latent heat release. After splitting, the main
bubble decreases reducing dry-out spot, and fresh liquid wets heater again. Mentioned
behavior was found in all surfactant solutions and ethanol. However, in ethanol jetted
bubble resulting from nucleation process may return to the heated wire. Both described
mechanisms lead to smaller dry-out spots, more intense disturbance, and, as a result,
improved heat transfer. Although silicone oil has lower surface tension than ethanol, it
does not indicate bubble jet and bubble explosion phenomena. Small bubbles appearing



50 CHAPTER 3. HEAT TRANSFER PROCESSES IN A THERMOSYPHON

on the heater moves along the wire until they coalesce and grow enough to detach.
[205, 206, 218].

Next to mentioned effects, changed behavior is also attributed to the Marangoni
effect causing the surface tension gradient. It affects bubble growth behavior, leads to
more stable bubbles and prevents jetted bubbles from returning to the heater surface.
On the other hand, Marangoni effect is found to decrease bubble rise velocity what
reduces internal circulation [37, 108, 205, 206]. To sum up, addition of surfactant modifies
properties at the vapor-liquid interface what translates into changes in nucleation process,
and dynamics of bubbles forming and detachment. Heat transfer enhancement up to
critical micelle concentration (cmc) of surfactant is attributed to the reduced surface
tension of the solution. For higher concentrations, slope of heat transfer increase may
remain constant or decrease according to viscous characteristics. Moreover, most of
researchers agreed that surfactant addition enhances boiling heat transfer but it cannot
shift the critical heat flux (CHF) to higher values [37, 108].

Research on surfactant boiling still requires further investigations. One of the main
concerns is solution stability in the long-term use. Witharana [214] reported that surfac-
tant may fail at high temperatures what translates into deposition on the surface that
changes properties of the heater surface [214]. The problem was also highlighted by Het-
sroni et al. [72]. Although fresh surfactant solution (Habon G) shifted sub-cooled boiling
curve to the smaller wall superheat in comparison to water, after some time they observed
degradation of Habon G. This resulted in about five-fold increase in wall temperature at
the boiling onset point when experiments run with increasing heat flux. From this point,
superheat was sharply reduced. Phenomena was not observed for series with decreasing
heat flux. Authors linked this behavior with a large vapor coating resulting of degraded
surfactant [72].

Another issue is the impact of surfactants on the environment. The challenge is to
find a surfactant that is environmentally-friendly, and at the same time, the addition of
its small amount enhances heat transfer capabilities.

Polymer boiling

As the boiling behavior of surfactant solutions is mostly related to the reduction of
surface tension, mechanisms standing behind polymer boiling must differ significantly.
Except the group of polymeric surfactants (see section 2.1), polymers do not noticeably
affect the surface tension. Simultaneously, they increase the solution viscosity and often
show non-Newtonian behavior, especially for high concentrations, high molecular weight,
and high degree of polymerization.

Most of the studies on polymer boiling available in the literature concern polymers
with surface-active characteristics [37, 108]. However, comparable to boiling of surfactant
solutions, dynamic surface tension should also be considered in case of polymer boiling.
Diffusion transport of molecules to the liquid-vapor interface and their succeeding posi-
tioning is rather slow. It takes from seconds to minutes depending on polymer chemistry,
molecular weight and concentration. The time of boiling bubble detachment in water is
estimated at 10-100 ms. The difference in time scale leads to intricate interfacial behavior
affecting the nucleate boiling dynamics [37, 108, 229].

As already mentioned, polymer solutions are often characterized by the shear-thinning
non-Newtonian behavior. Increased viscous resistance against the bubble growth may
lead to even higher dynamic surface tension compared to water. This parameter depends
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on the solution viscosity, capillary radius and surface characteristic [37]. Nevertheless,
some authors report the heat transfer enhancement compared to water when optimal
concentration of polymer is selected [37, 108]. Visualizations ([151, 170, 229] in [37])
showed that for a few low molecular weight additives bubbles are again smaller (as a
result of high viscosity preventing bubble growth), detach in a more ordered trend and
with higher velocity what reduces their coalescence. Mechanisms responsible for this
behavior is still not well understood as a consequence of limited number of available
studies on boiling phenomena with polymers solutions that are not surfactants [37, 108].

Increased viscosity, shear thinning rheology, process of diffusion transport and reori-
entation, and affected microconvection near the surface translates into various effects of
aqueous polymeric solutions on nucleate boiling heat transfer. Some of polymers en-
hanced, some reduced, and some did not affect the efficiency of thermal energy transport
[37, 108].

To sum up, the majority of the literature reported enhanced boiling heat transfer and
not affected critical heat flux values by addition of surfactant to solution. Surfactants
reduce surface tension of solutions and modify vapor-liquid interfaces. This influences
dynamics of bubble nucleation and size of detaching bubble. Due to reduced inter-bubble
coalescence more bubbles with more regular shapes are formed on the heating surface.
Additional mechanisms, such as bubble bursting, bubble jet phenomena, or Marangoni
effect are associated with improved heat transfer capabilities.

In case of polymers, there is no agreement how they influence boiling heat transfer and
different effects on heat transfer capabilities are published. It seems to be dependent on
type of polymer additive, its concentration, molecular weight and chemistry. Exception
is the group of polymeric surfactants which reduce surface tension and always enhance
boiling heat transfer coefficient. Other types of polymers do not noticeably affect surface
tension. Their addition increases solution viscosity and promotes the shear-thinning
non-fluidic behavior. Limited number of available studies on polymer boiling inhibits
understanding of mechanisms behind this phenomena.

To the best author knowledge, there is no research on properties and boiling be-
havior of surfactants and polymers under different working condition, including reduced
pressure. Among the properties measurements, there is a need for determination of the
surface-liquid-vapor surface tension under temperature and pressure conditions used for
boiling in real applications. Additionally, only a few studies on the contact angle are
available. Correlation between this parameter and boiling behavior should also be veri-
fied. Further research using different methods, including visualization, experiments, and
analytical approach in wide range of parameters, and types of additives are necessary
to determine heat transfer mechanisms related to boiling patterns of surfactants and
polymers solutions.

Impact of stabilizers on boiling of nanofluids

Murshed et al. [135] investigated the effect of NaDBS surfactant with concentration
ratio to carbon nanotubes (CNT) varying from 1:20 to 1:1. They determined the critical
concentration of surfactant (here 1:5) to obtain maximum CHF and burnout heat flux
(BHF) values. SEM analysis of wire after boiling showed that increasing concentration
of surfactant intensifies the process of particles deposition on the wire what is presented
in Figure 3.10. Surfactant strongly influenced the deterioration process.

The opposite effect was found by Chopkar et al. [39]. They found that addition
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Figure 3.10: SEM images of NiCr wire after pool boiling experiments of CNT nanofluid
with different concentrations of surfactant (NaDBS) [135] in [136]

Figure 3.11: Boiling curves of 0.005% ZrO2 nanofluids with and without surfactant (1.0%
vol.) [39]

of 1.0% vol. surfactant (tetramethyl ammonium hydroxide) to ZrO2 nanofluids worsen
boiling heat transfer and shifted the boiling curve to the right what can be seen in
Figure 3.11. They noticed that repeating the experiments shifted the boiling curve to
even higher overheating. Authors ascribed this behavior to decreasing roughness due to
trapping nanoparticles in the surface cavities.

Kathiravan et al. [88, 89] studied nucleate pool boiling with silver and copper water-
based nanofluids. They found that CHF of nanofluids was higher than that of base fluid
and increased with nanoparticles concentration. 9% vol. surfactant solution (sodium
lauryl sulfate SLS) reduced CHF to about one forth of the water value. CHF of nanofluids
with surfactant addition were also lower than that of pure water but higher than the one
of a base fluid (here: water plus SLS surfactant). Boiling heat transfer coefficient was
lower for nanofluids compared to base fluid and decreased with increase in concentration.
This shifted boiling curves to the right what is shown in Figure 3.12.

The same research group [90] tested carbon nanotubes (CNT) nanofluids which showed
opposite behavior. Nanofluids reduced superheat for a given heat flux and CHF compared
to water. Nanoparticles lowered CHF also when 9% SLS solution was used as a base fluid.
In this case, only 0.5% vol. CNT nanofluid enhanced heat transfer compared to water for
the whole range of heat fluxes. 0.025% vol. and 1.0% vol. CNT/SLS nanofluids showed
worse heat transfer capacity than water for low heat fluxes due to delay in the boiling
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Figure 3.12: Boiling curves of CNT water-based nanofluids with and without SLS sur-
factant [90]

onset. However, the results were compared with pure water, not aqueous solution of SLS
which was a base fluid for these samples. Authors [88] showed previously that surfactant
itself reduces CHF and boiling heat transfer coefficient so comparing with pure water
may be misleading.

Soltani et al. [189] investigated the influence of CMC (carboxy methyl cellulose) with
concentrations between 0.2 - 1.0 wt.% on Al2O3 nanofluid boiling. They found that
increase in CMC concentration lead to increase in boiling surface temperature, and thus
reduction in heat transfer coefficient. However, for a small concentration of CMC (0.2%)
the trend was opposite and solution showed higher heat transfer capabilities than water.

Shoghl and Bahrami [183] reported that addition of 0.01/0.02wt.% sodium dodecyl
sulfate (SDS) to ZnO and CuO nanofluids (0.01/0.02wt.%) enhanced heat transfer coef-
ficient to the values up to 74% higher than for water. For comparison, ZnO nanofluid
without SDS slightly decreased and CuO showed 7% increase of HTC. Further study
conducted by the same research group [137] demonstrated that ZnO and Al2O3 nanoflu-
ids reduced heat transfer during boiling while CNT addition caused the enhancement.
Possible decreases authors linked to the increase in viscosity.

3.3 Summary of the literature review

The following summary may be delivered from the foregoing literature review:

1. Nanofluids consist of a base fluid, nanoparticles and optional stabilizer. Each com-
ponent influences the final properties of nanofluid. Impact of surfactant or polymer
is often neglected in the literature, although chemical stabilizer can affect ther-
mophysical properties of nanofluid and their boiling behavior. Therefore
there is a gap of knowledge, which should be filled with careful experimental studies.

2. Based on obtained experimental data researchers proposed empirical correlations
for thermophysical properties of nanofluids and heat transfer coefficients. They are
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usually applicable in a very narrow range of parameters and types of nanofluids,
and are not verified in various conditions. This show a need for higher amount
of comparable data with proper characterization of used nanofluids.

3. Nanofluids influence three of partial thermal resistances of the thermosyphon: ther-
mal resistance of the fluid itself, of the phase interface between liquid and vapor,
and between inner wall of the evaporator and heated fluid. The next few ones are
in the group of ’influence is possible but must be proven’, and seem not to have
decisive impact on the overall thermal resistance of the device. The thermal re-
sistance between the evaporator inner wall and the heated working fluid
is crucial for the final effect of using nanofluids.

4. During boiling of nanofluids particles may deposit into layers on the heater wall
(inner wall of evaporator in case of a thermosyphon). It changes the surface chem-
istry, structure, and energy, what in turn affects the force balance at the triple
line, bubble nucleation, and wetting dynamics. Deposition processes exceed
the current state of thermodynamics and fluid mechanics knowledge and
require further investigation.

5. A boiling regime characterized by a sudden and violent expansion of a bubble
that pushes the fluid trapped above in the direction of condenser (geyser event)
may occur in thermosyphon for some working conditions. This periodical behavior
is called geyser boiling (or geysering) and is still not well-understood. Reported
literature survey indicates that there is nearly no research on how nanofluids
or surfactants affect geyser boiling regime.

6. Working fluid properties affect boiling regime in a thermosyphon. Visualization
of nanofluid behavior operating in the thermosyphon is not currently available to
the best author knowledge. The interplay between nanoparticles, base fluid
and evaporator surface play a crucial role in the thermal capacity of the
thermosyphon working with nanofluids. It makes visualization of processes
inside a device challenging. Changing tube material from copper to sapphire or glass
alters the surface characteristics and properties, thus is not reliable for comparison.
The only possibility is to compare with a base fluid and to search for similarities
based on working fluid properties, pressure, and temperature measurements.

7. Multiplicity of parameters influencing nanofluid behavior explains why experimen-
tal results available so far are incoherent. It results in the lack of proper the-
oretical and numerical models. Reliable and comparable data is required
for fully understanding the mechanisms behind the nanofluid usage in
thermosyphons.

8. Classical approaches to design of thermosyphon are not applicable to
thermosyphons working with nanofluids due to interactions of nanoparticles
with the evaporator wall changing surface conditions and working fluid properties
over time. Reliable experimental database is required to determine issues related
to nanofluids what allows for further development of mathematical tools.

9. Overview of the literature indicates that only a few papers tried to compare
different working fluid under comparable operating conditions and the
thermosyphon geometry. Among the carbon-based materials, no studies on
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graphene-oxide or nanohorn nanofluids in thermosyphon are available. Only one
paper discussed the silica nanofluid and focused mostly on the functionalization
effect on the fluid stability and basic coefficients describing thermal efficiency. Two
papers analyzes the impact of gold nanofluids on thermosyphon operation. In these
studies heat was supplied to the evaporator via electric heater at the bottom of the
device, thus thermosyphon cannot control the amount of transferred heat.

Heat transfer in thermosyphon working with nanofluids is complex process includ-
ing parallel phase change transitions. Phenomena depend on many parameters which
cannot be controlled and analyzed at the same time. Reported inconsistencies show
the need of more systematic investigations on nanofluids in different applications, in-
cluding pure boiling systems and thermosyphons. Usage of wide range of nanoparticles
materials, concentration and sizes, as well as different types of surfactants, and surface
conditions are highly recommended. Focus should be put on repeatable experiments
with time-dependent analysis based on highly precise equipment. This will help to detect
mechanisms responsible for nanofluids behavior and will allow to determine divergences
resulting from process of nanoparticles deposition on the heater surface.

To address some of concerns reported in previous paragraphs, the following method-
ologies are proposed:

� Series of systematic experimental studies on thermosyphons filled with var-
ious nanofluids. Proper selection of tested fluids allows for filling the knowledge
gaps underlined in the literature review. Chosen nanoparticles includes graphene
oxide flakes, gold, single wall carbon nanohorns, and silica nanoparticles. They
show various properties, concentrations, shapes and sizes.

� Examination of the inner wall of evaporator section using endoscopy cam-
era to check macro-scale changes caused by nanoparticles deposition during the
thermosyphon operation.

� Investigation of the surfactant effect by testing aqueous solution of surfactant
with the same concentration as in tested nanofluids to differentiate changes caused
by nanoparticles and surfactant. It addresses the gap of knowledge caused by a
common omission of the surfactant impact on results.

� Characterization of tested nanofluids. The focus is put on graphene oxide
flakes as the most innovative material with high theoretical thermal conductivity
and large specific surface area reported in the literature. Results of some proper-
ties determination available in the literature differ significantly and depend on the
production route.

� Analysis of the particles remained in the fluid after all experimental
series to check how they change under boiling conditions.

� Data reduction methodology based on statistics to investigate geyser
boiling in more details. This allows for comparison of geyser boiling parameters
(frequency and intensity of averaged geyser event) regardless of the working fluid
or operation conditions.



Chapter 4

Experimental characterization of
investigated nanofluids

Thermophysical properties of working fluid influence boiling heat transfer coefficient,
and in consequence efficiency of heat transfer in thermosyphon. Nanofluids affect some of
base fluid properties (Fig. 3.6). Thus, characterization of investigated working fluids was
performed with focus on graphene oxide nanofluids. These materials are relatively new
and with high potential, but still poorly characterized. No research on graphene oxide
nanofluids used as working fluid in thermosyphon is currently available in the literature.
Knowing the properties of these working fluid (among others size and shape of graphene
oxide flakes, thermal conductivity, contact angle, density, viscosity, and surface tension)
will allow for better understanding of obtained experimental results.

Due to multiplicity of experimental cases and nanofluids types, most of the results
are divided into two groups which consider: 1) graphene oxide (GO) nanofluids and 2)
nanofluids based on silica, nanohorn, and gold nanoparticles. Nomenclature for all tested
working fluids is summarized in the Table 4.1 for GO-related working fluids and Table 4.2
for other investigated working fluids.

Table 4.1: Nomenclature for water-based nanofluids with graphene oxide flakes and re-
lated working fluids

Working fluid Type of particles Particles

concentration

Surfactant Surfactant

concentration

Water - - - -

SDS solution - - Sodium dodecyl sulfate 0.01 g/L

GO (fresh) Graphene oxide flakes 0.1 g/L - -

GO + SDS Graphene oxide flakes 0.1 g/L Sodium dodecyl sulfate 0.01 g/L

Table 4.2: Nomenclature for water-based nanofluids with gold, silica, and nanohorns
nanoparticles, and related working fluids

Working fluid Type of particles Particles

concentration

Stabilizer Stabilizer

concentration

Water - - - -

SDS solution - - Sodium dodecyl sulfate 0.01 g/L

Silica Silica 2%vol. - -

Nanohorns Nanohorns 0.1 g/L Sodium dodecyl sulfate 0.01 g/L

Au1 / gold + PVP Gold 0.1 g/L Polyvinylpyrrolidone (PVP) 1%

Au2 / gold + KOH Gold 0.1 g/L Potassium hydroxide (KOH) 100 µM

56
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Figure 4.1: Investigated working fluids: a) gold nanofluid, nanohorn nanofluid, water
solution of SDS, silica nanofluid, b) graphene oxide nanofluid

Figure 4.1 presents investigated working fluids before the experiments. Details on
preparation process and characterization with focus on graphene materials are presented
in the following sections.

4.1 Graphene oxide nanofluids

Graphene is a two-dimensional sheet of sp2-hybridized carbon [143]. For the first
time, it was isolated by Andre Geim and Konstantin Novoselov (2010 Prize Nobel in
Physics winners) in 2004. Graphene gained interest due to its unique properties, such
as ambipolar field effect, high carrier mobility, good thermal and electrical conductivity
[143, 163].

Nomenclature for materials based on graphene may be misleading. In the literature,
term ’graphene’ is currently used to refer various materials, such as two-dimensional sheet-
like carbon forms, multilayer materials made by graphite exfoliation, or graphene oxides.
The differences according to the recommended nomenclature presented by Editorial Team
for Carbon [23] are underlined in following paragraph.

Graphite is a 3D material, the most stable allotrope form of carbon existing in the
nature. Its oxidation leads to a bulk solid called graphite oxide. Further exfoliation of
graphite oxide results in a graphene oxide (GO) or a few-layer graphene oxide in case
of partial exfoliation. Graphene oxide (GO) is a mono-layer material with a honeycomb
structure reach in oxygen content (C/O atomic ratio is typically between 2.0 and 3.0).
It is modified chemically by oxidation and exfoliation ’that is accompanied by extensive
oxidative modification of the basal plane’ [23]. The exfoliation is the process of graphene
oxide sheets separation from oxidized graphite stacks. It occurs under action of external
forces, such as ultrasonication or mechanical treatment. Term graphene oxide is used
to emphasize the process which the material has undergone. If GO is then treated in
chemical, thermal, photo-chemical etc. way to reduce its oxygen content, the resulting
material is called reduced graphene oxide (rGO) (see Fig. 4.2). The reduction may change
properties, i.e. from hydrophilic GO to hydrophobic rGO. Finally, graphene is ’a single-
atom-thick sheet of hexagonally arranged, sp2-bonded carbon atoms that is not an integral
part of a carbon material, but is freely suspended or adhered on a foreign substrate’ [23].
Other two dimensional graphene-based materials should be called by special names what
differentiate them from the isolated mono-layer. The individual structures of graphite



58
CHAPTER 4. EXPERIMENTAL CHARACTERIZATION OF INVESTIGATED

NANOFLUIDS

Figure 4.2: Difference between graphite, graphene oxide (GO) and reduced graphene
oxide (rGO) [233]

and other 3D carbon materials are called graphene layers to distinguish the old and new
nomenclatures.

Synthesis methods of graphene materials can be divided into two major groups:
bottom-up and top-down [143]. The first category includes epitaxial methods and chemi-
cal vapor deposition. Both lead to good quality material but the production is expensive
and gives only minuscule amount of product [106, 143]. Thus, this form of graphene is
not suitable for heat transfer applications. The second type of techniques starts with
macroscopic objects and reduce their sizes through a special treatment. It includes di-
rect exfoliation, oxidizing-reduction method, electrochemical and chemical exfoliation
[143, 148]. This approach allows to obtain relatively cheap product on a mass scale with
potential to apply into industry.

Method of synthesis

Graphene oxide (GO) nanofluids were prepared in cooperation with Institute of Elec-
tronic Materials Technology (ITME) in Warsaw through a modified Hummers method
(top-down technique) [171]. Process is schematically presented in Fig 4.3.

Source graphite material was oxidized chemically at 50◦C by a treatment with a
solution of 95% sulfuric acid (10 g graphite per 1 l of acid), sodium nitrate with a 2:3 mass
ratio to graphite and potassium permanganate (6:1 mass ratio). Obtained slurry was first
diluted in deionized water, and then H2O2 was added. In the next step, the solution was
washed using a micro-filtration device. First sample was diluted with deionized water
to ensure concentration of 0.1 g/l. Additionally, 0.01 g/l of sodium dodecyl sulfate was
added to the second one. Both nanofluids were then mixed for 4 hours using magnetic
stirrer. The samples were stable at the room temperature for over 6 months.

Size and shape of particles

Scanning electron microscope (SEM)

Samples of graphene oxide flakes under SEM microscope are presented in Fig. 4.4.
Nanofluids underwent a special treatment before SEM analysis, including diluting and
drying. Investigated flakes showed irregularity in dimensions, both between various flakes
and in a single flake (thickness vs length). Some flakes were folded or creased. This feature
could come from production or sample preparation for SEM.
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Figure 4.3: Synthesis of investigated graphene oxide nanofluid

Figure 4.4: Fresh sample of graphene oxide flakes under scanning electron microscope
(SEM)
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Figure 4.5: Graphene oxide flakes under atomic force microscope (AFM)

Atomic force microscope (AFM)

Thickness of graphene oxide flake shown in Fig. 4.5 was determined using atomic
force microscope (MFP 3D BIO, Asylum Research/ Oxford Instruments). Due to sample
specification and the nanometric size of flakes, the microscope was equipped with an
AC160TS-R3 scanning probe (Olympus). The measurement was conducted using a Semi-
Contact mode with a tip radius of approx. 7 nm. The experiments were performed at
the ambient air with a temperature of about 23◦C and an averaged air humidity of about
19%. Graphene oxide flakes had thickness of approx. 1 - 10 nm.

Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) equipments are well widespread. Measurements
are simple, quick, and possible over the wide temperature range what is uncommon
for other techniques. DLS technique is highly reliable method for spherical objects but
the relationship between dimensions and diffusion coefficient for non-spherical particles
is relatively complex [116]. Thus, DLS may provide only a rough approximation of the
hydrodynamic diameter of graphene flakes dispersed in water and general trends following
changes in conditions.

Typical results of DLS measurements give values based on intensity, relative particle
numbers, and volume. The relative particle numbers are usually calculated from Mie
Theory which is based on the Maxwell equation and describes electro-magnetic wave
scattering. It assumes spherical shape of particles and determines the particle diame-
ter based on backscattering angular profile. To avoid this theory for measurements of
graphene flakes which are characterized by significant differences in thickness and length,
results shown in this section are based on the intensity of scattered light. To prevent us-
ing the Mie theory, the values based on number and volume particle fraction are excluded
from calculations. Results obtained from intensity distribution have usually higher values
than the ones from volume fraction, which in turn are higher than the ones estimated
from particle number [118, 201].

Experiments with nanofluids based on graphene oxide flakes were carried out at Jaume
I University in Castellon de la Plana (Spain) using two devices based on DLS methodol-
ogy: commercial Malvern Zetasizer Nano-ZS and customer-adapted Vasco Flex Particle
Size Analyzer. Both are presented in Fig. 4.6. Each data point is the average of three
sample measurements. The refractive index (n), called also a real part indicates the
phase velocity was set to 2.6988 [211]. Imaginary part or extinction coefficient (k) refers
to mass attenuation during propagation through the material. The k values are not
precisely known for nanofluids [116] due to their variety. As this value was needed for
the equipment software, 1.2955 was used according to the literature [211]. Later, in data
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Figure 4.6: DLS equipments used for determination of size distribution in graphene oxide
nanofluid

analysis this extinction coefficient was avoided to use - results were based on intensity
distribution, as described in previous paragraph.

Examples of particle size distributions determined with a Malvern Zetasizer NANO-
ZS are shown in Fig. 4.7. All measurements with a Malvern Zetasizer NANO-ZS were
carried out with 15 runs and a scattering angle of 173◦ in a glass cuvette PSC115. The
cuvette had inner dimensions of 10x10x450 mm and was filled 3.5 ml of measured fluid.

Fig. 4.7 (left) presents the intensity size distribution of GO (0.33 g/l) with SDS
(0.033 g/l) in the dependence of temperature measured using Malvern Zetasizer. The
strong trends of increasing intensity and decreasing particle size occurred with temper-
ature increment. The distribution curve was also more narrow for higher temperatures.
Fig. 4.7 (right) presents the size distribution of GO nanofluid (0.1 g/l) in the tempera-
ture range from 45◦C to 60◦C where the reduction of graphene oxide may happen. This
process depends on many conditions, such as temperature and time. For the case shown
in the Fig. 4.7 (right), decreasing intensity of peak for the approx. 700-800 nm was seen
with increasing temperature. At the same time, peak intensity for 5560 nm was slightly
increasing. This may suggest that agglomerates started to being formed at this temper-
ature.

Figure 4.8 shows the Vasco-Flex device with focus on measurement unit. Tested
samples had an order of magnitude higher volume than in Nano-ZS Zetasizer. Due to dark
color of tested nanofluid, visualization of heating processes inside the unit (Figure 4.8 b)
was not possible.

After a long period of contact between nanofluid and measurement cell (14 hours),
unexpected deterioration of graphene oxide nanofluid occurred. It led to agglomeration
and sedimentation of flakes presented in Fig. 4.9. The same sample left outside the
device kept its stability. Figure 4.9 c) shows that sedimented graphene material played
as nucleation sites, although temperature in this case was only 50◦C.

Figure 4.10 presents SEM analysis of two samples:

� row a: nanofluid underwent the whole experimental series and were left in the device
for about 14 hours.
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Figure 4.7: a) Size distribution of graphene oxide nanofluid (0.33 g/L) with SDS in the
dependence of temperature. b) Size distribution of GO (0.1 g/l) in dependence of the
temperature range from 45◦C to 60◦C

Figure 4.8: Vasco-Flex device (DLS technique) with a view on the measurement unit
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Figure 4.9: Deterioration of graphene oxide nanofluid after long-interaction with Vasco
Flex measurement cell

Figure 4.10: Graphene oxide material after measurements: row a) nanofluid left in the de-
vice for approx. 14 hours, b) nanofluid taken out from the device directly after completed
experimental series

� row b: nanofluid was taken out from the device directly after finishing the last
experimental point (85◦C).

Fluid which was in the experimental unit over a night (row a) deteriorated completely.
For the case b (nanofluid taken out from the measurement cell directly after finishing
experiments), such a strong interaction between nanofluid and measuring unit was not
noticed. However, heating up to temperatures higher than 50-60◦C may lead to the
reduction of graphene oxide. As a result, some flakes were partly destroyed (see the last
figure of row b).

The comparison of the results for GO nanofluid (0.38 g/l) obtained at two kinds of
equipment is shown in Fig. 4.11. In the temperature range of 30◦C - 70◦C, the differ-
ences were always smaller than 10%, except the lowest point. DLS can only give a rough
estimation of sizes for flake-shape particles as explained in the introduction. These dif-
ferences were considered as acceptable, even though the deterioration of graphene oxide
nanofluid in Vasco-Flex device was reported. Due to fact that the measured samples
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Figure 4.11: Comparison of mean hydrodynamic diameter of graphene oxide flakes (GO
nanofluid, 0.38 g/L) measured with two devices

were water-based, bubbles could appear at temperatures higher than 75◦C. It resulted in
scattered data at this region and bad data quality reported by the equipments. These
values were excluded from further analysis.

The hydrodynamic diameter of graphene oxide flakes averaged over the temperature
range from 25◦C to 75◦C were:

� graphene oxide nanofluid (0.1 g/l) without surfactant: 901 nm,

� graphene oxide nanofluid (0.1 g/l) with sodium dodecyl sulfate (0.01 g/l): 769 nm.

Please note that typical thickness of graphene oxide flakes was of approx. 1-10 nm
(Fig. 4.5), thus these hydrodynamic diameters should be treated as a rough estimation.

Thermal conductivity

Thermal conductivity of graphene sheets shows a strong anisotropy and its value
along the flake length is one of the highest of known materials [156]. At the room
temperature graphene can reach up to 4000 W/mK in the length direction [156] while
diamond ∼ 2200 W/mK. The values obtained experimentally differ significantly and some
of them are much lower (e.g. 600 W/mK for graphene [231]).

Effective thermal conductivity (called simply thermal conductivity) of tested graphene
oxide nanofluid (0.1 g/l) was measured using ring-gap apparatus [48]. All surfaces in
contact with measured fluid were silver-plated (20 µm) to prevent thermal radiation
and corrosion. Convection was almost obviated, thus heat was transported through the
fluid only by conduction [48]. Any temperature disturbances were treated as a part of
systematic error, thus were included in calibration with water and toluene [162].

Thermal conductivity was calculated as [48]:

knf =
q

2π∆T

[
l

ln(ro/ri)
+

2riro
ro − ri

] (4.1)
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Figure 4.12: Thermal conductivity of graphene oxide nanofluid compared to water

Where q was heat flux imposed on the sample from the inner to the external cylinder,
∆ T - difference between the temperatures of internal and external surfaces of cylinders,
ri and ro - inner radius of the inner and outer cylinders, respectively (8 mm and 9 mm),
l is the length of the cylindrical part (61 mm).

The relative changes in thermal conductivity were compared to the measured values
of a base fluid instead of literature data. This approach includes systematic errors of the
measurement device. Due to very low concentration of graphene oxide flakes in tested
nanofluids, the enhancement varied between 0.5% and 1.5% in comparison with measured
values of water (Fig 4.12). The trend was visible but the improvement was smaller than
an experimental error (±3%).

Similar results were obtained using KD2 Pro analyzer [73]. This is a commercial
device with an accuracy reported by manufacturer of ± 5%. Maximum enhancement
for GO thermal conductivity compared to water was 5% at 50◦C. Again, trend was
visible but reported improvement was smaller than the measurement error. Reliability of
KD2 Pro analyzer for measurements of nanofluids are commonly discussed in the research
society but results seem to show proper trends [26] when the measurements are conducted
precisely with high accuracy and caution. Device must be first calibrated with well-known
fluids and all the parameters (among others temperature, sensor position and vibrations)
must be controlled very carefully.

Viscosity

Figure 4.13 shows viscosity of graphene oxide nanofluid in dependence on shear rate.
Measurements were performed using a Malvern Kinexus Pro stress-controlled rheometer
with a cone-and-plate geometry (cone angle: 1◦ and diameter of 60 mm) [71]. Experiments
were conducted at 21◦C ± 0.1◦C ensured by Peltier temperature control system. Steady-
state conditions were obtained by waiting a holding time of 300 s. A logarithmic shear
stress ramp included a shear rate range of 10 - 1000 1/s. The uncertainty of viscosity
measurements were reported to be lower than 4%. GO nanofluid was shear thinning and
showed moderately non-Newtonian behavior [71].
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Figure 4.13: Viscosity of graphene oxide nanofluid [71]

Figure 4.14: Heat capacity of graphene oxide nanofluids and water [216]

Specific heat capacity

Graphene oxide nanofluid was prepared in a similar way as described previously but
concentration of graphene flakes was 1 g/l. Optional stabilization was 0.1 g/l of sodium
dodecyl sulfate (SDS) what gave the same ratio of surfactant to GO flakes as in the
sample of 0.1 g/l GO nanofluid.

The measurements were conducted using DSC device Q200 by TA Instruments at
ILK Dresden [216]. Obtained results in comparison with water are presented in Fig. 4.14.
Nanofluids reduced heat capacity but only up to 0.2% compared to water values. Thus,
changes in specific heat capacity of used nanofluid may be neglected.
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Figure 4.15: Surface tension of graphene oxide nanofluids and reference fluids [234]

Density

Measurements [71] confirmed that density (parameter needed for calculations of sur-
face tension) of graphene oxide nanofluids was similar to that of water due to small con-
centration of particles. Differences were lower than 0.1�which is below a measurement
uncertainty.

Surface tension

Surface tension measurements were performed using tension meter PI-MT1A.KOM
(Polon-Izot, Warsaw, Poland). The device was based on Noüy Ring methodology and
operates with Zuidema and Waters coefficient [234]. A platinum ring had a diameter of
9.6914 mm with a wire diameter of 0.2030 mm. A 20 mL sample was maintained in the
constant temperature controlled by Peltier system with an accuracy of 0.1 K. The device
was calibrated with one hundred measurements of distilled water at 20◦C. The mean
value was 71.31 mN m-1 with a standard deviation of 0.18 mN m-1 which is approx. 2%
lower that literature values from NIST database [234].

Figure 4.15 presents surface tension of graphene oxide nanofluids (with and without
SDS), water, and water solution of sodium dodecyl sulfate (SDS). Presented results are
an averaged values of ten measurements at a given temperature and include calibration
error. It applies to all cases except water for which literature data is used.

Results in the temperature range of 25◦C - 55◦C show that addition of both - graphene
oxide flakes and sodium dodecyl sulfate slightly reduced surface tension in comparison
to water. Solution of surfactant (sodium dodecyl sulfate) had the biggest impact on the
σ decrease - up to 3.3% difference compared to water. Addition of SDS to graphene
oxide nanofluid caused a slight reduction of σ compared to nanofluid without surfactant.
Although the amount of SDS in nanofluid was the same as in SDS solution, interaction
between surfactant and graphene oxide flakes impeded surface tension reduction to the
level possible with pure surfactant solution.
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Figure 4.16: a) Raw data of contact angle measurements. Each point represents result
from one of research teams, b) Examples of droplets of water (above) and GO nanofluid
(below) from UJI [71]

Contact angle

Contact angle can be understood as a quantitative parameter describing wettability
of a solid by a given liquid. Usage of nanofluids adds at least one additional phase
(solid particles). For flow applications nanofluids are often considered as single-phase
fluid with changed effective thermophysical properties. Devices used for contact angle
measurements uses only small volume of fluid being immobile or in slow movement. Thus,
particles may move independently from the base fluid creating e.g. coffee-ring following
from capillarity flow or structural disjointing pressure [71], and treating them as single-
phase fluid is questionable.

Traditional equipments available nowadays cannot recognize such effects. Literature
provides a small amount of data which differs significantly and cannot be compared. For
this reason, a benchmark study on contact angle of investigated graphene oxide and two
more nanofluids was performed within NANOTENSION project of the COST Action
CA15119 [71]. It includes results from nine research teams using various measurement
devices (both commercial and customer-adapted) but the same nanofluids and stainless
steel solid surface [71]. The summary of raw data for GO nanofluid (prepared in a way
schematically presented in Fig. 4.3) in dependency of the temperature is presented in
Fig. 4.16 with example of droplets for water and GO nanofluid. Results exclude Wilhelmy
method focusing on dynamic contact angle what is later shown in Fig. 4.18. Different
values at the same temperature comes from the same team but using different volumes
of droplets.

Contact angle depends on the temperature, thus mass should be used instead of
volume. For the experimental conditions, ambient temperature varied in the range of
19 - 25oC for different teams. The water density, and in consequence GO nanofluid, was
between 998.55 kg/m3 and 997.25 kg/m3 what gave 1.3� of difference. It allowed for
using volume instead of mass for contact angle calculations.

Based on the obtained data, a following equation for estimation of contact angle of
nanofluid was proposed [71]:
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Figure 4.17: Comparison of experimental and fitted contact angles according to eq. 4.2
[71]

θfl(t, Vdr) = a0,f l + at,flt+ aV,flV
1/3
dr (4.2)

Where: θfl(t, Vdr) indicates the contact angle of a certain fluid at a given temperature t
for a certain droplet volume Vdr.

For graphene oxide nanofluid coefficients a0,f l, at,fl, aV,fl obtained by fitting data using
Lavenberg-Marquardt algorithm and described in more details in [71] are:

� a0,f l = 183.079± 44.077, [◦]

� at,fl = −4.388± 1.881, [◦/◦C]

� aV,fl = −797.574± 504.529, [◦/m]

The quality check of this equation (4.2) - comparison of experimental and calculated
contact values are presented in Fig. 4.17. This is the first equation available for estimation
of contact angle of nanofluid and a coefficients are still characterized by high uncertainty.
Even though, the same procedure applied to water values including independent data
from literature showed compliance less that 10% in most cases [71].

Authors [71] performed a theoretical discussion that the contact-angle under zero-
volume conditions depends on temperature and pressure what is also true for other ther-
mophysical properties. It is impossible to conduct experiments with zero-volume droplets
and decreasing droplet volume may lead to increase in experimental errors. Thus, the
calculation were done using eq. 4.2 with assumption that the droplet volume is equal to
0. Resulting θfl,0(t, 0) is called limiting contact angle. As the water shows weak variation
of pressure under ambient temperature, calculation of θfl,0 allows for analyzing the tem-
perature dependency. Comparison of limiting contact angles for nanofluid and according
base fluid gave an information about the differences between each other.

This round robin test showed that contact angle of nanofluids may be measured by
variety of techniques and equipments only if the experimental conditions and procedures
(including preparation of nanofluids, cleaning of surface, volume of droplet, etc.) are taken
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into consideration. Base fluid should always be measured for comparison. In opposite
to other contact angle studies, the limiting contact angle (contact angle for zero-volume)
can be treated as an effective thermophysical property characterizing the nanofluid. It
is a function of the temperature, solid surface energy, solid-liquid interfacial interaction
and the characteristics of nanofluid [71].

Dynamic contact angle

Movement of the liquid over the surface leads to changes in contact angle. This
characterizes dynamic contact angle, including an advancing θad and receding θre con-
tact angle (see Fig. 4.18a). Advancing contact angle indicates maximum possible static
contact angle for a given pair of fluid-surface, while receding gives the minimum value.
Contact angle hysteresis is the difference between θad and θre. It depends on the surface
heterogeneity, solution impurities absorbing on the surface, or swelling, rearrangement or
changes of the surface by the solvent [14].

Figure 4.18 presents the dynamic contact angle of graphene oxide nanofluid. Values
depended on the state of surface - when it was dry (the first cycle) advancing contact
angle showed its highest values. For wet surface (cycles no. 2-5 and the first one for θre),
dynamic contact angle decreased but the difference was significantly higher for the θad.
This behavior is known as the initial formation of wetting lamella [71]. It means that
nanofluid showed enhanced capability to wet stainless steel surface once it became wet.

Figure 4.18: a) Advancing (θad) and receding (θre) dynamic contact angle in the case of
a liquid drop sliding on a tilting surface, b) Dynamic contact angle of graphene oxide
nanofluid [73]

4.2 Other investigated nanofluids

Gold nanofluid

Gold nanofluids were chosen due to the highest thermal conductivity of gold among
the metals (418 W/mK [207]). Both gold nanofluids with concentration of 100 mg/l
were prepared directly in water by pulsed laser ablation technique by Particular GmbH
(Germany). A 99.99% pure gold with thickness of 0.5 mm was placed in an ablation
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chamber filled with 100 ml Mili-Q water. Laser (Nd:YAG ns-Laser Rofin Powerline E20)
worked with a wavelength of 1064 nm, pulse duration of 7 ns, 15 kHz repetition rate,
and pulse energy of 0.35 mJ. Laser beam was focused onto the gold sample by a F-Theta
lens with a focal length of 100 mm. The resulting reddish-brown suspension shown in
Fig. 4.1 (left) is gold nanofluid Au1 stabilized with 1% of polyvinylpyrrolidone (PVP).
PVP is a soluble polymer and more details on this stabilizer can be found in Section 2.1.
A photo of Au2 stabilized with 100µM of potassium hydroxide (KOH) does not exists but
its appearance was practically the same as Au+PVP. Diameters of nanoparticles were
determined at 20◦C using a Nicomp 380 DLS-ZLS (Particle Sizing Systems, Inc., USA).
Measured sizes were in the range of 50 and 70 mm with the mean value of 64.12 mm
(Au+PVP) and 66.85 mm (Au+KOH). Due to low nanoparticles concentration, changes
in thermal conductivity, density, and heat capacity were negligible [54, 100]. Viscosity
measurements confirmed that nanofluid did not show a non-Newtonian behavior [100].

PVP prevents aggregation of nanoparticles via the repulsive forces and stabilizes the
suspension due to hydrophobic components oriented into solvent and interacting with
other carbon chains (steric hindrance effect) [98]. Kyrychenko et al. [103] conducted
molecular dynamic simulations for silver nanoparticles of 4.5 nm diameter and PVP
oligomers and the result is presented in Figure 4.19.

Figure 4.19: Molecular dynamic simulation of a silver nanoparticle coated with PVP [103]

In case of gold nanoparticles, density functional theory studies showed that hydrophilic
components bind to gold surfaces through the oxygen atom mainly by Van der Waals
interactions [98, 112]. PVP adsorption onto gold modify the surface free energy of differ-
ent facets and too high polymer concentration may promote aggregation of the smaller
nanoparticles [98], thus PVP concentration in investigated nanofluid was 1%.

Nanohorn nanofluid

Single wall carbon nanohorns, commonly called nanohorns are currently not available
commercially. They are aggregates of graphene sheets and thousands of them tend to
associate with each other to form structures like dhalia flower or buds [145]. Their
overall diameters vary from tens to hundreds of nanometers. Due to numerous graphene
flakes assembled in one nanohorn, the specific surface area reaches even up to several
hundredths of square meter per gram [145]. Thus, this material is promising for heat
transfer applications.

The nanohorn nanofluid was synthesized through two-step method by a high-pressure
homogenization (Carbonium Srl, Italy) at CNR-ICMATE (Padua, Italy). Prepared
nanofluid had a concentration of 0.1 g/L and was stabilized with 0.01 g/l of SDS. The
average hydrodynamic sizes of nanoparticles determined with Dynamic Light Scattering
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(DLS) varied between 100 nm and 150 nm. The suspension was stable against sedimen-
tation for months.

The stabilization of nanohorn nanofluids was made with sodium dodecyl sulfate (SDS)
with a relatively high concentration (10% of particles concentration). Thus, its influence
on the results was determined by using water solution of SDS with the same concentration
as in nanohorn nanofluid (0.01 g/l) as the next working fluid.

Silica nanofluid

A water-based silica (silicon dioxide) nanofluid was prepared by Fraunhofer- Insti-
tut für Keramische Technologien und Systeme IKTS from SIPERNAT® 22 S (Evonik
Industries AG, Germany). The raw material was dispersed unfractionated with higher
concentration and then diluted to concentration of 2 % vol. Addition of KOH ensured
the pH-value of 10.5 required for working with copper pipe. The mean size of agglom-
erates were measured by manufacturer using DLS method (Zetasizer Nano ZS, Malvern
Instruments GmbH, Germany). DLS gives two most common options to calculate the
size of particles: xDLS called also Z-average or quantile calculation from size distribution.
The most popular 50% method (x50) of the later one determines the size for which 50%
of the total distribution are smaller than this size. Results obtained within these two
methodologies may differ. In the case of used silica nanofluids, the values were 110 nm
(xDLS) and 77 nm (x50).

A thermal conductivity of 2% silica nanofluid were determined under the temperature
range of 20◦C - 60◦C using a static device – ring-gap apparatus [28] based on coaxial-
cylindrical cell method. For the temperature of 20◦C - 30◦C the thermal conductivity of
silica nanofluids was about 2% higher than that of water and decreased to about 1% at
60◦C.



Chapter 5

Two-phase closed thermosyphon

5.1 Test rig and measurement procedure

Experiments were carried out using a two phase closed thermosyphon located in the
Institut für Luft- und Kältetechnik (ILK) in Dresden, Germany. Figure 5.1 a) presents a
photo of the complete set-up. 1800 mm long device made of copper (CW024A) pipe had
an inner diameter of 20 mm and a wall thickness of 1 mm. Evaporator and condenser
sections had a length of 400 mm and both were wrapped with copper pipes working as
coiled heat exchangers. Water inside the coils heated and cooled evaporator and condenser
sections, respectively. Two thermostats LAUDA Eco RE 1050 GW (LAUDA, Germany)
with a temperature constancy of ± 0.02K controlled temperatures of circulating mediums.
Inlet and outlet temperatures of water were measured directly near the thermosyphon
using Pt 100 elements (TMG Temperaturmesstechnik Geraberg GmbH, Germany) with a
working range of -20◦C to +150◦C. An accuracy of sensors were ± 1/3 (0.3 K + 0.005 ϑ)
where ϑ was the value of currently determined temperature. Thus, maximum uncertainty
of ± 0.24 K was imputed to the highest applied temperature (85◦C). Volume fluxes
of ± 12 l/h with a maximum error of ± 0.76 l/h were measured using two Krohne
Optiflux 5000 (KROHNE, Germany). The whole device and water connections were fully
insulated with an Armaflex insulation.

A custom-made sensor (TMG Temperaturmesstechnik Geraberg GmbH, Germany)
shown in Fig. 5.1 c measured temperature of working fluid inside the evaporator. The
probe was connected to the lowest part of the thermosyphon and consisted of six Pt 100
elements positioned at different heights of the section (80, 125, 170, 215, 260, and 305 from
the bottom of the device) what is shown in Fig. 5.1 c. Operating range of these sensors
was from -20◦C to +150◦C. The accuracy was determined as ± (0.15 K + 0.002 ϑ). Thus,
maximum uncertainty of measurement was ± 0.32 K for the highest applied temperature
(85◦C).

73
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Internal pressure was measured at four different positions what marked in Fig. 5.1 b.
Three transmitters with a measurement range of 0− 400 Pa were placed along the adia-
batic section and two more just below the end cap of the device. At the highest point two
pressure gauges with various measurement ranges (0−104 ± 2.5 Pa and 0−105 ± 250 Pa)
worked simultaneously to ensure high quality of data. All sensors (TRAFAG GmbH,
Germany) had a response time of 1 ms. Filling nozzle were located at the top of ther-
mosyphon using the same connection as pressure transmitters. 85 ml of working fluid
in a liquid phase was supplied to the device what filled almost 68% of the evaporation
section (so-called filling ratio of 0.68).

Data acquisition was provided by a message-device consisting of a high-resolution
analogue digital converter transforming the signal from measurements. Its connection
with ProfiSignal software (Delphin Technology AG, Germany) allowed to supervise results
on-line at PC.

All the experiments followed a standardized procedure. In both cooling and heating
cycles volume fluxes of water were kept constant at the value of 12 ± 0.76 l/h. Each
working fluid was tested within two measurement series: inlet temperature of cooling wa-
ter equal to 15◦C (mean measured value was 14.59 ± 0.12◦C) and 25◦C (25.06 ± 0.14◦C).
In plots presented in this thesis c25 indicates experimental series of tci = 25◦C and c15 of
tci = 15◦C. Temperature of heating medium varied in the range of 30◦C and 85◦C at 5 K
steps. Losses between heat source (thermostat) and device caused that real maximum
inlet temperature of heating water was 80.56 ± 0.23◦C.

When volume fluxes and inlet temperatures of heating and cooling water in coils
stabilized, the measurement took an hour for each combination of parameters. After
finishing the experiments with a given working fluid, the inner surface of the device
was analyzed with a SOMIKON HD endoscopy camera. Images were shot to evaluate
if nanoparticles deposited into macro-scale porous layers. Then, the surface was very
carefully cleaned mechanically with brushes and lint-free cleaning rags, and rinsed with
acetone. After drying, the surface was checked again with the endoscopy camera. If
no particles or other surface pollution were found, the device was closed and evacuated.
Then, filling procedure was repeated with the next working fluid. For graphene oxide
nanofluids, agglomerates remaining in working fluid taken out from the thermosyphon
after experiments were additionally characterized under the scanning electron microscope
(SEM) to check their structure.

The following sections analyze data averaged over the time of experiment (an hour for
each combination of parameters). Color and symbol code is unified with reference to the
working fluid and experimental series (understand as inlet temperature of cooling water
(15◦C or 25◦C) and changing temperature of heating water).

5.2 Error analysis

The error analysis presented in the following figures is based on Gaussian law of error
propagation.

Heat fluxes in the evaporator and condenser sections were calculated as:

Q = V̇ · ρ · Cp · (tout − tin) (5.1)

Where V̇ is volume flow rate, ρ density of water at operating conditions, Cp specific
heat capacity at a constant pressure, tout and tin inlet and outlet temperatures of water,
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respectively. Thus, uncertainty was determined as:

∆Q =

√(
δQ

δV̇
· σV̇

)2

+

(
δQ

δρ
· σρ
)2

+

(
δQ

δCp
· σCp

)2

+

(
δQ

δti
· σti

)2

+

(
δQ

δto
· σto

)2

(5.2)
And following:

∆Q =

√
[ρ · Cp · (ti − to) · σV̇ ]2 +

[
V̇ · ρ · Cp · σti

]2

+
[
−V̇ · ρ · Cp · σto

]2

(5.3)

Overall thermal resistance of the thermosyphon was calculated using eq. 3.3 with an
experimental uncertainty:

∆Rth =

√[
1

Qc

· σTe
]2

+

[
− 1

Qc

· σTc
]2

+

[
Tc − Te
Q2
c

· σQc

]2

(5.4)

5.3 Calibration of the thermosyphon

Insulation covered the whole test-rig but neither the device or water hoses could be
ideally protected from heat losses. For this reason, analysis of the difference between heat
supplied to the evaporator and heat released in the condenser was carried out.

Graphene oxide nanofluids

Figure 5.2 presents thermal losses along the thermosyphon expressed as a difference
between heat released in condenser and heat provided to the evaporator (left), and per-
centage difference (right). For an inlet temperature of cooling water of 25◦C, these losses
were in the range of -2.9% and -9.4% with a mean value of -6.56% (Fig. 5.2). In case of
tci = 15◦C, the losses range was between -5.4% and 10.5% with a mean value of 0.8%
(Fig. 5.3). The values above 0% were a result of higher ambient temperature than the
temperature of condenser section. This acted as an external source of heat to the cooling
water. Losses on water cycles between thermostats and the thermosyphon were excluded
from these calculations. Inlet and outlet temperatures were measured directly before and
after the coil heat exchangers at evaporator and condenser sections.

Nanofluids based on silica, nanohorn and gold nanoparticles

Thermal losses along the thermosyphon filled with nanofluids based on silica, nanohorn
and gold nanoparticles are presented in Fig. 5.4 for tci = 25◦C and Fig. 5.5 for tci = 15◦C.
These losses were between -4.5% and -14.9% with a mean value of -7.1% for tci = 25◦C.
Experimental series with tci = 15◦C noticed thermal losses in the range from -5.3% to
8.4% with a mean value of -2.5%. Again, values above 0% came from higher ambient
temperature than the temperature in cold part of the thermosyphon (condenser). The
lowest values were a result of lower ambient temperature than usual. Except few points,
thermal losses were lower than 10%.
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Figure 5.2: Thermal losses along the thermosyphon for GO-related working fluids (in-
let temperature of cooling water: 25◦C): (left) difference between heat supplied to the
evaporator vs heat released in condenser, (right) percentage loss of heat

Figure 5.3: Thermal losses along the thermosyphon for GO-related working fluids (in-
let temperature of cooling water: 15◦C): (left) difference between heat supplied to the
evaporator vs heat released in condenser, (right) percentage loss of heat
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Figure 5.4: Thermal losses along the thermosyphon for nanofluids based on silica,
nanohorn and gold nanoparticles and related base fluids (inlet temperature of cooling
water: 25◦C): (left) difference between heat supplied to the evaporator vs heat released
in condenser, (right) percentage loss of heat.

Figure 5.5: Thermal losses along the thermosyphon for nanofluids based on silica,
nanohorn and gold nanoparticles and related base fluids (inlet temperature of cooling
water: 15◦C): (left) difference between heat supplied to the evaporator vs heat released
in condenser, (right) percentage loss of heat.
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5.4 Thermal resistance of a thermosyphon

One of fundamental indicators determining efficiency of heat transfer through a ther-
mosyphon is its overall thermal resistance defined according to eq. 3.3. In this case, mean
temperatures of evaporator and condenser (Te and Tc) were calculated as an arithmetic
mean from inlet and outlet temperatures of heating and cooling water.

Graphene oxide nanofluids

Figures 5.6 and 5.8 present an overall thermal resistance of a thermosyphon correlated
with a heat flux released in the condenser for GO-related working fluids. Circles highlight
the same operating conditions (inlet temperatures and volume fluxes of heating and
cooling medium). The dependence between the thermal resistance and inlet temperature
of heating water is shown in Fig. 5.7 for tci = 25◦C and Fig. 5.9 for tci = 15◦C. Data
shown in these plots highlights additionally that differences in inlet temperatures caused
by changes in ambient temperature varied in a very narrow range and their impact on
the results was negligible.

Increase of the evaporator temperature (and consequently heat flux) reduced thermal
resistance of the device. It reached almost a constant value of 0.078 ± 0.003 W/K for
all tested working fluid when heat flux released in the condenser section exceeded the
value of approx. 170 W. It corresponded to the temperature of heating water of about
55◦C. For this regime, maximal thermal capacity of the thermosyphon was determined
by partial thermal resistances not depending on working fluid.

Significant decrease in thermal resistance of the thermosyphon was visible at low tem-
peratures of the evaporator, and in consequence low temperature differences between two
ends of the device (evaporator and condenser). For these conditions, usage of nanofluids
caused both lower thermal resistance and increased amount of heat transferred through
a thermosyphon when compared to the base fluid for the same operating parameters.

Figure 5.6: Thermal resistance of thermosyphon with GO-related working fluids in de-
pendence on heat released in the condenser (inlet temperature of cooling water: 25◦C)
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Figure 5.7: Thermal resistance of GO-related working fluids in dependence on inlet tem-
perature of heating water (inlet temperature of cooling water: 25◦C)

Figure 5.8: Thermal resistance of GO-related working fluids in dependence on heat re-
leased in the condenser (inlet temperature of cooling water: 15◦C)
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Figure 5.9: Thermal resistance of GO-related working fluids in dependence on inlet tem-
perature of heating water (inlet temperature of cooling water: 15◦C)

Red symbols (crosses and squares) indicates the same working fluid: GO nanofluid
without surfactant at a cooling temperature of 25◦C. The differences marked with red
arrows in Fig. 5.6 came from the time of experiments. Points marked with crosses were
obtained directly after filling procedure, while squares show results of experiments re-
peated after finishing the first measurement series (tei = 35− 80◦C at 5 K steps). Fresh
GO nanofluid (red cross) reduced overall thermal resistance of the thermosyphon for low
heat load by about 20% compared to water. After approx. 20 hours of the device op-
eration, Rth decreased to about 42% of value for base fluid. It suggests transient-like
characteristics of the results, at least at the beginning of thermosyphon operation. This
agrees with previously published literature [29, 102]. At the beginning of series with fresh
nanofluid, nanoparticles were equally dispersed in the volume of working fluid. During
boiling backing process occurred - nanoparticles deposited into layers on the inner sur-
face of the evaporator. Photo of this surface taken with endoscopy camera is presented
in Fig. 5.35 b. This process took certain amount of time (here: approx. 12 hours of
thermosyphon operating) and caused an improvement in heat transfer efficiency.

Deposition of nanoparticles affects surface characteristics, including chemistry, wetta-
bility, and roughness what alters surface energy and force balance at the triple line. This
lead to increase in density of nucleation sites, and consequently improved boiling process.
Another possible changes are in wickability - interplay between wettability and porosity.
If deposited layer was porous, the fresh portion of fluid could wet the surface below grow-
ing bubbles decreasing the overheating. Increase in heat transfer area due to deposition
of particles should not play an important role because the changes are small compared
to whole available and uncovered surface. Unfortunately, detailed characteristic of this
layer was not possible with available design of the test-rig and mechanisms described
above could not be experimentally proven. Current state of knowledge on deposition of
nanoparticles is described in section 3.1.

Reduction of graphene oxide starts at the temperatures of about 50 - 60◦C. This
process may affect wettability of particles. Reduced graphene oxide (rGO) is hydrophobic
but it can absorb water into its structure after being sufficient time in contact with water
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Figure 5.10: Thermal resistance of the thermosyphon with various working fluids in
dependence on heat released in the condenser (inlet temperature of cooling water: 25◦C)

[5]. Kamatchi et al. [83] reported dual wettability of rGO caused by activation of the
carboxyl groups on the flake surface. Contact angle on both rough and smooth surfaces
decreased after boiling experiments conducted with graphene oxide nanofluids [83]. It
could lead to capillary wicking. Additionally, deposition process increased permeability
improving conditions for capillary wicking [5].

Literature reports exceptionally high values of thermal conductivity (even up to 3500
- 5300 W/mK in the length direction [150, 231]) and surface area (from 736 m2/g [125] to
2630 m2/g [231]) of graphene materials. Thus, particles deposited on the inner surface of
the evaporator could act as a thermal bridge between wall and working fluid. It had bigger
impact at low heat loads where this thermal resistance is more important in reference to
the overall thermal resistance than in case of high heat loads and developed boiling.

Attachment of SDS surfactant to graphene material (Fig. 5.37 f) could inhibit interac-
tion between particles and inner surface of the evaporator section. Addition of surfactant
(SDS) decreased thermal capacity of the thermosyphon in comparison to graphene oxide
nanofluid.

Nanofluids based on silica, nanohorn and gold nanoparticles

Thermal resistance of the thermosyphon with various working fluids (including nanoflu-
ids based on silica, nanohorn and gold nanoparticles) in dependence on heat released in
the condenser for inlet temperature of cooling water equal to 25◦C is shown in Fig. 5.10.
Nearly no effect of working fluid was found for heat loads higher than approx. 200 W what
corresponded to the inlet temperature of heating water higher than 50◦C for tci = 25◦C
(Fig. 5.11). Overall thermal resistance of the device in this case was 0.078 K/W (σ = 2.1×
103 K/W). For experimental series with tci = 15◦C (Fig. 5.12 and 5.13), the limiting values
were 260 W and 60◦C, respectively.

Circles in Fig. 5.10 and 5.12 indicate the same operating conditions (inlet temperature
of heating and cooling medium). For 30◦C ≤ tei ≤ 45◦C and tci = 15◦C water caused
the highest overall thermal resistance of the thermosyphon. Nanohorn and gold nanoflu-
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Figure 5.11: Thermal resistance of the thermosyphon with various working fluids in
dependence on inlet temperature of heating water (inlet temperature of cooling water:
25◦C)

ids enhanced heat transfer efficiency for most combinations of the operating conditions
but especially for tci = 15◦C. SDS solution showed very similar behavior to nanohorn
nanofluid. In general, the lower the inlet temperature of heating water, the higher Rth

reduction caused by nanofluids in comparison to water.
Application of silica nanofluid (pink squares, silica repeated) resulted in the lowest

thermal resistance with almost a constant value of 0.077 K/W (σ = 2.1 × 103 K/W)
for tei higher than 50◦C (35◦C for tci = 15◦C). For experimental series with condenser
temperature of tci = 25◦C and heating water temperature lower than 50◦C, the thermal
resistance was 0.093 K/W (σ = 5.6× 103 K/W). Pink crosses (silica) represents results
from the first experimental series conducted shortly after filling procedure with silica
nanofluid. These first points showed higher thermal resistance than water but values
decreased with each next point. Repeating these test cases led to significant reduction
in the overall thermal resistance of the device (see arrows in Fig. 5.10). It was time
needed for backing process - forming the strong deposition layer on the evaporator wall
which affected heat transfer in a way similar to that described for GO nanofluids. It
highlighted time-dependent character of the nanofluid effect, at least at the beginning
of thermosyphon operation. But after some period of time the thermal efficiency was
increased for the low heat loads and small temperature differences between the both
ends of the thermosyphon. These are often problematic conditions for heat transfer so
nanofluids may become a promising alternative for such applications.
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Figure 5.12: Thermal resistance of the thermosyphon working with various working fluids
in dependence on heat released in the condenser (inlet temperature of cooling water:
15◦C)

Figure 5.13: Thermal resistance of the thermosyphon with various working fluids in
dependence on inlet temperature of heating water (inlet temperature of cooling water:
15◦C)
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5.5 Boiling curves

Boiling curves are expressed as dependence between heat supplied to the evaporator
and overheating at the evaporator wall. Overheating was calculated as:

∆T = te − tsat (5.5)

Where: te is mean temperature of heating water and tsat is a saturation temperature
following the measured pressure at given conditions.

Graphene oxide nanofluids

Fig. 5.14 shows boiling curves for inlet temperature of cooling water of 25◦C and
Fig. 5.15 for 15◦C case. GO nanofluid without surfactant significantly affected heat trans-
fer processes in the thermosyphon for small heat loads. Boiling curve was shifted to the
left compared with the one corresponding to water. It means that more heat was removed
from the surface at the same temperature or/ and that temperature conditions changed
and surface was less overheated. Analogous to overall thermal resistance, differences be-
tween working fluids disappeared for the overheating higher than 10 K for tci = 25◦C
(13 K for tci = 15◦C). It refers to heat supplied to the evaporator of approx. 260 W for
tci = 25◦C (280 W for tci = 15◦C).

GO+SDS nanofluid showed behavior similar to water. Exceptions were heating tem-
peratures of 50◦C and 55◦C at tci = 15◦C series. At these operating conditions, two
parallel states of boiling occurred and randomly switched between each other. Each
regime gave different results what is marked with black circles in Fig. 5.15. At these
temperatures reduction of graphene oxide may occur. It could have an impact on the
boiling process but detailed mechanisms behind this behavior were not found out. This
phenomena was not seen in any other test case.

Figure 5.14: Boiling curves for experimental series with GO-related working fluids (inlet
temperature of cooling water of 25◦C)
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Figure 5.15: Boiling curves for experimental series with GO-related working fluids (inlet
temperature of cooling water of 15◦C)

Figure 5.16: Boiling curves for experimental series with nanofluids based on silica,
nanohorns, and gold nanoparticles and related base fluids (inlet temperature of cooling
water of 25◦C)

Nanofluids based on silica, nanohorn and gold nanoparticles

Boiling curves for nanofluids based on silica, nanohorn and gold nanoparticles are
presented in Fig. 5.16 for tci = 25◦C and Fig. 5.17 for tci = 15◦C.

Investigated nanofluids changed boiling regimes, especially for low heat loads, analog-
ical to GO nanofluids. For both inlet temperatures of cooling water, values obtained for
silica nanofluid formed almost nearly straight lines in a plot with log-log axis. Results
for different working fluids reached similar values and joined this line at about 200 W.
Silica reduced wall overheating and increased the amount of heat transferred at the same
operating conditions. Mean temperature of the thermosyphon was shifted in this case,
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Figure 5.17: Boiling curves for experimental series with nanofluids based on silica,
nanohorns, and gold nanoparticles and related base fluids (inlet temperature of cooling
water of 15◦C)

although heating and cooling temperatures were the same for all tested working fluids.
Nanofluids changed the working point of the thermosyphon for low evaporator tempera-
tures, and thus low heat fluxes.

5.6 Heat transfer capacity

Thermosyphons are used in various applications. The amount of heat transported
through thermosyphon from hot to cold side is an important factor in cost analysis and
designing process. The percentage increase of the amount of thermal energy transferred
by a thermosyphon for a given fluid Qc,NF compared to the reference working fluid (base
fluid) Qc,ref at the same working conditions was calculated as:

∆Qc = 100%

(
Qc,NF

Qc,ref

− 1

)
(5.6)

Graphene oxide nanofluids

The impact of working fluid on the amount of energy transfered through a ther-
mosyphon in form of heat is presented in Fig. 5.18 for tci = 25◦C and Fig. 5.19 for
tci = 15◦C. Inlet temperature of heating water used in x-axis was the one measured
directly before enter of medium to the evaporator coil. Positive effect was noticed for
experiments with temperature of heating water below 50◦C.

Pure GO nanofluid transported the highest amount of heat in both experimental series
(tci = 15◦C and 25◦C). GO+SDS nanofluid operated with similar performance to SDS
solution and a trend which fluid was more effective was not formed for the whole range
of tested parameters. These working fluids transported lower amount of heat than water
in some cases, among others for tci = 15◦C series.
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Figure 5.18: Percentage changes in the amount of heat transferred by different working
fluids compared to the base fluid for experimental series with inlet temperature of cooling
water of 25◦C

Figure 5.19: Increase in the amount of heat transferred by different working fluids com-
pared to the base fluid for experimental series with inlet temperature of cooling water of
15◦C
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Figure 5.20: Percentage changes in the amount of heat transferred by various working
fluids compared to the base fluid for experimental series with inlet temperature of cooling
water of 25◦C

Nanofluids based on silica, nanohorn and gold nanoparticles

Figure 5.20 shows percentage changes in the amount of transferred energy in form of
heat in a dependence on working fluid with focus on nanofluids based on silica, nanohorns
and gold nanoparticles. Differences were seen for inlet temperatures of heating medium
below 50◦C, similar to all previous analysis. The highest improvement (even up to 80%)
was noticed for silica nanofluid. Results for nanohorn nanofluid and SDS solution were
very close to each other. It suggests that observed effects came mostly from the presence
of surfactant in nanofluid, not the nanoparticles itself. SDS which is an anionic surfactant
reduced surface tension affecting the boiling process.

An increase in the amount of transferred heat is in high demand for many industrial
applications. This is especially true at places with a confined space for cooling/heating
equipment or with small temperature differences, exactly where nanofluids show the high-
est enhancement.
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Figure 5.21: Percentage changes in the amount of heat transferred by different working
fluids compared to the base fluid for experimental series with inlet temperature of cooling
water of 15◦C

5.7 Time-averaged internal pressure

Graphene oxide nanofluids

Pressure inside a thermosyphon was measured at four different locations what was de-
scribed in details in section 5.1. Figure 5.22 shows pressure from the lowermost pressure
transmitter (100 mm above the upper end of the evaporator, 500 mm from the bottom
of the device) averaged over measurement time (one hour) for both experimental series
(tci = 15◦C and 25◦C). Grey lines indicate the parabolic fit to the data (light gray for
tci = 15◦C and dark gray for tci = 25◦C). Except the lowest heat loads, all investigated
working fluids matched the same parabolic curve at a given temperature of cooling water,
even if amount of transferred heat was different. Working fluid did not affect internal
pressure of a thermosyphon within an experimental error. Increment in the inlet tem-
perature of cooling water tci by 10 K (from 15◦C to 25◦C) significantly increased the
time-averaged pressure. The slope of pressure parabolic curve is steeper in a case of
tci = 25◦C than for tci = 15◦C, in particular for high heat loads.

Figure 5.23 shows analogous parabolic curves fitted to the pressure data gathered
at four locations along the thermosyphon: p1 (1300 mm from the bottom), p2 (900 mm
from the bottom), p3 (500 mm from the bottom), p1000 (at the top). In general, pressure
minimally decreased from the bottom to the top. Differences resulting from the location
of transmitters were significantly lower than variations following changes in operating
conditions. Pressure p1000 was slightly higher than other values due to higher measure-
ment uncertainty. For all test cases with a pressure not exceeding 100 mbar, calculations
were based on the pressure transmitter with a range of 0 - 100 mbar located parallel to
p1000 at the top of the device. Data for p100 pressure has not been added to this plot
for a greater clarity.
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Figure 5.22: Time-averaged pressure inside a thermosyphon based on a lowermost pres-
sure transmitter p3. c25 indicates experimental series of tci = 25◦C and c15: tci = 15◦C

Figure 5.23: Time-averaged pressure inside a thermosyphon working with water based
on a pressure transmitters located along the thermosyphon (order starting from the top:
p1000, p1, p2, p3)
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Figure 5.24: Time-averaged pressure inside a thermosyphon based on a lowermost pres-
sure transmitter p3

Nanofluids based on silica, nanohorn and gold nanoparticles

The internal pressure p3 of a thermosyphon filled with nanofluids based on silica,
nanohorn and gold nanoparticles is shown in Fig. 5.24. Comparison between pressure
transmitters located along the device is shown in Fig. 5.25.

All symbols below ’water c25’ indicate experimental series of tci = 25◦C and between
’water c15’ and ’water c25’ characterize experimental series of tci = 15◦C. No differences
were noticed in time of backing process for silica (between first test cases after filling the
device and repeated ones). General trends are similar to that observed for GO nanofluids -
increase in evaporator temperature led to higher internal pressure. Differences are bigger
for higher heat loads. 10◦C increment in the condenser temperature had even higher
impact on the internal pressure.
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Figure 5.25: Time-averaged pressure inside a thermosyphon working with silica nanofluid,
based on a pressure transmitters located along the thermosyphon (order starting from
the top: p1000, p1, p2, p3)

5.8 Temperatures of heating and cooling medium

Graphene oxide nanofluids

Time-averaged inlet and outlet temperatures of heating water are shown in Fig. 5.26
for tci = 25◦C and Fig. 5.27 for tci = 15◦C. For heat fluxes higher than approx. 180 -
220 W, all temperatures joined an almost straight line. The differences between working
fluids for low heat loads came from variances in thermosyphon capabilities to transfer
thermal energy. Boiling regimes (pure convection for the lowest evaporator tempera-
tures and boiling for higher heat loads) may additionally determine the amount of heat
transferred.

Inlet and outlet temperatures of cooling water for both experimental series are com-
pared in Fig. 5.28. Outlet temperatures for tci = 15◦C and tci = 25◦C formed straight
lines with the same inclination angles. No deviations were found for any of tested work-
ing fluids, even for the time of backing effect. It agreed with the results published by
Grab et al. [63] that nanoparticles cannot be transported by vapor, and thus no effect
on condenser was noticed.

Nanofluids based on silica, nanohorn and gold nanoparticles

Results obtained for nanofluids based on silica, nanohorn and gold nanoparticles were
very close to those of GO nanofluids (Fig. 5.29 and 5.30). All temperatures followed
a straight line for inlet temperature of heating water higher than 50-55◦C, while some
differences occurred for lower heat fluxes. Outlet temperatures for silica nanofluid (re-
peated), which performed the highest heat transfer efficiency, followed this straight line
even for low evaporator temperatures. Outcomes for fresh silica nanofluid (shortly after
filling procedure) in most cases coincided with water values.
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Figure 5.26: Inlet (empty symbols) and outlet temperatures (filled symbols) of water
heating the thermosyphon filled with GO-related working fluids (tci = 25◦C)

Figure 5.27: Inlet (empty symbols) and outlet temperatures (filled symbols) of water
heating the thermosyphon filled with GO-related working fluids (tci = 15◦C)
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Figure 5.28: Inlet (empty symbols) and outlet temperatures (filled symbols) of water
cooling the condenser of thermosyphon filled with GO-related working fluids. All symbols
below water c15 correspond to tci = 15◦C, above to tci = 25◦C

Figure 5.29: Inlet (empty symbols) and outlet temperatures (filled symbols) of water heat-
ing the thermosyphon filled with nanofluids based on silica, nanohorn and gold nanopar-
ticles and related base fluids (tci = 15◦C)
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Figure 5.30: Inlet (empty symbols) and outlet (filled symbols) temperatures of cooling
water

5.9 Temperature distribution in the evaporator

Nanofluids based on silica, nanohorn and gold nanoparticles

Figures 5.31 and 5.32 present the time-averaged temperature distribution in the evap-
orator for high and low temperatures of heating water. Temperatures in the working fluid
sump were measured using a sensor consisting of six Pt100 elements described in details
in section 5.1. Y-axis showcases normalized distance hT of these temperature sensors t1
to t6 what is additionally marked in the upper left plot in Fig. 5.31. The lowermost Pt100
(t6) is positioned at hT = 0 and the value of hT = 1 is reached at the outlet of the
evaporator coil. The normalized distance was calculated as:

hT =
hti − ht6
heo − ht6

(5.7)

Where ti = t1 − t6, and teo, hti references to the position of a given Pt100 element.
The time-averaged temperature in a x-axis was calculated as:

tT =
tco − tti
tco − tt6

(5.8)

Where ti = t1 − t6, and teo.
Eq. 5.8 includes the condenser outlet temperature as a reference temperature, instead

of evaporator outlet temperature. The averaged pressure did not vary along the ther-
mosyphon within an experimental error (see Fig. 5.25). If temperature tco followed the
condensation in the condenser, it could be also a reference evaporation temperature at
the upper part of the evaporator, above the working fluid sump which was overheated).

Thermosyphon was always filled with 85 ml of working fluid. At rest, working fluid
reached the level of 270 mm from the bottom of the device, 35 mm below t1 and 10 mm
above t2. This corresponded to the normalized distance of approx. hT = 0.6. Pt100
element t1 was always above the working fluid, while t2 and following sensors were in the
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Figure 5.31: Normalized time-averaged temperature distribution in the working fluid for
nanofluids based on silica, nanohorns and gold particles. c25 indicates temperature of
cooling water of 25◦C, e80 and e85 inlet temperature of heating water of 80◦C and 85◦C,
respectively

liquid at rest. When thermal load was provided to the evaporator, part of working fluid
circulated in a closed cycle or was expelled in geyser event. Thus, Pt100 elements t2 and
following could measure the temperature of liquid, vapor, or their mixture in splish-splash
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region.
Condensate returning to the evaporator were heated from the uppermost part of the

evaporator. This thin film could evaporate even before reaching the working fluid sump if
overheating was enough. This also explains why tco was chosen as a reference temperature
in eq. 5.8. For high temperatures of heating water, temperatures of water in the lowest
part of the evaporator (t4, t5, and t6) followed a straight line, slightly below the dashed line
that represents a linear temperature decrease from t6 to tco. Temperatures t1 - t3 located
in the upper part of the evaporator were significantly lower than t4 - t6. Heating water was
provided from the bottom of the device, thus it had higher temperature at the bottom.
Second, the upper part of the evaporator was temporarily emptied by geyser events and
evaporation of the condensate film could occur at that time. It kept overheating at lower
temperatures. Then previously expelled liquid returned from the condenser and cooled
the upper part of the evaporator. This area was constantly heated by a heating water,
thus the temperatures measured in the working fluid sump were always higher than tco.

Temperature distribution of sodium dodecyl sulfate solution differed when compared
with water. In case of SDS, all temperatures t1 - t6 followed more or less on the dashed line.
The main regime was nucleate boiling and geysering did not add temperature disturbances
in the upper part of the evaporator. Temperature t2 was probably influenced by bubbles
that detached and broke through a liquid-vapor interface of the working fluid. Nanohorn
nanofluid behaved in a similar way to SDS solution what was also seen in time-dependent
patterns described in the next section.

All the other working fluids - silica, gold, graphene oxide nanofluids showed temper-
ature distributions between water and SDS solution (see fig. 5.31 and 5.33). When the
working fluid behavior was closer to the nucleate boiling regime, the temperature distri-
bution better followed the dashed line. Temperatures t2 and t3 were entirely or partly
in liquid. When geysering occurred or the big amount of working fluid circulated in the
device, these Pt100 elements were outside of the liquid, in a vapor phase.

Figures 5.32 and 5.34 show analogous normalization of temperature distribution in
the working fluid sump but for low evaporator temperatures (inlet temperature of heating
water of tei = 40− 45◦C). Here, none of working fluids followed a dashed line indicating
the linear temperature reduction. At these conditions (low evaporator temperatures),
almost no geysering occurred and the amount of heat transferred achieved low values.
The quantity of returning condensate small and temperatures measured outside of the
liquid were affected by a radiation from the evaporator wall and were excluded from
further analysis.

For low heat loads, temperature was almost entirely distributed along the working
fluid sump and was close to that of the lowest Pt100 element (t6) what gave tT = 1.0.
Temperatures t4 and partly t3 were scattered for analyzed cases and sometimes reached
even higher values than t6. However, these temperatures were still lower than inlet
temperature of heating water. Mechanisms behind this behavior are not understood. It
could be affected by nanoparticles which changed the evaporator surface or by activation
of nucleation sites that led to nucleating and growing of single bubbles.
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Figure 5.32: Normalized time-averaged temperature distribution in the evaporator with
nanofluids based on silica, nanohorns and gold particles for low temperatures of heating
water. c25 indicates temperature of cooling water of 25◦C, e40 and e45 inlet temperature
of heating water of 40◦C and 45◦C, respectively
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Figure 5.33: Normalized time-averaged temperature distribution in the working fluid for
graphene oxide nanofluids. c25 indicates temperature of cooling water of 25◦C, e80 and
e85 inlet temperature of heating water of 80◦C and 85◦C, respectively
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Figure 5.34: Normalized time-averaged temperature distribution in the evaporator with
graphene oxide nanofluids. c25 indicates temperature of cooling water of 25◦C, e40 and
e45 inlet temperature of heating water of 40◦C and 45◦C, respectively
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5.10 Evaporator surface and SEM analysis of

particles

Graphene oxide nanofluids

Deposition process took place for all tested nanofluids what completely changed the
characteristics of nanofluid itself and the heater surface. Most of previously dispersed
particles deposited on the inner wall of the evaporator. Fig. 5.35 b shows the layer found
with an endoscopy camera at approx. 20 cm from the bottom of the thermosyphon. Due to
light conditions inside the pipe, the resolution of the picture could not be improved. Kim
et al. [97] confirmed by using EDS (energy-dispersive spectrometer) spectroscopy that
analogous layers on the heater surface after boiling of Al2O3, ZrO2, and SiO2 nanofluids
were made of nanoparticles material.

Figure 5.35: a) Samples of GO nanofluids before and after experimental series in a ther-
mosyphon. First two from left were GO (0.1 g/1) nanofluid without surfactant; the right
ones contained additionally 0.01 g/l of SDS. b) Deposition layer (black areas) formed on
the inner surface of the evaporator after GO nanofluid boiling

Comparison of fresh nanofluids and samples after finishing all experimental series with
a given working fluid is presented in Fig. 5.35 a. Fluids completely changed their appear-
ance and color. Part of nanoparticles that were not deposited on the wall agglomerated
and remained in the fluid taken out from the device what is noticeable in Fig. 5.35 a).
These agglomerates were later dried and prepared as samples for SEM microscopy. Re-
sults of this analysis are presented in Fig. 5.36 and Fig. 5.37.

Fresh material of graphene oxide was described in details in section 4.1 and flakes
under SEM microscopy are shown again in Fig. 5.36 a) for a comparison. Although some
flakes were folded, material showed strong sheet-like shape. Overlap of flakes occurred
during drying process due to difficulties in choosing the proper concentration of diluted
nanofluid in sample prepared for SEM analysis. Other cases in Figure 5.36 show ag-
glomerates that remained in working fluid after all experimental series with pure GO
nanofluid. They lost their flake-shape characteristics (e.g. Fig. 5.36 c) and became very
irregular with respect to structure. Some of them looked like a sponge (e.g. Fig. 5.36 d),
or few connected sheets like graphene paper (e.g. Fig. 5.36 b), and other chaotic structure.

Figure 5.37 presents SEM analysis of particles which were present in the working fluid
after experimental series conducted with GO+SDS nanofluid. Again, graphene material
lost its flake characteristics. Agglomerates gained variable shapes and structures - from
sponge-like sheets (e.g. Fig. 5.37 d), through rolled tubes or balls (e.g. Fig. 5.37 a) or c)
to other irregular forms. Figure 5.37 f) shows that crystals of sodium dodecyl sulfate



5.10. EVAPORATOR SURFACE AND SEM ANALYSIS OF PARTICLES 103

Figure 5.36: SEM analysis of: a) prepared material, b-f) agglomerates that remained in
working fluid after experiments with GO nanofluid.

may attach to graphene oxide flakes. This finding is very important in terms of further
understanding of GO-based nanofluids behavior.

Construction of the test-rig did not allow for determining the structure of deposition
layer under SEM microscope. Special ring that could be taken out with a purpose of a
surface analysis under microscope was placed in a tailor-made temperature probe located
at the bottom of the thermosyphon (see: Fig. 5.1 c). Particles deposited into layer on
the evaporator surface at approx. 20 cm from the bottom of the device (see: Fig. 5.35 b).
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Figure 5.37: SEM analysis of agglomerates that remained in working fluid after experi-
ments with GO+SDS nanofluid

Working fluid at rest reached a level of about 27 cm from the bottom. Considering that
part of working fluid circulates between condenser and evaporator during thermosyphon
operation, this layer was in a splish-splash region. It suggests that some part of deposition
took place during nucleation and detachment process due to microlayer evaporation.
Additionally, evaporation of a thin film falling back from the condenser could cause
additional deposition of particles at evaporator part above the fluid level. There were no
literature available at the time of experiment designing which acknowledged this behavior.
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This resulted in the lack of possibility for detailed characterization of a layer deposited
on the evaporator wall.

Nanofluids based on gold, silica, and nanohorns nanoparticles

Figure 5.38 presents prepared nanofluids and their appearance after all experimental
series with a given working fluid conducted in a thermosyphon.

Figure 5.38: Samples of nanofluids before and after experimental series in a ther-
mosyphon: a) gold nanofluids (from left: fresh Au+PVP nanofluid, Au+PVP and
Au+KOH after experiments), b) nanohorns nanofluid, c) silica nanofluid, d) working
fluids after experiments

Results were similar to that described for GO nanofluids - tested nanofluids became
almost pure base fluids with some agglomerated particles. Majority of previously dis-
persed nanoparticles deposited on the inner surfaces during experiments. Figure 5.39
presents different elements of a thermosyphon that were in contact with working fluid
during operation. Particles were mainly found on the upper part of the inner evaporator
surface. Silica agglomerates found on a ring located in the bottom of the thermosyphon
and at temperature probe (Fig. 5.39 e), g) did not strongly attach to the surface. This
effect was opposite for layer found in the evaporator section (Fig. 5.39 f), approx. 20 cm
from the bottom. This massive layer was firmly attached to the walls. Boiling experi-
ments with silica conducted by Watanabe et al. [210] showed that deposited silica layer
was characterized by the greatest adhesion force to the heated surface in comparison with
TiO2 and Al2O3. Unfortunately, more detailed analysis of the silica deposit was impossi-
ble due to construction of the test rig as explained before. Therefore, the structure of the
silica layer left open questions, such as presence of crystallization fouling [179] or whether
polymerization took place.
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Figure 5.39: Different elements of thermosyphon after experimental series with different
working fluids: a) and b) presents ring from temperature sensor and part of evapora-
tor seen with an endoscopic camera after boiling of gold+PVP nanofluid, c) ring after
gold+KOH nanofluid operation, d) temperature sensor after operation with nanohorn
nanofluid, e-g) ring, inner surface of the evaporator and temperature probe after experi-
ments with silica nanofluid.

Manually cleaning (used for other cases) was not enough to remove this silica layer.
It required drill with sandpaper to remove it what resulted in changed roughness of inner
surface. That is why thermosyphon was tested again with water and SDS solution. These
repeated values were treated as reference baselines for all later test cases (among others
GO nanofluids) to ensure that no other parameters except changes of working fluid was
taken into account.

5.11 Chapter summary

Thermosyphons working with nanofluids offer promising solutions for low heat load
applications with small temperature differences between hot and cold part of the device.
For these conditions, working fluids affected capacity of heat transfer and changed the
mean temperature level without changing operation conditions. This may reduce costs
that would be otherwise spend for e.g. increasing the low rate by using a bigger pump
or enlarging a surface area which is often strictly limited by application requirements.

From the analysis presented in the previous sections following conclusions can be
drawn:

� Changes in thermal behavior of thermosyphon following from usage of nanofluids
were limited to the evaporator section. No effect on condenser were noticed.

� Influence of both nanoparticles and chemical stabilizers should be always investi-
gated. Each of these components had an impact on the working fluid behavior
during operation of thermosyphon.

� Nanofluids caused similar effect to increase in temperature of cooling water - incre-
ment in the mean temperature level of the condenser.
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� The possible mechanisms behind the improvement of heat transfer efficiency during
boiling of nanofluids depended on nanofluid type and may include:

– changed conditions of the evaporator surface as a result of nanoparticles de-
position,

– interaction of nanoparticles both at the evaporator wall and freely moving in
the fluid,

– interactions between nanoparticles and chemical stabilizers (e.g. surfactant),

– changed thermophysical properties of working fluid, among others surface ten-
sion and viscosity.



Chapter 6

Geyser boiling

Although time-averaged overall thermal resistance of a thermosyphon was not affected
by working fluid for high heat loads within an experimental error, corresponding time-
dependent behavior differed. Major of tested working fluids operated under geyser boiling
regime for high evaporator temperatures. Such phenomena often remains unrecognized
and is still not well investigated. It may initiate disturbances to the heat transfer continu-
ity and cause additional mechanical load, and engender shock damage of the components.
Thermosyphons are used in systems often expected to operate for long periods of time.
Thus, more and more effort is put to improve understanding of this boiling regime.

This section focuses on geyser boiling and determines parameters that characterize
this phenomena regardless different working fluids and operating conditions. The analysis
is based on pressure from the lowermost transmitter p3 located 100 mm above the upper
end of the evaporator section, and 500 mm from the bottom of the device. It was chosen
as a representative pressure due to being located nearest to the boiling area.

6.1 Characteristic patterns of detected geyser

events

Geyser boiling consists of irregular but repetitious pressure increments resulting from
an ejection of working fluid towards the condenser without its previous evaporation. A
single pressure peak with following decrease in pressure signal is called a geyser event.

Figure 6.1 shows example of pressure distributions inside the thermosyphon filled
with water at two different temperatures of heating water: 55◦C and 85◦C. Dots at
Fig. 6.1b) and d) represent the experimental points.

Geyser events depended on the operating conditions, including evaporator tempera-
ture and following internal pressure. Their frequency and intensity (understood as an
amplitude of a pressure peak) varied for presented cases. The waiting period between
first and second event lasted 73.4 sec in case of tci = 55◦C and only 7.4 sec for tci = 85◦C.
Amplitudes of shown events were: 40.22 and 37.72 mbar for tci = 85◦C, and 52.49, 50.36
for tci = 55◦C. The differences in minimum pressure values reached before the first and
second peak was 0.3 mbar for tci = 85◦C and 1.04 mbar for tci = 55◦C. Speed of pushed
working fluid calculated from a delay in a pressure increase between p3 and p2 trans-
mitters were in the range of 6.5 - 10 m/s for presented cases. This estimation includes
error resulting from the frequency of saving data and possibility that maximal pressure
value occurred in the time lapse between consecutive measurement points. Values are
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Figure 6.1: Example of pressure patterns of geyser events for distilled water at two
different temperatures of heating water: a-b) 85◦C and c-d) 55◦C (inlet temperature of
cooling water: tci = 25◦C)

significantly lower than the sound speed that is operation limit of the thermosyphon due
to risk of blocking condensate to the evaporator.

Temperature probe located at the bottom of the device with six temperature sensors
also gave a response to the geyser boiling. Temperature signals from the most upper ones
(t1 and t2 ) and the most lower ones (t5 and t6 ) are presented in Fig. 6.2 and Fig. 6.3.
Temperatures from the middle sensors followed patterns from the presented ones and are
omitted to increase clarity of the plots. Temperatures measured in vapor and liquid gave
opposite rising/decreasing trend, thus it was possible to observe changing level of liquid
in the evaporator during the thermosyphon operation.

Figure 6.4 show 20 seconds of pressure distributions inside a thermosyphon filled with
different working fluids under the same operating conditions (inlet temperature of heating
water tei = 85◦C and inlet temperature of cooling water tei = 25◦C). Variations in time-
dependent behavior are easily noticeable, although the time-averaged efficiencies were
similar for all presented cases. Distilled water and GO-based nanofluids showed strong
geysering regime. In case of silica, and even more for nanohorns and SDS solution geyser
boiling was significantly suppressed or almost entirely prevented. Detailed analysis of
each working fluid behavior is presented in the following sections.

Some of detected geyser events showed additional variations in pressure distributions.
One example is a small peak before the main geyser event, as seen in Fig. 6.1 b). Under-
standing of this behavior requires further research. It could be caused by e.g. forming of
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Figure 6.2: Response of temperature sensors located inside the evaporator section on
geyser boiling for distilled water (tci = 25◦C, tei = 85◦C)

Figure 6.3: Response of temperature sensors located inside the evaporator section on
geyser boiling for distilled water (tci = 25◦C, tei = 55◦C)

big bubble that was finally able to release part of stored thermal energy without pushing
the fluid above it towards the condenser. Another example was a double peak structure,
as presented in Fig. 6.4 (water). In these cases, geyser events were followed by pressure
fluctuations with another smaller pressure peak. Not every peak was followed by a sec-
ond one fast enough to form a double-peak characteristics. A second peak reached always
lower value than a first one. It suggests that peak intensity was a measure of the ther-
mal energy stored during bubble formation. Time of bubble development for the second
peak was shorter, thus it could contain less thermal energy. Also internal pressure did
not decrease to such a low value as before the first peak and pressure difference between
condenser and rising bubble could be lower. As a result, the second event was less intense
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Figure 6.4: Pressure patterns for different working fluids at the same operating conditions
(tei = 85◦C and tci = 25◦C)

and violent compared to the first one. One physical explanation of such behavior could
be that the second bubble grew faster and achieved an instable state earlier due to still
overheated fluid and circulation occurring in the surrounding fluid when the first bubble
release part of a stored thermal energy. First bubble could also activate a nucleation site
so the second bubble could be developed more easily. To the best author knowledge, there
are no studies on physical mechanisms behind this behavior. To sum up, multi-geysers
seem to result from an insufficient release of thermal energy by the first bubble causing
geyser event.

Even for a given working fluid and operating conditions, the characteristics of geyser
events (including their frequency and amplitude) varied from one event to another over
the experimental time. Analysis of each geyser event independently would be very time-
consuming or even impossible what shows a need for proposing a methodology of data
reduction.

6.2 Statistical approach to determination of geyser

boiling

The phenomenon of geyser boiling is repetitious but waiting periods between consec-
utive events and their intensity vary. Detection of geysering requests continuous pressure
measurements with a high accuracy. Gathered data still needed to be carefully analyzed
to determine occurrence of the geyser events. Strict definition of geyser event does not ex-
ist and distinction between real geyser peak and pressure fluctuations following nucleate
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boiling or a transmitter response following a previous event is a challenging task. Pres-
sure increase took few milliseconds but decline lasted longer. For these reasons, problems
with identification of the phenomenon occurs and results from research on that topic are
limited.

Geysering depends on operating conditions and working fluid. Considering a big
amount of data collected during experiments, methodology for data reduction that can
be implemented regardless of operating conditions and working fluid was required to
compare the results.

Detection of geyser events based on time-dependent pressure signal saved each 0.02 sec-
onds was proposed. It required determination of two fundamental parameters: the lowest
pressure difference between the current and time-averaged values (amplitude of pressure
increase), and the shortest time break between two consecutive geyser events (a waiting
time). The first one (minimal pressure increment) should protect against calculation of
noises following e.g. violent nucleate boiling. Tested working fluids operated at different
regimes and thus pressure fluctuations varied depending on the test case. It was impos-
sible to set one threshold value for all conditions. Therefore, the probability density was
used. All pressure values related to geysering were assumed to be outside the range of
-2σSD to +2σSD what represents 95.5% of values in case of Gaussian distribution. σSD
denoted a standard deviation which is a measure of the spread of a distribution computed
as:

σSD =

√∑N
i=1(pi − p̄mean)2

N − 1
(6.1)

Where N is a number of time steps for a given test case.
Each peak that exceeded threshold line given by the σSD rule with an increasing trend
was then considered as a potential geyser event. The values of the threshold lines were
marked as mph in plot labels.

The second parameter was a waiting period which indicated a minimum time break
between two successive geyser events (mpd). It allowed for avoiding the signal noise
resulting from a previous liquid push without its previous evaporation and its return due
to gravity forces. Here again, geyser boiling characteristics depended on working fluid
used and operating conditions. Thus, finding this parameter for a given test case started
with results determination for a wide range of waiting period values. Obtained results
for water at inlet temperature of heating water between 65◦C and 85◦C are presented in
Fig. 6.5.

The value on the constant line after curve bending was taken for further calculations.
The example of influence of this parameter on detected events is presented in Fig. 6.6 for
water. The double or even triple counting of the same event is seen among others for low
values of waiting period (e.g. mpd = 5, thus 0.1 second). In case of high mpds, some
evident geyser events could be omitted.

The last step was to check if detected peaks overlap the ones determined with the
naked eyes. This half-manual procedure gave a relatively fast method of geysering analysis
that allowed for comparison of big databases. This methodology was applied for all test
cases with different working fluids and operating conditions.
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Figure 6.5: Analysis of waiting period effect on the number of detected geyser events
depending on operating conditions. c25 means inlet temperature of cooling water equal
to 25◦C, e65-85 indicates inlet temperatures of heating water between 65◦C and 85◦C,
respectively

Figure 6.6: Detected pressure peaks in dependence of waiting period (mpd) and influence
on the number of detected geyser events for water

6.3 Instantaneous pressure distributions

Analysis of geyser boiling characteristics shown in this section were provided by imple-
mentation of methodology described in the previous section into a Python script. Sample
of detected geyser events marked with crosses is presented in Fig. 6.7 for water used as
a working fluid. Plots show geyser events during the first 100 seconds of experiments,
while the number of detected peaks in the right upper corner refers to one hour which
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was the whole time of experiment. Y-axis represents the ratio of the actual pressure
signal from the lowermost transmitter p3 to the pressure averaged over the measurement
time. In case of water, geyser event was preceded by a strong pressure decline. A real
pressure amplitude following the fluid ejection was slightly higher than that calculated
from the averaged pressure, thus the threshold value was reduced to ±1.5σSD for two
highest evaporator temperatures.

Figure 6.7: Detected geyser events for chosen working conditions in thermosyphon oper-
ating with distilled water

Thermosyphon with water operated under a quite regular geysering regime for inlet
temperature of heating medium tei higher than about 55◦C. Geyser event started with
a sudden and sharp pressure increment, often preceded by significant pressure decrease.
Peak was then followed by a rather short time of decreasing pressure fluctuations. For
high heat loads, liquid returning to the evaporator could initiate nucleate boiling but for
most cases these fluctuations were probably an echo of previous geyser event. Sometimes,
the second (or third) smaller pressure peak occurred during these fluctuations. After that
period, pressure decreased again (up to about σSD lower than the time-averaged value)
until new bubble grew enough to push liquid towards the condenser.

Set of plots with detected geyser events for all other tested working fluids under
various operating conditions are presented in Fig. 6.8 - 6.14. First issue to notice is
that the boiling behavior strongly depended not only on operating conditions but also
on working fluid. Presented patterns for various fluids differed significantly between each
other.

Instantaneous pressure distributions inside a thermosyphon filled with silica nanofluid
showed higher number of geyser events compared to water. With increasing heat load,
the periods of pressure fluctuations after a peak became longer. For tei = 85◦C, pres-
sure fluctuations lasted even for about 20 seconds. Pressure minimum before the geyser
event reached lower values than one σSD from the averaged pressure. Reasons behind
these changes seem to connect with a nanoparticles deposition on the inner wall of the
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evaporator. Formed layer changed the roughness, surface energy and nucleation site den-
sity what affected the boiling process. Silica deposition was very massive what could
inhibit wickability described by Kim et al. [97] as one of mechanism influencing boiling
of nanofluids.

Figure 6.8: Detected geyser events for chosen working conditions in thermosyphon oper-
ating with silica nanofluid

Pressure distributions for two gold nanofluids were different from water and varied
also between each other. Nanoparticles used in both nanofluids were the same, thus the
differences came from the stabilization used - polymer PVP (Au1 nanofluid, Fig. 6.9) and
KOH (Au2 nanofluid, Fig. 6.10). Au+PVP underwent typical geyser boiling but with
various regularity and intensity. Standard deviation for pressure signal p3 was character-
ized by the highest value from all tested working fluids (7.66 mbar). Au+KOH showed
more structured behavior with long periods of pressure fluctuations, especially for tei of
80◦C and 85◦C. For the latter, this pattern seems to indicate a nucleate boiling regime
with occasional pressure increments, e.g. low intensity geyser events or kind of slug-
plug structures. In this case, standard deviation was only 1.72 mbar, significantly lower
than for water (5.15 mbar). In general, both gold nanofluids caused more pressure peaks
than water in comparable operating conditions, while Au+KOH reached lower ampli-
tudes than Au+PVP. KOH is supposed to associate in water and should not noticeably
change the surface tension and contact angle. Fluid taken out from thermosyphon after
all experiment was transparent with only single agglomerates. This suggests that changes
in Au+KOH behavior compared to water resulted from particles deposition. Here, wick-
ability effect could play a role. On the other hand, PVP has film-forming properties. Its
addition could influence thermophysical properties of fluid, such as viscosity or wettabil-
ity. Although most polymers (except polymeric surfactants) do not change surface tension
of solution, adsorption of molecules on the vapor-liquid interface may affect forces acting
during bubble nucleation, growth and detachment. Further research is required to explain
mechanisms behind boiling of polymer solutions. To the best author knowledge, there
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is no study on nanofluids stabilized with polymers under changing pressure conditions.
Differences between both gold nanofluid clearly showed that apart from nanoparticles,
used stabilization may significantly influence the results. Next to changes on the evapo-
rator surface, interaction on vapor-liquid interface (bubble surface) may be affected due
to addition of chemicals.

Figure 6.9: Detected geyser events for chosen working conditions in thermosyphon oper-
ating with Au+PVP nanofluid

Time-dependent behavior of nanohorn nanofluid differed significantly from water.
Long periods of fluctuating pressure occurred even for tei = 65◦C. For higher evapo-
rator temperatures, regime turned into pressure fluctuations assumed to be a nucleation
boiling with randomly distributed peaks. The standard deviation of pressure signal p3
was decreased to 40% of the water value. Peaks with lower amplitude than in case of
water were detected but they were clearly outside the values of stochastic fluctuations.

Solution of sodium dodecyl sulfate (SDS) prevented geyser boiling almost entirely.
SDS as an ionic surfactant is characterized by reduced surface tension, what translates
into smaller sizes of bubbles. Visualization reported by Wang et al. [206] showed that
two other mechanisms during boiling of surfactant solutions occurred: bubble bursting
and a jet-flow phenomena. Both mechanisms led to smaller dry-out spots and more
intense disturbances. Surfactants could inhibit geyser boiling by preventing formation
of big bubbles as a result of reduced surface tension. Moreover, lower surface tension
translated into less energy required to create a bubble and to activate nucleation site what
promoted clustered mode of bubbles detachment. Bubbles detached at smaller sizes with
higher frequency, influenced also by cavity-cavity interactions, microlayer evaporation,
and bubbles coalescence [2, 206, 218]. For these reasons, bubbles could not achieve sizes
big enough to push fluid gathered above towards the condenser and main regime for high
heat loads were a nucleate boiling.

SDS suppressed geysering but also reduced the whole pressure fluctuations. Stan-
dard deviation was the lowest from all tested working fluid and for pressure p3 and
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Figure 6.10: Detected geyser events for chosen working conditions in thermosyphon op-
erating with Au+KOH nanofluid

Figure 6.11: Detected geyser events for chosen working conditions in thermosyphon op-
erating with nanohorns nanofluid

highest evaporator temperature it was equal to approx. 1 mbar. It suggests that pres-
sure distribution for surfactant solution showed practically Gaussian distribution which
is characteristic for a pure nucleate boiling. As the mean pressure was almost the same,
the differences in amount of heat transported through the device came mainly from boil-
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Figure 6.12: Detected geyser events for chosen working conditions in thermosyphon op-
erating with SDS solution (0.01 g/L)

ing regime (geyser boiling for water and nucleate boiling for SDS). For tei = 80◦C, heat
released in condenser by water was 1.8% higher than in case of SDS. Thus, geysering gave
negligible influence on the overall amount of heat transferred what is in agreement with
Noie et al. [142] and Emami et al. [50].

Taking into account the effect caused by SDS solution, it seems that changes in
nanohorn boiling behavior resulted mostly from the presence of surfactant. This obser-
vation is similar to conclusions from gold nanofluids behavior which showed significant
differences in results depending on stabilization used. In case of nanohorn nanofluid, par-
ticles caused higher fluctuations and more frequent but irregularly distributed pressure
peaks than for pure surfactant solution.

Similar results were expected for graphene oxide nanofluid stabilized with the same
concentration of SDS as in case of SDS solution and nanohorn nanofluid (fig. 6.13).
However, GO+SDS did not follow their behavior. Observed regime was again geyser
boiling with slightly lower frequency and similar amplitudes to that of water, often with
double-peak structures. This behavior was strongly correlated with interactions between
graphene oxide flakes and SDS. Surfactant attached to the flake surface (SEM analysis,
Fig. 5.37 f), thus its concentration in a base fluid decreased what in turn reduced effect on
surface tension of working fluid. This explains the differences in surface tension measured
for pure GO nanofluid and GO+SDS showed in Fig. 4.15. Higher surface tension of
this working fluid compared to pure surfactant solution inhibited the positive effects on
bubble nucleation process mentioned in previous paragraphs. It was reported that GO
nanoparticles themselves may lower the surface tension of nanofluids [33, 51]. Thus,
question whether SDS was attached to the graphene oxide entirely or partly remains
open.

Pressure signal for pure GO nanofluid (fig. 6.14) was characterized by irregular and
quite randomly distributed geyser events. Periods of pressure fluctuations following the
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Figure 6.13: Detected geyser events for chosen working conditions in thermosyphon op-
erating with GO+SDS nanofluid

Figure 6.14: Detected geyser events for chosen working conditions in thermosyphon op-
erating with GO nanofluid

peak were shorter and the minimum pressure values before the liquid ejection were higher
than for GO+SDS nanofluid.

The matrix presented in Fig. 6.15 summarizes boiling regimes for different operating
conditions proposed by observations of instantaneous pressure distributions. Additional
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analysis of averaged frequency and amplitude of detected events is proposed to compare
the differences between behavior of tested working fluids.

Figure 6.15: Boiling regimes for different operating conditions proposed by manual ob-
servations of instantaneous pressure distributions

This map provides an useful information allowing for selection of best-performing
working fluid for a given application and operating conditions. For example, when it is
expected to avoid geyser boiling (e.g. to reduce mechanical load) in thermosyphon heated
at the temperature level of 75-85◦C, nanohorn nanofluid, SDS solution, silica nanofluid
or gold nanofluid stabilized with KOH should be considered. Taking into account other
parameters of thermosyphon, such as its overall thermal resistance or the amount of
transported heat, it is possible to choose the advisable working fluid during process of
thermosyphon designing.

6.4 Frequency and amplitude of detected geyser

events

Figure 6.16 shows the frequency of detected geysers for nanofluids based on gold,
nanohorn, and silica particles, and related base fluids. In general, geysering frequency in-
creased with the evaporator temperature. This agrees with studies published by Casarosa
et al. [35], Lin et al. [109] and Khazaee et al. [92] who reported increment in geyser
events frequency for higher heat loads. At low evaporator temperatures, nearly none
geyser events were detected zero. Up to tei = 60◦C, all working fluids except SDS solu-
tion and silica nanofluid showed similar averaged frequency.



6.4. FREQUENCY AND AMPLITUDE OF DETECTED GEYSER EVENTS 121

Figure 6.16: Frequency of detected geysers in dependency on inlet temperature of heating
water for condenser inlet temperature of 25◦C

Figure 6.17 showcases a relative amplitude (p3/p3mean) of detected geyser events. Gen-
eral trends show that geysering intensity decreases with an increase in evaporator tem-
perature. This is with an agreement with Khazaee et al. [92] who reported decrease in
geysering amplitude with an increase in heat load. Casarosa et al. [35] reported no effect
of heat load on the geysering intensity. No other results were available in the literature
on this issue to the best author knowledge.

Figure 6.17: Relative amplitude of detected geysers in dependency on inlet temperature
of heating water for condenser inlet temperature of 25◦C

Replacing water with silica nanofluid caused unusual characteristics of geysering fre-
quency. With increasing inlet temperature of heating water higher than tei = 60◦C, the
frequency of geysers were almost constant but their amplitude decreased. Compared to
water, silica nanofluid significantly reduced or even entirely suppressed geyser boiling for
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Figure 6.18: Frequency of detected geysers in dependency on inlet temperature of heating
water for GO-related working fluids (condenser inlet temperature of 25◦C)

some operating conditions. Very few geysers with high amplitude for tei = 55◦C suggests
that thermal energy could not be easily released, e.g. due to lack of active nucleation
sites. Elongated periods of pressure fluctuations with increasing evaporator temperature
decreased the amplitude of geyser events. If pressure fluctuations indicated a nucleate
boiling regime, thermal energy was released more regularly and thus geyser events had
lower intensity. These boiling characteristics of silica were affected by nanoparticles de-
position layer formed on the inner wall of the evaporator section.

Both gold nanofluids showed similar frequency of geyser events up to tei = 60◦C
but different intensity. For low evaporator temperatures, Au+KOH caused more intense
geyser events, while for high temperatures Au+KOH reduced mean amplitude of gey-
sers compared to Au+PVP. Again, with evaporator temperature increment, frequency of
detected geyser events increased but their intensity decreased.

SDS solution indicated significantly more geyser events with relatively smaller inten-
sity than any other working fluid for low evaporator temperatures. For high heat loads
(tei > 70◦C), nanohorns nanofluid showed higher frequency of geysering with similar
or slightly higher intensity than solution of sodium dodecyl sulfate. Both working fluid
had significantly higher geysering frequency and lower amplitude than water and their
behavior could be classified more as a nucleate boiling with randomly distributed pressure
peaks than characteristic geyser boiling.

Figures 6.18 and 6.19 present parameters of detected geyser events for GO-related
nanofluid. General trends show similar tendencies as described above - frequency of geyser
events increased but their intensity decreased with increasing evaporator temperature
(and thus heat load).

Both graphene oxide nanofluids reduced geysering frequency compared to base fluids
(water and SDS solution) for high evaporator temperatures. However, normalized pres-
sure amplitude of geyser events were higher than in case of base fluids. As previously
described, similar behavior of GO+SDS to nanohorns nanofluid and SDS solution was
expected. Due to attachment of SDS crystals to surfaces of graphene flakes, the surface
tension of this fluid was higher than in case of pure SDS solution. It inhibited influence
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Figure 6.19: Relative amplitude of detected geysers in dependency on inlet temperature
of heating water for GO-related working fluids (condenser inlet temperature of 25◦C)

Figure 6.20: Analysis of SDS surfactant (sodium dodecyl sulfate) effect on frequency of
detected geysers in dependency on inlet temperature of heating water (condenser inlet
temperature of 25◦C)

on boiling behavior in a similar way to pure SDS solution or nanohorns nanofluid. Dif-
ferences between water, SDS solution, nanohorn nanofluid and GO+SDS nanofluid are
additionally compared in Fig. 6.20 and Fig. 6.21.
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Figure 6.21: SDS influence on relative amplitude of detected geysers in dependency on
inlet temperature of heating water for GO-related working fluids (condenser inlet tem-
perature of 25◦C)

6.5 Chapter summary

Working fluid affected boiling behavior, even if time-averaged data did not show any
differences within an experimental error for high thermal loads (above approx. 200 W).
Understanding of mechanisms behind geyser boiling is still in its initial stage and further
research is required to develop and prove possible theories. The task is even more complex
for nanofluids, where interactions between base fluid, nanoparticles, chemical stabilizers
and evaporator surfaces must be considered.

The following conclusions may be drawn from the above analysis of time-dependent
data.

� The characteristic parameters of geyser events - their amplitude and frequency
- depended on temperatures in the evaporator and condenser section, and used
working fluid. Thermal energy were stored and released in a different way depending
on working fluid and operating conditions.

� Nanofluids may or may not lower the geyser events amplitude and frequency de-
pending on their type, components, and operating conditions.

� In general, rising the evaporator temperature (and thus heat load and temperature
difference between two ends of a thermosyphon), caused an increase in the frequency
of detected geyser events, and a decrease in their amplitudes.

� Reduction in geysering intensity (understood as pressure amplitude) was mostly
the result of surfactant addition. Stabilizer affected thermophysical properties of
working fluids, such as reduced surface tension following the usage of sodium do-
decyl sulfate. This may prevent formation of bubbles big enough to push working
fluid gathered above towards the condenser without its previous evaporation.
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� Effect related to nanoparticles were restricted to the solid-vapor interphase at the
evaporator wall (deposition layer). Chemical stabilizers, among others surfactants
are expected to change the vapor-liquid interface (bubble surface) what affected
boiling behavior.

� Even if nanofluids were stabilized with the same amount of SDS surfactant, their
boiling behavior differed due to interactions between surfactant and surface of
nanoparticles. If the surface chemistry and energy allow for attachment of surfac-
tant to the surface of particle, concentration of stabilizer in a base fluid decreases.
This in turn reduces the effect caused by stabilizer (e.g. lower surface tension). The
surface chemistry of nanoparticles is another factor that should be considered with
respect to boiling behavior of nanofluids.



Chapter 7

Conclusions and perspectives

This thesis addresses the research questions of nanofluids usage as working fluids in
a thermosyphon with special emphasis on boiling behavior. Introduction chapter high-
lighted the importance of nanofluids in context of heat transfer applications. Compre-
hensive literature review suggested that each of nanofluid components (nanoparticles,
base fluid and optional stabilizer) may alter final properties of nanofluids. Proper char-
acterization of nanofluids is still a problem due to need of using highly-specialized and
often customer-adapted equipment traditionally used in various fields of science, includ-
ing chemistry, physics, material science, thermodynamics and thermal energy transfer.
Nanometric scale is a barrier to overcome that needs unified cognitive efforts. Available
techniques does not allow for e.g. thermophysical properties determination under condi-
tions used in real applications, such as low pressure boiling. All this caused incoherent
data in the literature and shows a need for bigger experimental databases of comparable
data.

Thermosyphons has relatively simple construction and does not require mechanical
power to operate but thermodynamics responsible for heat transfer is complex. Classical
approaches to thermosyphon design are not applicable for nanofluids. Mathematical tools
cannot be developed without understanding of mechanisms behind nanofluids behavior.
Results available so far are incoherent and determination of issues related to nanofluids
is possible only by systematic experimental work. Influence of stabilizers addition that
are often excluded from results analysis should be common consideration.

During boiling of nanofluids, nanoparticles tend to deposit on the heater surface. Deep
understanding of this mechanism still requires further research together with analysis of
agglomerates that remain in the working fluid.

Literature address little attention to geyser boiling phenomena. This common regime
in thermosyphons includes repetitive ejections of liquid gathered above the growing bub-
ble in the direction of condenser without its previous evaporation. It cause additional
mechanical loads and may decrease time period of operation of thermosyphon often used
in applications respected to work for a long time. Nearly no research cope with influence
of nanofluids or surfactants and polymers on geyser boiling phenomena.

From the investigations presented in this thesis, following conclusions may be drawn.

� All nanofluid components (base fluid, nanoparticles, and stabilizer) interact and
may change working fluid behavior in the thermosyphon, including boiling process.
Nanoparticles changes the interactions on the evaporator wall (solid-liquid inter-
face), while chemical stabilizers affect interaction on vapor-liquid interface (bubble
surface). Thus, they should be considered integrally.
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� The positive effect of nanofluids on heat transfer capabilities in thermosyphon is
restricted to the evaporator section. Nanofluids did not influence heat transfer in
the condenser.

� Nanofluids in a thermosyphon showed time-dependent characteristics after filling
the device with fresh fluid, at least at the beginning of thermosyphon operation.
Heat transfer capabilities of the device were significantly increased after the first
experimental series. Some period of time was needed for a backing process - depo-
sition of nanoparticles on the evaporator wall. Theses layers affect the roughness,
surface energy, wettability, surface tension, and density of active nucleation sites.

� Deposited nanoparticles did not cover the entire heater surface uniformly. In case
of tested thermosyphon, the layer was found in the upper part of the inner wall of
the evaporator.

� Particle deposition may create thermal bridges between inner wall and surface re-
ducing thermal resistance of this contact. Its impact is higher for low heat loads
where this thermal resistance shows a higher impact on the overall thermal resis-
tance of a thermosyphon compared to high heat loads with developed boiling.

� The lower the inlet temperature of heating water, the higher overall thermal resis-
tance reduction caused by nanofluids in comparison to water. Low heat loads and
small temperature differences between two ends of a thermosyphon (hot and cold)
where nanofluids show the biggest impact are often problematic conditions in heat
transfer applications. Thus, nanofluids may become an interesting alternatives for
such applications.

� The highest improvements in heat transfer capabilities of a thermosyphon for low
heat loads was gained by usage of silica nanofluid, followed by graphene oxide
nanofluid.

� The possible mechanisms affecting heat transfer efficiency during nanofluid boiling
in a thermosyphon include:

– nanoparticles deposition into a (porous) layer on the evaporator wall that
influences boiling conditions at surface, examples: silica nanofluid, graphene
oxide nanofluid,

– interaction of nanoparticles both at wall and freely moving in fluid volume,
e.g. gold nanofluids,

– affecting thermophysical properties of a working fluid, among others surface
tension and viscosity. The best examples here are nanohorn nanofluid, SDS
solution and GO+SDS nanofluid. Nanohorns and SDS solution showed similar
behavior. The effect was different for GO+SDS, despite the same amount of
SDS was added. Additional interaction between surfaces of graphene oxide
flakes and surfactant occurred resulting in changed working fluid properties.

� Investigated working fluids shifted the working point of a thermosyphon what in-
cludes differences in the amount of heat transferred though a device and the tem-
perature levels compared to water at analogous operating conditions (inlet temper-
atures and heat fluxes of heating and cooling water).
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� For high heat loads, the differences between time-averaged thermal performance of
a thermosyphon for various working fluids were negligible. However, corresponding
time-dependent characteristics differed significantly. In this region, geyser boiling
occurred for water, gold nanofluids and graphene oxide nanofluids.

� Sodium dodecyl sulfate surfactant added to the base fluid lowered its surface ten-
sion. As a result, bubbles could not reach sizes big enough to push fluid gathered
above them towards the condenser. This changed boiling regime from geyser boiling
to nucleate boiling.

� Attachment of SDS to the graphene oxide flake reduced concentration of surfactant
in a base fluid what in turn increased the surface tension. In consequence, geysering
could not be suppressed what was the case for SDS solution or nanohorns nanofluid.

� Averaged frequencies and amplitudes of geyser events described the geyser boiling
characteristics regardless the working fluid and operating conditions and allows for
comparison of wide range of test cases. General trends showed that frequency of
geyser events increased but their amplitude decreased with increasing heat loads
but the exact values depended on working fluid and operating conditions.

� Peak intensity (pressure amplitude) seems to be a measure of a thermal energy
stored during bubble formation.

Properly chosen nanofluids used as working fluid in a thermosyphon keep a great
promise for heat transfer improvements. This is especially true for applications with low
level of heating temperature, small differences between two ends of a device, and low
heat fluxes provided to the evaporator. As a result of the work done for this thesis, the
following have emerged as work for the future.

� More detailed analysis of evaporator surface after particle deposition and check-
ing the layer properties, such as porosity, wettability, and wickability. Here, col-
laboration between material and thermodynamics engineers, chemists and surface
physicists would be a great help.

� Development of mathematical tools describing thermosyphon operating with nanoflu-
ids are in a high need. The first step consider deep understanding of the nanofluids
behavior.

� To address better understanding of nanofluids behavior in a thermosyphon, system-
atic experimental study considering a wide range of working fluids and operating
conditions are suggested. Focus should be put on good characterization of nanoflu-
ids used in heat transfer applications. This includes contact angle and surface
tension measurements. These properties have significant impact on boiling behav-
ior but are poorly investigated with regards to nanofluids. Nanofluids are often
characterized under conditions that differ significantly from that met in real appli-
cations. It is especially true for low pressure devices and requires further research
and development of measurement techniques.

� To help draw firm conclusions, research should differentiate effects caused by nanopar-
ticles themselves and by chemical stabilizers. This includes research on boiling of
polymer/surfactant solutions and nanofluids with their addition, physical interplay
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between nanoparticles, base fluid and chemical stabilizers. In a high need is under-
standing their behavior under changing conditions, in particular under low pressure.

� Another task is to explain how nanoparticles reduction (such as reduction of graphene
oxide in the temperatures ranges of 50-60◦C) affect boiling behavior and deposition
process.

� Boiling of non-Newtonian fluids (which is often a case for nanofluids) received very
little attention in the literature. This could give some insight into understanding
boiling behavior of nanofluids.

� Long-term behavior of nanofluids with respect to their properties and behavior in
heat transfer systems should be thoroughly investigated. Thermosyphons are often
supposed to work in long-life applications, thus their long-term stability seems to
be crucial issue for their commercialization.

� Relatively cheap and mass production of nanofluids with precisely characterized
properties and possibilities are another challenge to overcome barriers in front of
nanofluids to be commercialized.
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2. M. Hernaiz, V. Alonso, P. Estellé, Z. Wu, B. Sundén, L. Doretti, S. Mancin, N.
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[71] M. Hernaiz, V. Alonso, P. Estellé, Z. Wu, B. Sundén, L. Doretti, S. Mancin,
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