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Abstract

This work makes an attempt to explain the self-sustained thermally-induced oscillations
of a two-phase system consisting of an isolated confined liquid—vapour meniscus (a
single liquid plug adjoining a vapour bubble) inside a circular capillary tube, the tube
length being exposed to a net temperature gradient, thereby creating a continuous cycle
of evaporation and condensation. This system represents the simplest ‘unit-cell’ version
of a Pulsating Heat Pipe (PHP). The fundamental understanding of its transport
behavior leading to self-sustained oscillations is vital for building the hitherto non-
existent mathematical models of the complete PHP system. First, visualization of the
oscillations of the unit-cell has been done under controlled thermal boundary
conditions. Here, a unique and novel understanding of the system dynamics has been
achieved by real-time synchronization of the internal pressure measurement with high-
speed videography that was used to visualize and record the meniscus oscillations and

the thin liquid film that is laid on the wall when the meniscus leaves the evaporator.

When the temperature difference increases between the heat source and the heat sink,
different meniscus dynamics, with excellent repeatability, can be observed. The
experimental results clearly demonstrated that evaporation of the liquid film is
responsible for these patterns. The different components of evaporation and
condensation processes were critically analysed. Two different modes of evaporation
were observed inside the system: one at the triple-line and one at the liquid-vapour
interface. Contrary to obvious interpretations, maximum pressure in the vapour bubble
is achieved in the downward stroke, rather than the upward stroke. Thus, the system
dynamics cannot be compared with gas-compression cycles; the presence of vapour
coupled with transient phase-change processes give rise to singular transport
phenomena. Such an interpretation of the meniscus motion and the resulting pressure

cycles has not been considered by any of the existing mathematical models of PHPs.

By simple scaling arguments, it was demonstrated that there is a high probability of
metastable states existing in the system, which essentially points towards considering
non-equilibrium evaporation and condensation models for predicting the thermal

transport. A simple transient analytical model of thermal transport in the liquid film
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was developed which clearly explains the observed behavior. Existence of non-
equilibrium conditions and their underlying effects on system dynamics need further

exploration, both experimentally as well as analytically.

A numerical model was developed for the system consisting of a vapour plug and a
liquid slug oscillating in a tube closed at one end and connected to a reservoir at a
constant pressure at the other end. The modeling principle had been posed in previous
work. Some modifications were never the less introduced in this work to take into
account the peculiarities of the new experimental set-up and to improve the liquid film
evaporation model in the light of the experimental results. Also a parametric study was
carried out to understand the implications of the various factors on the working of such
system. The results show that the classical correlations used to calculate pressure drops
inside the liquid plug are relevant in the case of an oscillating flow. The results confirm
that the dynamics of the film is the most important parameter of the system and has to
be modeled by taking into account the nature of the liquid but also the nature of the
wall. Therefore, the heat transfer equation in the wall has to be solved and coupled to
the hydrodynamic behavior of the system. Considering that no comprehensive model of
PHP system is available, the conclusions and directions provided in this study are
important for building a broad understanding of these devices that remain a promising
option to face the future need for thermal management of heat dissipating engineering

systems.
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B/W
CCD
cond
CETHIL
CLOHP/CV
DC

DVD
Diff
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HP

HS

ID

IR

External

Heat sink or heat source
Hydraulic
Initial
Interface
Liquid

Liquid film
Liquid-Vapour
Maximum
Measured
Molecular
pressure
Reservoir
Residing
Regular

Slug
Solid-Liquid
Dry solid surface
Static
Solid-Vapour
Saturated
Sensible
Singularity
Total

tube
Theoretical
Triple line
Vapour

Wall

Constant
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Black and white

Charge-coupled device

Condensing

Centre d'Energétique et de Thermique de Lyon
Closed loop oscillating heat pipe with checked valves
Direct current

Digital video disk

Differential
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Heat pipe

Heat source or Heat sink
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Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0080/these.pdf
© [M. Rao], [2014], INSA de Lyon, tous droits réservés

XiX



IRT
LV
OD
OHP
PHP
SL
SS
SV
TC

TLC
th
uTC

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0080/these.pdf

Infra red thermography
Liquid-Vapour

Outer diameter
Oscillating heat pipe
Pulsating heat pipe
Solid-Liquid

Stainless steel
Solid-Vapour
Thermocouple
Television
Thermochromic liquid crystal
Theoretical

Micro thermocouple

© [M. Rao], [2014], INSA de Lyon, tous droits réservés

XX



Chapter 1

Introduction, Motivation and Background

Since the beginning of 18th century that can be called as “machine age” of the earth,
human has been making lot of efforts in revealing secrets of nature by discovering its
governing laws. In this process, we are making machines to ease down the applied
effort. As a basic rule of the nature, energy can be converted from one form to another
and required work can be extracted. But still human is yet to achieve the highest
possible efficiency. So most of the time this lost energy is in the form of unnecessary
heat dissipation. Later this heat becomes responsible for underperformance of the
system and environment hazards. In the same period, electronics has also made
significant growth and contribution in developing new machines. The reliability of these
electronics components is a major factor in the overall reliability. Continued
miniaturization of electronic systems has resulted in a dramatic increase in the amount
of heat generated per unit volume. Unless properly designed and controlled, high rates
of heat generation result in high operating temperatures for electronic equipment,
which will affect safety and reliability. While absolute power levels in microelectronic
devices are relatively modest (a few tens to a few hundred watts), heat fluxes can be
significant (~50 W/cm2 in current electronic chips; up to 2000 W/cm?2 in
semiconductor lasers). Further, temperatures at the chip surface must be kept low for
both performance and reliability. Today's electronic system are normally rated for
operation in the 0 to 70°C temperature range (commercial grade), -40 to 85°C
(industrial grade) and -55 to 125°C (military grade). For certain applications, very low
temperatures (even close to as 0 K) are ideal, as conductivity increases and approaches
superconductivity at this temperature. For a rule of thumb and for today's electronics,
"room temperature" is a good operating temperature regardless of theoretical
advantages of superconductivity. Hence from above it is clear that for the reliable and

safe working of electronics systems, there will always be a need to cool these electronics
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components with suitable technique. In next section, common cooling techniques for

the electronics are presented in brief.

1. Need for thermal passive management: Electronics cooling
techniques

The only form of energy leaving the electronic device is the heat generated when the
current flows through resistive elements; we know that the heat dissipation or cooling
load of an electronic device is equal to its power consumption. We should always keep in
mind that the most desirable form of cooling is natural convection cooling, since it does
not require any moving parts, and thus it is inherently reliable, quiet, and, best of all.
Simple ventilation holes on the case may be all we need for the cooling of low-power-
density electronics such as a TV or a DVD player in a room, and a fan may be adequate
for the safe operation of a home computer. But the thermal control of the electronics of
an aircraft will challenge thermal designers, since the environmental conditions in this
case will swing from one extreme to another in a matter of minutes. Various
active/passive, single-/multi-phase, single/multi-component heat transfer strategies
have evolved in the last decades to cater the increased demand of thermal management
for such mini/micro systems and device. The existing heat transfer mechanisms can
broadly classified as single-phase natural convection, single-phase forced convection,
non-phase change multiphase techniques and phase-change multiphase heat transfer
techniques. Typical range of heat transfer rates achievable from these techniques is

summarized in fig. 1.7 inspired by Lin et al. [1.1].

This figure clearly indicates that multiphase heat transfer process, with phase change,
provides significantly higher heat transfer coefficients than the single-phase forced
convection or natural convection processes. Therefore, several multiphase techniques
and their variants are used as cooling solutions in contemporary times. Some
applications of modern heat transfer devices are, film cooling, spray/jet impingement
cooling, wicked heat pipe, pulsating heat pipe and micro-channel heat sink with flow
boiling, etc. Such devices have shown better thermal performance in terms of enhanced
heat transfer coefficients and maximum heat handling capacity, in comparison to the

air/liquid cooled forced or natural convective counterparts. Conventional natural
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convection and single-phase convection have been widely studied in the past and largely

understood. However, there are many open issues, which need to be explored in
multiphase flow devices because of occurrence of wide variety of flow patterns, presence
of interfaces, contact line motion etc., which result in complex flow and heat transfer
physics in such systems. Keeping the area of research concentrated towards the heat
pipes and more precisely towards pulsating heat pipes, first we will briefly discuss two
phase passive cooling technology and then we will describe heat pipes in general and

later will move deep in to the pulsating heat pipes research history and challenges.

Water flow boiling

Phase

Water pool boiling y change
heat

Fluorochemical transfer

ligquid pool boiling

Water flow \
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Fig. 1.1: Range of heat transfer coefficients typically possible from various cooling

technologies applied in contemporary thermal management systems (Lin et al. [1.1]).
1.1. Two-phase passive cooling technologies

The operation of modern passive heat transfer devices is based on the combined action
of three physical phenomena: phase-change, gravity and capillarity. These three
phenomena are acting together but there may be some extreme conditions where
capillary effects are negligible (i.e. thermosyphons) or gravity effects are less important
(i.e. sintered HP). Fig. 1.2 shows a comparison of various cooling techniques as a

function of the attainable heat transfer in terms of the heat transfer coefficient. A
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passive device is fully thermally driven: the heating power activates the

evaporation/condensation process and the consequent vapour expansion, together with
the capillary/gravity effect on the liquid phase, provide the “pumping power” which is

needed to maintain the fluid circulation.

Drdder of Magnitide for Heat Transler Coalficients Depending on Coollng Technalogy
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Heat Transler Coalficient [me*m

Fig. 1.2: Heat transfer coefficient attainable with natural convection, single-phase liquid

forced convection and boiling for different coolants (Lasance [1.2]).

The passive two-phase heat transfer technology gives improved heat transfer capability:
higher heat loads and higher heat fluxes (up to 200W/cm2 of radial heat flux). Also they
give improved performance: low thermal resistance down to 0.01 K/W, lower mass flow
rates and relatively smaller size and weight. There is no need for external pumping
work. Also have smaller temperature gradients and nearly isothermal operation
regardless of variations in the heat load. Different types of two-phase passive heat
transfer devices can be defined as: The heat pipe, capillary pumped loop and loop heat
pipe, thermosyphon and pulsating heat pipe.

In the gravity assisted thermosyphon lower end of the tube is heated which results in the
liquid evaporation and the vapour to move to the cold end of the tube where it is
condensed. Since condensate is returned to the hot end by gravity, the evaporator must
be situated at the lowest point. In modern devices this limitation is overcome by means
of a wick structure, constructed for example from a few layers of fine gauze, which is

fixed to the inside surface and returns the condensate to the evaporator by capillary
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forces. In the heat pipe the evaporator position is not restricted and it may be used in

any orientation. If, of course, the heat pipe evaporator happens to be in the lowest

position, gravitational forces assist the capillary forces.
1.2. Heat pipe

A heat pipe is a heat transfer device that uses evaporation and condensation of a two-
phase "working fluid" to transport large quantities of heat with a very small difference
in temperature between the hot and the cold interfaces. As illustrated in fig. 1.3, a
typical heat pipe consists of a sealed hollow tube made of a thermo-conductive metal
such as copper or aluminum this tube can be divided in three sections: an evaporator or
heat addition section, an adiabatic section, and a condenser or heat rejection section.
When heat is added to the evaporator section of the heat pipe, the heat is transferred
through the shell and reaches the liquid. When the liquid in the evaporator section
receives enough thermal energy, the liquid vapourises. The vapour carries the thermal
energy through the adiabatic section to the condenser section, where the vapour is
condensed into the liquid and releases the latent heat of vaporization. The condensate is
pumped back from the condenser to the evaporator by the driving force acting on the
liquid. No external power is needed for a typical heat pipe. The phase-change heat
transfer occurs almost in the quasi-equilibrium state. The heat pipe has a very high
efficiency to transfer the thermal energy from a heat source to a heat sink. An
operational heat pipe can provide an extra-high effective thermal conductivity and reach

a higher level of temperature uniformity.

The thermal conductivity of heat pipes can be as high as 10,000 W/m.K, in contrast to
copper, which has a thermal conductivity of around 400 W/m.K. The working fluid
medium in a heat pipe can be selected from a variety of fluids, depending on the
operating temperature and compatibility with the shell material. The heat pipe can be
operated from a temperature lower than 4 K to a high temperature up to 3000 K.
Because the evaporator and condenser of a heat pipe function independently, the heat
pipe can be made into any shape, depending on the design requirement. Due to these

unique features, the heat pipe has been widely used in a wide range of applications.
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Fig. 1.3: Typical heat pipe schematic.

There are a number of limitations which affect the working of a heat pipe such as
smooth flow of the working fluid, when the pumping pressure produced by the surface
tension cannot overcome the summation of the total pressures; the heat transport
occurring in the heat pipe reaches a limit known as the capillary limit. There are several
other limitations disconnecting the return of the working fluid from the evaporator to
the condenser or from the condenser to the evaporator. Among these are the boiling
limit, sonic limit, entrainment limit, and viscous limit. When the heat flux added to the
evaporator is sufficiently high, nucleate boiling occurs. The bubble formed in the wick
significantly increases the thermal resistance, causing the heat-transfer performance to
be significantly reduced. More importantly, when the heat flux is so high, the bubbles
block the return of the working fluid and lead to a dry-out of the evaporator. The boiling
limit plays a key role in a high heat flux heat pipe. When the vapour velocity is high and
the cross-sectional area variation of the vapour space in a heat pipe cannot meet the
flow condition, chocked flow occurs and the vapour flow rate will not respond with the
amount of heat added in the evaporator. This will lead to a sonic limit. The entrainment
limit is due to the frictional shear stresses caused by the vapour flow at the vapour—
liquid interface. The viscous limit occurs in a low heat flux heat pipe, where the vapour
pressure difference in the vapour phase cannot overcome the vapour pressure drop in

the vapour phase. Now let us discuss PHP separately in detail.
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2, Pulsating heat pipes (PHPSs)

Like a conventional heat pipe, a pulsating or oscillating heat pipe, in short called as
PHP\OHP, is not a cooling system, but a system to transport heat from a hot source or a
heat source to a cold source or heat sink. The tube forming a PHP is bent many times in
a symmetrical manner so that an evaporation section, adiabatic section and condenser
section are formed (fig. 1.4). The tube is partially filled with a working fluid and remains
in the state of liquid-vapour equilibrium in the operating conditions. Due to capillary
forces, a series of liquid slugs and vapour bubbles of variable size are then formed within
the tube. It is observed under certain boundary conditions, oscillations of the liquid
slugs and vapour pockets are responsible for the transfer of heat from the evaporator to

the condenser. The oscillation frequencies found typically are of the order of 0-10 Hz.

RS AR

Teeertrerertrecenee

oooooo

suone|so Bnis / 8lqang

Pt

Evaporator

Fig. 1.4: Schematic of typical pulsating heat pipe (Khandekar [1.3]).

Due to these oscillations, a liquid slug arrives at the hot source and it partially
evaporates due to overheating, which includes the pressure in the neighboring pockets
of steam and pushes in turn the liquid slugs. It should be noted that this pressure can
also be result of the expansion of the steam due to the contribution of sensible heat.
Thus, the oscillations of the liquid slugs and vapour pockets are maintained due to the

overheating of the wall and thus the evaporation of the liquid leads to a sudden
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expansion of the fluid to the evaporator. Statistically, the number of such instances will

always bring the liquid to the evaporator. Also the condensation of the superheated
vapour at the condenser will locally lead to a pressure reduction, which also helps to
maintain the oscillations. No external power is required to drive the device, internal
oscillations being fully driven by the thermal non-equilibrium that is sustained inside
the system due to external heating and cooling. Compared to other cooling solutions,
PHPs are the simplest technology, from the point of view of manufacturing as compared

to the family of heat pipes and thus more reliable and cheaper.

As stated above the pulsating heat pipe (PHP) is a non-equilibrium passive two-phase
heat transfer device, first of its kind PHP was found to be described in 1971 in a Russian
patent filed by Smyrnov and Savchenkov [1.4]. But in the 1990s, Akachi [1.5-1.7] patent
the first of its kind of working pulsating heat pipe (PHP). The prototypes of Akachi are
widely accepted and up till now exploited for further research (the actual pictures with

the dimensions of such PHP are given in fig. 1.5).

Base plate = BOmm x B0mm x 2mm
| Heat throughput capacity = 450 W
Temperature difference = 40 K

Alr velocity = 3m/s

Thermal resistance = 0.089 K/W
Tube outside diameter = 1.6 mm
Tube internal diameter = 1.2 mm

Number of caplliary turns = 500

Fig. 1.5: Prototypes proposed by Akachi et al. [1.8].

As stated above PHP belongs to a category of wickless heat pipes, however with complex
internal thermo-hydrodynamic transport processes, responsible for the self-sustained
thermally driven oscillating two-phase Taylor bubble flow which in turn, leads to its
unique heat transfer characteristics. However, still the technology is simple, the physics

of flow and heat transfer within these systems is extremely complex and yet not
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completely understood. Unlike conventional heat pipes, the study of these phenomena is
complex because of unsteady oscillatory flow characteristics. Understanding how PHP
works is not that easy due to the complexities of such phenomenon as two-phase flows
in capillary tubes, evaporation and boiling in confined space. Also the pressure fields
with statistical instabilities are all complex and varied phenomena governing these
systems. To understand the PHP working and the challenges it propose, first let us

discuss various terms and methodologies involved in it.
2.1. Different arrangements of PHP

The pulsating heat pipes (PHP) can be classified on the basis of how the tubes are
connected to each other and how the flow of fluid takes place inside the tubes. The tube
is bent back and forth parallel to itself, and the ends of the tube may be connected to one
another in a closed loop, or pinched off and welded shut in an open loop (fig. 1.6-a and
1.6-b). As it is evident from the name PHP is that liquid-vapour combination oscillates
inside these tubes, in addition to this oscillatory flow, the working fluid can also be
circulated along with pulsations in the closed-loop PHP, resulting in heat transfer
enhancement. Although an addition of a check valve (fig. 1.6-c) could improve the heat
transfer performance of the PHPs by making the working fluid move in a specific
direction, it is difficult and expensive to install these valves. Consequently, the closed-
loop PHP without a check valve becomes the most favorable choice for the PHP
structures. There can be another type of pulsating heat pipe in which one or both ends

are left open without being sealed (fig. 1.6-d).

— ==
I i
o _ @ y
| h
~
I I Vapour
l I l Plug
I Liquid
Slug
e
I I I -
S, ) U 4 9 )

@ (b) © (d)

Fig. 1.6: Different configurations of PHP, (a) Closed end (b) Closed loop (c) Closed loop
with check valve (d) PHP with open ends.
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2.2. Physical design parameters

As explained previously a PHP is made up of a single tube bent in many turns of
sufficiently small internal diameter so that the capillary forces are predominant with
respect to the volume forces. The inner diameter of this tube must be small enough that
surface tension forces dominate gravitational forces and distinct liquid slug and vapour
plugs can form. For normal heat transfer fluids, this suggests the use of small, mini or
micro ducts or channels for the construction of PHP. Due to significant differences of
transport phenomena in mini-micro systems as compared to normal sized channels, it is
important to define what is meant by the terms mini, meso and micro sizes of the
channels. Merely categorizing on the basis of tube geometry is not enough, especially in
the context of two-phase flows. The criterion ought to be based on the combination of
the size and thermo-physical properties of the fluid under consideration. Channels are
generally considered small when surface tension forces dominate the gravitational
forces. A measure of the relative value of the two forces is given by the E6tvos or Bond

number:

Bo =/E6 = /(D},,8(p, —p,))/© 1.1

Where, Bo is the bond number, Eo is the E6tvos number, Dyyq is the hydraulic diameter
of the tube, g is the acceleration due to gravity, p1 and py are the densities of liquid and

vapour and o is the surface tension of the fluid.

It is believed that values of the Bond number, ranges from 0.88 to 2m2, below which
channels can be considered small, stated that, for Bo < 1.84, the channel can be
considered as small. According to Triplett et al. [1.9], the flow channels having Dnyq less

than or equal to Laplace constant A may be considered as microchannels, where:

A=+o/(g.(p,—p,)) 1.2

Manoj RAO - PhD Thesis: CETHIL, INSA de Lyon, France - 2015 10

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0080/these.pdf
© [M. Rao], [2014], INSA de Lyon, tous droits réservés



Introduction, Motivation and Background [Neiti:e!

Kew and Cornwell [1.10] give another interpretation of the same quantity in terms of

the confinement of bubbles in a channel. They reported that channels having two-phase
flow can be considered as mini systems when the Confinement number Co, as

defined in eq. 1.3, is greater than o.5.

Co= ! / 40 =27“ 1.3
Diya glp;—p,) Diya

Under such conditions, the two-phase flows typically have a confined bubble flow

regime which is unique to mini systems, as also is the case with PHPs. As the hydraulic
diameter goes on decreasing, the effect of Bond number on various hydrodynamic
parameters goes on increasing. In fact, all classification numbers, Bo, Eo, Co, or the
constant A, consider the effect of fluid density, surface tension and channel size on two-
phase flow. If we estimate the relevant threshold critical diameters i.e. transition
diameters for considering a channel as ‘micro’, for common working fluids respectively,
for the entire range of operating pressures, we notice that there are considerable
differences in the threshold diameters, as defined above by various criteria; so far, no
unified methodology is available. Such systems with mini or smaller systems where the
Bond number is less than 2, will also be called as ‘capillary’ systems. The foregoing
discussion has important implications in defining a PHP. The definition of a threshold
diameter needs to be decided so that distinct liquid plugs and vapour slugs can be
formed without separation, stratification or agglomeration, at least under adiabatic
conditions. Thus, rather than a certain fixed diameter which classifies the boundary
between classical macroscale systems and PHPs, there is a finite transition zone wherein
PHPs can effectively function as truly pulsating/oscillating heat transfer devices
(Khandekar and Groll [1.11]).

Apart from choosing appropriate diameter for a PHP, higher surface tensions will
increase the maximum allowable diameter and also the pressure drop in the tube.
Larger diameter will enable improved performance, but an increased pressure drop will
require greater bubble pumping and thus a higher heat input to maintain pulsating flow.
A low latent heat will cause the liquid to evaporate more quickly at a given wall

temperature and a higher vapour pressure; the liquid slug oscillating velocities will be
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increased and the heat transfer performance of the PHP will be improved. A high

specific heat will increase the amount of sensible heat transferred. Because the majority
of the total heat transfer in a PHP is due to sensible heat, a fluid with a high specific heat
is desirable. A low dynamic viscosity will reduce shear stress along the wall and will
consequently reduce pressure drop in the tube. This will reduce the heat input required
to maintain a pulsating flow. The rate of change in pressure with respect to temperature
at saturated conditions (dp/dT)sat affects the rate at which bubbles grow and collapse. At
a high value of (dp/dT)sat, the difference between vapour pressure in the evaporator and
condenser will be increased and the performance of a PHP will be improved by

enhanced oscillatory motion of liquid slugs.

The charge ratio is the volume of the liquid divided by the total internal volume of the
PHP. If the charge ratio is too low, there is not enough liquid to perpetuate oscillating
slug flow and the evaporator may dry out. If the charge ratio is too high, there will not be
enough bubbles to pump the liquid, and the device will act as a single phase
thermosyphon. Khandekar [1.3] shows that generally charge ratios ranging from 20% to
80% will allow the device to operate as a true pulsating heat pipe. The number of turns
of bent tube in the PHP may affect thermal performance and may negate the effect of
gravity. By increasing the number of turns, there are more distinct locations for heat to
be applied. The fluid within each turn may be either liquid or vapour, the heating of
which creates differences in pressure at each turn. It is these pressure differences that
drive the pulsating flow. If a PHP only has a few turns, it may not operate in the
horizontal or top heat modes, but a PHP with many turns can operate at any orientation

because of the perturbations in each turn.
2.3. Flow regimes in PHPs

In a PHP, different flow regimes can be observed as shown by Xu et al. [1.12] (fig. 1.7). If
the vapour bubbles are smaller than the diameter of the tube (a, b, c), the flow is said
dispersed bubble; this corresponds to a low nucleation which continues to the
evaporator. There is no coalescence effect and, most often, bubbles are condensed
before reaching the condenser. When these bubbles become numerous, they can

coalesce and form vapour pockets (f, g, h) or long bubbles. It is then intermittent regime
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compound vapour pockets called as Taylor Bubbles, separated by liquid slugs. The

liquid and vapour phases flow randomly inducing fluctuations in pressure and velocity.

The length of the vapour pockets depends on the surface tension of the fluid and is
bounded by pocket breaking phenomena. When speed becomes high, the vapour is not
any more in contact with the wall; it forms a cylindrical channel, surrounded by a liquid
ring. The flow is then said annular (i, j). The work in the literature shows that the heat
transfer occurs by both sensible heat and latent heat. Depending on the type of flow, one
or the other of these transfer modes is dominant. The transfer with phase change is
favored in the annular flow while the sensible heat is predominant in Taylor Bubble flow

Yang et al. [1.13].

Fig. 1.7: Different flow regimes of PHP (Xu et al. [1.12]).

2.4. Thermodynamics of PHPs

Although simple in their construction, PHPs become complicated devices when one tries
to fully understand their operation: the thermodynamics driving PHP operation needs
to be looked carefully. Heat addition and rejection and the growth /extinction of vapour
bubbles drive the flow in a PHP. Even though the exact features of the thermodynamic
cycle are still unknown, Groll and Khandekar [1.14] described it in general terms using

a pressure/ enthalpy diagram as seen in fig. 1.8. The temperature and vapour quality in
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the evaporator and condenser are known, or can be assumed, so the state at the outlets

of the evaporator and condenser are known. Starting at the evaporator inlet, (point A on

the P-h diagram), the processes required to get to point B on the diagram can be
simplified to heat input at a constant pressure combined with isentropic pressure
increase due to bubble expansion. As one travels through the adiabatic section from the
evaporator to the condenser, the pressure decreases isenthalpically. The thermodynamic
process between the condenser’s inlet and outlet are complicated, but can be simplified
to constant pressure condensation with negative isentropic work. An isenthalpic
pressure drop in the adiabatic section completes the cycle. Because of the numerous
assumptions made in this description, thermodynamic analysis is insufficient to study

PHPs.

Pressure, p

A

Enthalpy, i

Fig. 1.8: Thermodynamic cycle of PHP (Groll and Khandekar [1.14]).
2.5. Hydrodynamics of PHPs

Fluid flow in a capillary tube consists of liquid slugs and vapour plugs moving in unison.
The slugs and plugs initially distribute themselves in the partially filled tube. The liquid
slugs are able to completely bridge the tube because surface tension forces overcome
gravitational forces. There is a meniscus region on either end of each slug caused by
surface tension at the solid/liquid/vapour interface. Due to the capillary dimensions of

the PHP tube, a train of liquid slugs and vapour bubbles having menisci on their edges is
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formed due to surface tension. Usually a liquid thin film exists around the bubbles. The

contact angle of menisci, liquid thin film stability and its thickness depend on the fluid-
solid combination and the operating parameters. Liquid slugs and vapour bubbles move
against the gravity vector, either in its direction or at an angle to it, depending on the
global PHP orientation and location of slugs/ bubbles in the up-header or down-header
tubes. A detailed review on hydrodynamics parameters of pulsating heat pipes has been
done by Khandekar et al. [1.15], in which they show that the liquid slugs and vapour
bubbles are subjected to pressure force F1 and F2 (fig. 1.9), from the adjoining
slugs/bubbles. These are not only caused due to phase-change mass transfer but also
due to capillary forces. The liquid slugs and vapour bubbles experience internal viscous
dissipation as well as wall shear stress. Their relative magnitude decides the

predominant force to be considered.

Tube wall
Q
Vapor bubble
Liquid thin film
2a Wall
o I T| shear
g o stress
. = y Liquid plug
(o) g
3o y a
B ™ ;?/3"7
Meniscus

B
Fig. 1.9: Liquid slug in a PHP (Khandekar et al. [1.15]).

The slugs are separated by plugs. The vapour plug is surrounded by a thin liquid film
trailing from the slug. Fig. 1.10 shows the control volume for one liquid slug in a PHP
and the forces acting on it Shafii et al. [1.16]. Motion of the ith liquid slug within the PHP
with an inner diameter of D and cross-sectional area of A can be described by the

simplified momentum equation given by Shafii et al. [1.16, 1.17]:
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Fig. 1.10: Liquid slug in a PHP.

where, mi;, vii, and Li; are the mass, velocity and length of the ith liquid slug, respectively.
The difference between vapour pressures of the ith and the (i+1)th vapour plug, Py and
Pyi+1), are the driving force for the oscillatory flow. The shear stress, t, depends on
whether the liquid flow is laminar or turbulent. A detail analysis about the

hydrodynamics in a PHP will be discussed in chapter 2.
2.6. Heat transfer in a PHP

In order to properly evaluate total heat transfer in a pulsating heat pipe, the radial heat
transfer between the pipe wall and the working fluid, the evaporative heat transfer, and
the condensation heat transfer must all be considered. As the liquid slugs oscillate, they
enter the evaporator section of the PHP. Sensible heat is transferred to the slug as its
temperature increases, and when the slug moves back to the condenser end of the PHP,
it gives up its heat. Latent heat transfer generates the pressure differential that drives
the oscillating flow. The phase change heat transfer takes place in the thin liquid film
between the tube wall and a vapour plug and in the meniscus region between the plug
and slug, which requires complex analysis. Detailed understanding of such parameters
will help in predictive modeling of the PHP. As we know that the evaporation

/condensation dynamics is responsible for self sustained oscillations in a PHP. The heat
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transfer in a PHP can be explained when and where it taking place, like in starting

nucleate boiling for the formation of the bubbles, later there will be evaporation and
condensation at the film. Heat transfer in thin films is a complex phenomenon and few
researches have been found in this subject. In chapter 2 the terminologies and

parameters affecting the thin film heat transfer will be explained.
3. Two research approaches for understanding of PHP working

Since the invention of PHP, several researchers have been putting efforts to understand
and decode the physics involved in it. Most of the researches available on the PHPs are
based on parametric studies without much explaining the physics behind it. In recent
past there have been attempts to model a PHP by approximating various parameters
affecting it. Recently it was also discussed that there is a need first to understand the
local level physics happening in a PHP rather than directly going towards whole system
modeling. In this direction unit cell approach (single tube: single vapour plug — liquid
slug) for PHPs have been modeled and some of the researchers started building
experiments based up on these modeling. There are also thoughts of some researchers
that the unit cell approach (single tube: single vapour plug — liquid slug) is not exactly
replicating the real PHP as it does not include the multiple vapour bubble — liquid slug
interactions which may be the principle cause of PHP working. Let us now see how these
two approaches (i) PHP studies as complete system (ii) Unit cell approach (single tube:

single vapour plug — liquid slug) yields the various results and observation.
3.1. Studying PHPs as a complete system

Research on PHPs has seen an unprecedented increase during the last 15 years, almost
25 years after the system has been patented in its most popular layout by Akachi.
Unfortunately, major part of the literature does not provide universally applicable
generic knowledge base on these systems; it generally focuses on one particular PHP
structure or type, designed for a specific application. In these type of works, the PHP is
usually characterized by the temperature difference measured between the condenser
and the evaporator for a given applied heat flux. Nevertheless, each PHP has its own

geometrical and thermo-physical properties (inner and outer diameters, length, closed
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or open-loop devices, evaporator, condenser and adiabatic lengths, number of turns,

material of the tube, etc.) and is filled with a specific working fluid having also its own
thermo-physical properties (latent heat, wettability and for both vapour and liquid
phases: thermal conductivity and capacity, density, viscosity, etc.), and is tested in
specific experimental conditions (heat load at the evaporator, ambient and condenser
temperatures). A detailed review on advanced and unsolved issues in pulsating heat
pipes has been done by Zhang and Faghri [1.18]. Tt was shown that there were several
attempts to develop correlations for the overall Nusselt number in terms of non-
dimensional groups of parameters. However, they all have a quite narrow range of
applicability and fail if applied to other PHP prototypes. The number of relevant
parameters to characterize a PHP is therefore so large that it is difficult to explicitly
discriminate the effect of one parameter among the others in this type of experiments.
As a result, one can find several research papers dealing with the same parameter and
having conflicting conclusions. To overcome these difficulties, some authors developed
non-dimensional expressions based on different numbers like the Jacob, the Karman,
the Prandtl or the Kutateladze numbers and taking into account the number of turns
(All these numbers are defined in Appendix-A). This occurs because the dynamic

behavior of the PHPs may change strongly at slight variation of its parameters.

Systematic studies of the multi-bubble multi-turn PHPs are rare and concern mostly the
qualitative description of its regimes. Nevertheless, this approach has also failed so far
to provide a universal understanding of the PHP because the basic physical phenomena
and the extent of parameters responsible for system dynamics are not yet well
understood. More detailed quantitative information on the local measurement that
would concern the menisci and film dynamics inside the PHP is lacking. Regarding the
heat transfer in PHPs as a system, there have been various efforts taken by the
researchers; here we are mentioning some of the important of them.
Khandekar et al. [1.19] did a visualization and semi-empirical modeling on a closed loop
PHPs. They showed that in the normal operation of the device, flow boiling occurs in
closed loop PHPs. The type and magnitude of internal flow is a direct consequence of
the applied heat flux, geometry and the inclination angle of operation and also showed

importance of Bo on the functioning of PHPs. They said that, with very low input heat
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fluxes, nucleate pool boiling or free convection nucleate boiling may be the only

dominant phenomena in a PHP. A little increase in the heat flux will slowly give rise to
nucleate flow boiling. On the other extreme, continuous increase of input heat flux will
result in a condition where nucleate boiling may be completely suppressed and
convective flow boiling becomes the dominant phenomenon (e.g. if annular flow quickly
develops in the evaporator and heat transfer takes place through the liquid film—vapour
interface). In nucleate boiling, the heat transfer coefficient is primarily dependent upon
the heat flux and practically not at all upon the flow velocity. On the contrary, in
convective boiling, the heat transfer coefficient is primarily influenced by the velocity of
flow or by the mass flux, but on the other hand is scarcely influenced by the heat flux.
Vapour mass quality is an additional independent variable for convective boiling.
Lee et al. [1.20] conducted a visual study of the flow in a closed-loop oscillation heat-
pipe with ethanol by varying in the inclination angles, filling ratios and working
temperatures. They reported that oscillations of the bubble caused by nucleate boiling
and vapour oscillation, and departure of small bubbles are considered as the

representative flow pattern at the evaporator and adiabatic section, respectively.

Qu and Ma [1.21] did a theoretical analysis to determine the primary factors affecting
the startup characteristics of a pulsating heat pipe. They found that the wall surface
condition, evaporation in the heating section, superheat, bubble growth, and vapour
bubbles trapped in cavities at the capillary inner wall affect the startup of oscillating
motion in the pulsating heat pipe. Based on their experimental visualization they
concluded that when the nucleate boiling occurs at the capillary inner wall, a large
amount of vapour is produced. Bhuwakietkumjohn and Rittidech [1.22] investigated
the internal flow patterns and heat transfer characteristics of a closed-loop oscillating
heat-pipe with check valves (CLOHP/CV). It was found that the flow patterns occurred
as annular flow + slug flow, slug flow + bubble flow and dispersed bubble flow + bubble
flow respectively. There are two main phenomena occurring inside a CLOHP/CV, i.e.,
liquid slug and vapour slug counter-current flow phenomenon and boiling
phenomenon. Bubble formation, formation of slugs or plugs, and boiling behavior

conditions, are all important in understanding the heat transfer phenomena.
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3.2. PHP local level approach (“unit-cell” approach)

Researchers agree that the oscillations are driven by an instability that appears due to
coupling of the adiabatic vapour compression and evaporation/condensation mass
exchange. Changing the nature of the fluid or the condenser temperature brought into
focus a very wide range of behaviors that could not be explained in the absence of the
general understanding of phenomena that occur inside the PHP. Indeed, the instability
that causes the oscillations is yet to be studied. One has to begin with a system of a
minimal complexity which is a straight capillary heated from one and cooled from the
other end containing a single oscillating bubble fig. 7.77. This can be an important
research effort dealt with systems of the reduced complexity with only one vapour

bubble and/or liquid plug.

Although such a system seems to be simple, it contains the main phenomena involved in
the multi-bubble PHP. One can mention evaporation/condensation of liquid continuous
menisci and wetting films, motion of menisci and contact lines (film edges), viscous
friction during the bubble motion among other phenomena that govern the PHP
dynamics. Some of them have been extensively studied for stationary case. For example,
evaporation of stationary liquid menisci in capillaries was studied in relation with the
conventional heat pipes. On the other hand, the motion of constrained bubbles in
capillaries (Taylor bubbles) is well studied under isothermal conditions (e.g. Reinelt
[1.23] and Bico and Quéré [1.24]). It has been discovered that the viscous dissipation
inside the wetting films left on the tube walls behind the moving liquid meniscus makes
an important contribution to the overall pressure drop. Furthermore, the dissipation
(and the pressure drop) is larger when the meniscus advances along the dry wall with
respect to the wall with already deposed wetting film Bico and Quéré [1.24]. This shows
the importance of the contact lines, the number of which might be large in the
multibubble PHP.
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Fig. 1.11: Schematic of a Unit cell PHP (single tube: single vapour plug — liquid slug).

The evaporation at the contact lines and in the thin films has been actively studied
(Nikolayev [1.25]). The evaporation in the constrained bubble geometry is studied in
the domain of convective boiling (7home et al. [1.26]). The dewetting in capillaries is
also considered (Callegari et al. [1.27]). The oscillation of bubbles at isothermal
conditions has been studied by Lips and Bonjour [1.28]. However, the conjunction of
phase change and oscillating dynamics introduces new challenges. Some of them are
related to inertial effects in particular with the oscillations in a capillary in isothermal
case [1.24, 1.29, 1.30]. A first experiment of visualization of self-sustained oscillation of
liquid meniscus in a capillary with evaporation/condensation was performed by
Lagubeau [1.31]. Tt permitted to determine the main factors that determine the

oscillation period.

Recently, since 2010, the number of works dealing with the physical phenomena
occurring in the PHP (with PHPs of 1-2 bubbles) has remarkably increased /1.32-1.36/.
This shows an acknowledgement by scientific community of the necessity of
fundamental studies related to the PHP. Research at the local scale (i.e. at the scale of
one bubble and one liquid plug), although few, were addressed quite early, in order to

augment the knowledge on basic phenomena which are responsible for the oscillations
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and the heat transfer in the system. In recent past researchers have done significant

work to understand the basic governing physics of such simplified single branch
systems. There are many researchers tried to model and performed experiments on such
systems. Most of the system level models for PHPs are developed by using an average
value of heat transfer coefficient (constant over time) to predict the convective heat
transfer regime inside the evaporator. But in miniature unsteady devices, the fluid-
dynamic conditions quickly change over time and the heat transfer coefficient can be
strongly influenced by this transient, especially in the boiling regime. In next section we

will discuss various modeling and experimental approaches taken by researchers.
3.2.1. Single branch modeling

From a modeling perspective, this approach was initiated by Zhang and Faghri [1.37,
1.38] and Dobson [1.39, 1.40], who studied theoretically the governing mechanisms of a
single branch of the PHP, consisting of one vapour bubble and one liquid slug.
Das et al. [1.34] developed a similar approach including the two phase equilibrium that
occurs locally at the liquid vapour-interface, especially along the time-varying wetting
thin film which gets laid down by the liquid plug during its journey from the evaporator
towards the condenser and through which the major part of the heat and mass transfer
occurs. This film was shown to be responsible for the large flow oscillations observed in
the system. In this work, an instability analysis of this system was also performed. The
evaporation rate was assumed to be proportional to the difference of the temperatures
of the vapour and the walls in contact with it. In the vapour bubble evolution equation
this leads to terms analogous to those of sensible heat transfer between the vapour and
the tube walls. It is well known from general considerations of thermal resistance that
during the meniscus evaporation, an important contribution to the heat and mass
transfer comes from thin liquid films that may cover the interior of the capillary. The
local two-phase equilibrium exists at the interface of microscopically thin films
Queére et al. [1.29] so that the interface is at saturation or very close to it. This effect was
completely neglected in the above mentioned works. Dobson [1.39, 1.40] has included a
film in his single bubble PHP model. He introduced a lumped description of the liquid-

vapour meniscus and the wetting films. However the film mass exchange was not related
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to the liquid—vapour equilibrium and the mass exchange was proportional to the

difference of temperatures of the vapour and the wall, just like in the other works that
did not treat the films at all. The single-bubble model of Zhang and Faghri [1.37] has
taken a step forward by rigorously showing that the most part of heat and mass
exchange occurs via the films in the PHP. The shape of the curved meniscus including
the film has been calculated. It is felt that to understand the working of the unit cell PHP
it is eminent to understand the thin film behavior in two phase heat and mass transport
systems. Globally, the existing models describe oscillations of small amplitude. During
these oscillations, the meniscus is located mostly in the condenser section. This means
basically that the evaporation in such models is almost inexistent, which contradicts
most experimental results where strong amplitude meniscus oscillations are observed.
At each oscillation the meniscus sweeps both the condenser and evaporator. These
limitations have been successfully overcome within a film evaporation/condensation
model Das et al. [1.34]. It uses the lumped meniscus geometry (fig. 7.12) and accounts
for the two-phase equilibrium at the vapour-liquid interface. It explains large
amplitude oscillations. An analytical expression describing the oscillations in the single-
bubble PHP in the horizontal position has been established.

e Le p— L >ie Le i
Evaporator Condenser
Te Te
a4 bubble-T p liquid plug Pext
)
Xf > .

Fig. 1.12: Lumped meniscus/wetting film model for the single-bubble PHP
[1.34, 1.30, 1.40] and its key geometrical and physical parameters. The pressure at the
right open end of the tube is imposed to the value Peyt by connecting the tube to a large

reservoir.

The approach of Dobson [1.39, 1.40] has been extended by Shafii et al. [1.16, 1.17] to
model the PHP with multiple vapour bubbles, liquid plugs and tube bends. The local
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scale modeling has been extended to several PHP branches with many liquid plugs and

vapour bubbles [1.41-1.46].

As was noted earlier, exhaustive mathematical modeling of the phenomena occurring
inside a PHP is yet an unaccomplished task. The models which are available for pressure
drop and heat transfer coefficients are indeed very much simplified; they not only ignore
the complex physics of the ‘unit-cell’, but the singular characteristics of oscillating

hydrodynamics of Taylor bubbles also remain completely unaddressed.
3.2.2.Single branch PHP experiments

Looking the literature related to experimental studies on PHPs, the local approach to
study its characteristics is comparatively even scarcer. Local heat transfer
measurements in non-boiling Taylor bubble flow, in the context of pulsating heat pipes,
have been recently addressed. Many research groups have shown that the flow field in
single phase liquid flows gets significantly modified by slipping Taylor bubbles of
gas/vapour through it, which eventually leads to enhanced heat transfer [7.47-1.49].
Continuing on these lines, Mehta and Khandekar [1.50] recently studied the heat
transfer characteristics of pulsating Taylor bubble-train flow in square mini-channels
using IRT, the frequency of imposed flow fluctuations similar to those encountered in
PHPs. The main objective of the study was to observe the effects of externally imposed
pulsations on local heat transfer taking place in a unit cell, comprising of a Taylor liquid
slug trapped between two adjacent gas bubbles. The controlling parameter of the study
was liquid and gas flow rates and imposed flow frequencies. The study indicated that
liquid slug distribution is one of the important parameter for improving thermal
performance of PHPs. Perturbing the Taylor bubble-train flow with imposed frequencies
may conditionally lead to enhancement in the heat transfer in comparison to steady
continuous Taylor bubble-train. The sensible heating/cooling transport capability of the
liquid slugs can be altered by controlling the wake generated by the adjoining Taylor
bubbles. Interfacial slip created by intermittent flow conditions, was the major cause for
heat transfer enhancement. A similar experiment performed in cryogenic conditions
was presented by Bonnet et al. [1.51, 1.52]in 2011 and in 2013 respectively. Compared to

the previous experiment, their system was totally opaque; a thin micro-thermocouple
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was used to measure the time varying temperature of the vapour, which showed that the

vapour plug tended to be superheated in this single branch PHP experiment. This is a
major result as this hypothesis had never been verified before, although it was proposed

earlier by Khandekar [1.3].

In the similar lines the work had been started by our group at CETHIL. In 2010, Das et
al. [1.34] presented the first experimental data of the simplest ‘unit-cell’ version of a
pulsating heat pipe consisting of one liquid plug and one vapour bubble. Their
experimental setup was close to a real-PHP and also the theoretical configuration was
previously studied by Dobson [1.39, 1.40]. It consisted of a capillary tube closed at one
end and connected to a reservoir at a constant pressure at the other end (fig. 7.13). A
single liquid plug adjoining a vapour bubble made to thermally auto-oscillate inside this
tube, which was heated on one side and cooled down on the other side, thereby creating
a continuous cycle of evaporation and condensation. The movement of the meniscus was
recorded in the cooled section of the tube, while the heated section, made of copper, was

opaque. The vapour pressure was also measured during the oscillations.

Evaporator Condenser Controlled variables
details defails . . To evacuation or
= adiabatic length -
. filling system
10 mm 25 mm * reservoir pressure
N » N >mm » (= operating pressure) T
i H « condenser temperature

Zﬁm f
H Coolant * evaporator temperature

passage

Copper Visualization by
block High speed camera

Pressure transducer
To \&acuum

Thermocouple to
monitor T,

n-pentane

441 R R 1144

Ll:|-n'rrrn'rrﬂ'rrrrrrrgJ Reservor
+coolant (P, controlled)

150 mm L, 250 mm
Evaporator Adiabatic Condenser
(constant temperature) section (constant temperature)

Fig. 1.13: Das et al. Setup in 2010 [7.34/.

The model developed by Das et al. [1.34] has been compared with this single bubble

experiment. The working fluid is n-pentane. The temperature T. of the condenser
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section of the tube is controlled by a transparent heat exchanger in which a coolant

(water) is circulating. A vapour bubble is confined by the liquid at the closed side of the
tube. The meniscus oscillations occur depending on the experimental conditions. Their
frequency was about 3 Hz and the meniscus dynamics was observed in the transparent
condenser with a high speed camera; the pressure of the vapour plug was also
monitored (fig 1.14, left). The comparison with a theoretical model shows a reasonable

agreement (fig. 1.14, right), at least regarding the orders of magnitude and the general

trend.
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Fig. 1.14: Oscillations in the single bubble PHP (Das et al. [1.34]). Left: experimental
measurement of the time evolution of meniscus position (x) and vapour pressure p (fig.
1.12). The meniscus position curve is cut from the bottom because the evaporator and
adiabatic sections are opaque so that the meniscus is invisible there. Right: numerical
modeling of the meniscus position (x) vapour pressure (p), vapour temperature (T) and

film edge position (xr).
4. Closing remarks, motivation of work and thesis chapter plan

As we have seen above, many efforts have been put recently on the topic of PHPs and
the associated fundamental knowledge, but still the progress is very slow. The main
reason for the slowness of the progress is the following. A large majority of the
experimental studies of the PHP available in the literature concern the multi-bubble
prototypes. However, it is technically impossible performing measurements (of

pressure, temperature, etc.) for each individual bubble because both its ends move. For
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the multi-bubble case, the measurements are thus limited to averaged over all bubbles

values which cannot provide enough information necessary to understand the PHP
functioning. In addition, the oscillations are much less chaotic than in the multi-bubble
case, so that a smaller meniscus visualization area is sufficient. As explained previously,
CETHIL (Das et al. [1.34]) had started experimenting single branch PHP. Some
important  experimental limitations were present in the work of
Das et al. [1.34]. The experimental setup was not fully transparent, except the condenser
section as indicated earlier, and therefore the internal hydrodynamic phenomena could
not be observed in totality. Besides, the connection between the opaque metal
evaporator and the glass condenser section was to induce some flow perturbations
having potential impact on the smooth meniscus movement to a certain extent.
Furthermore, experiments were done without any synchronization of the internal

pressure measurements with the videography.

Das et al. [1.34] developed a simplified model based on the balance equations. This
model conserves the main features of the multibubble PHP, the most important of
which is the existence of self-sustained oscillations. This work shows a strong sensitivity
of the modeling results to several parameters (or rather physical phenomena), on which
the information is not yet available in the open literature. There is strong need to
perform experiments (in particular those concerning the viscous dissipation) for a
geometry where a single vapour bubble or liquid plug will travel along the capillary. In
these experiments it is interesting to observe (i) the behavior of the wetting films, in
particular their thickness and length, (ii) the viscous dissipation (pressure drop) during

the oscillating bubble motion, and (iii) the vapour thermodynamics.

Looking in to the above discussion it is thought that a predictive modeling of the PHP is
impossible without availability of reliable information on these phenomena. There is
need to understand this combined system (solid-liquid-vapour system in a single branch
PHP constituted of a channel wall, liquid meniscus and vapour plug) locally for finding
the parameters affecting their thermo-hydrodynamics. It is visible that the thin film laid
by the liquid on the channel walls plays an important role in working of PHP. Therefore

it is required to understand the hydrodynamics and heat transfer characteristics of this
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region which consists of thin film, solid wall and vapour, which in general is referred to

as extended meniscus region.

In this respect as there are hardly any open literature available for thin films and their
influence on working of PHPs, in chapter 2 we will be discussing the thermo-
hydrodynamic and heat transfer features of combined solid-liquid-vapour system or
extended meniscus with available literature. The chapter 2 will give us the directions to
move ahead. Based up on the outcomes of chapter 1 and chapter 2, a methodology will
be designed to solve the problem for which later in chapter 3, the experimental setup
design and data processing will be presented. Chapter 4 will include detail analysis of
experimental results and comparison of the experimental results with the available
numerical models. In chapter 5 the numerical model developed will be illustrated and
the results will be compared with the experiments. Chapter 6 will illustrate the

conclusion of the thesis and future scope of work.
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Chapter 2

Literature review: Thermo-hydrodynamics of

extended meniscus related to single branch PHPs

As discussed in the previous chapter, universal thermal performance modeling of
Pulsating Heat Pipes (PHP) requires local, spatio-temporally coupled, flow and heat
transfer information of self-sustained thermally-driven oscillating Taylor bubble flow,
under different operating conditions. Local hydrodynamic characteristics such as
velocities, lengths, shapes/profiles of bubbles/slugs, their dynamic contact angles,
thickness of the liquid film that surrounds the bubbles, enhanced mixing/ flow
circulation within the liquid slugs and net pressure drop along the flow, etc., are needed
to predict local heat transfer methodology and thus the global thermal performance.
Hence it is necessary to understand first, what are the parameters which are important
in studying the local level or unit cell approach in a single branch PHP. The methods to
define the nature and target continuum of the problem are not well defined in available
open literature. Hence here we are trying to prepare a state of the art using the related
knowledge available in this field. To start with, let us go insight in the thermo-physical
parameters involved in working of a single branch PHP and later we will see the issues

and their solution methodologies.

1. Thermo-physical parameters in a single branch PHP — The extended
meniscus region

As we saw capillary dimensions of the PHP tube, a liquid slug and vapour bubble having
meniscus on their edge is formed due to surface tension. Usually, a liquid thin film
exists around the bubble. The interfacial interactions of menisci, liquid thin film
stability and its thickness depend on the fluid-solid combination and the operating
parameters. It is widely accepted and observed in a PHP that the thin film is let on the

wall when the meniscus moves from its extreme position in the evaporator towards the
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condenser. Some experimental results clearly show that evaporation of the thin film is
responsible for the oscillation observed experimentally in PHP studies. The films in PHP
are thicker than in capillary heat pipes and are extensively of hydrodynamic origin; their
thickness depends on the meniscus velocity. The heat transfer depends however on the
contact line effects that define the film length. To the best of our knowledge, there are no

explicit studies available in open literature related to pulsating thin film evaporation.

In general this problem can be tackled using the available knowledge on thermo-
hydrodynamics for the so called extended meniscus by keeping in virtue our main goal
of understanding the working of self-sustained thermally driven oscillating Taylor
bubble flows for single plug and meniscus pulsating heat pipe system (single branch
PHP).

As it is shown in chapter 1, the thin film region is responsible for high heat transfer rates
because of very low thermal resistance across the liquid film. Some liquid also get
adsorbed in the solid wall, but the very small scales involved in this adsorbed region is
not of much interest while studying the PHP functioning. Most of the studies available
for this region are in the colloidal science theory and hardly gives any help in solving our
PHP problem as an engineering point of view. So this state of art will mostly focus on
‘Intrinsic meniscus region (bulk liquid)’ and “Thin film region’. This thin film region and
intrinsic meniscus region in combined can be called as extended meniscus region.
In other words “extended meniscus” stands for a region of space that extends from the
bulk liquid to the vapour around the liquid-vapour interface and triple line. We found
that most of the researches are based upon the steady film evaporations, which give the
general physics behind the static film evaporation and hardly talks about its engineering
applications. To add in to it, thermally induced pulsations in meniscus and vapour
system which are typically found in a PHP, will only complicate the solution. By
generalising the problem to the basic level, it can be compared and evaluated using
standard solutions given by researchers for static thin film heat transfer. This may help
us in understanding and solving the thin film heat transfer problem in unit cell PHPs. So
it is evident that the meniscus and thin film region is the driving factor and should be

the area of interest to understand the happenings at local level of a single branch PHP
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system. Let us disintegrate this region and factors involved in understanding it and for

that knowing capillary and disjoining pressure is vital.
1.1. Capillary pressure and disjoining pressure

The capillary effect comes from the variations of surface energy between different
interfaces. In a capillary channel, a pressure jump attributed to the capillary forces
occurs between at the interface of two fluids that forms a meniscus of radius R

(fig. 2.1). This resultant jump is commonly known as capillary pressure Pcap.

i
v

Fig. 2.1: Meniscus of radius R formed in a channel due to variations of surface energies

of solid channel wall and liquid.

Adsorption of substances on the solid surface may limit the spreading of liquids over the
surfaces. When wetting liquid films are very thin, the attractive forces between solid and
liquid act to pull liquid in to the film layer as if the pressure in the film layer reduces
below vapour pressure by an amount Pgis, which is known as disjoining pressure
Pgis. By convention, if the affinity of the liquid for the solid draws liquid in to the film,
Pais is taken negative. Derjaguin [2.1] first conceptualized disjoining pressure as a
means of explaining solid-liquid thin-film interactions. A typical power law correlation
(Potash and Wayner [2.2]) for the disjoining pressure in term of film thickness 6ir and

constants A’\B is given as:

/SB
Pdis =-A 81f 2.1

For non-polar liquids, the primary cause of disjoining pressure is London dispersion

forces resulting from the interaction of the positive nucleus of one molecule with the
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electrons of another molecule (Wee et al. [2.3]). This is the weakest of the van der Waals
forces but nevertheless given the size scale involving in the extended meniscus region,

these van der Waals forces will play a significant role in analyzing such systems.
1.2. Fundamentals of extended meniscus region

To understand the construction of the extended meniscus region, let us first go through
the different aspects of this region. When a liquid wets a solid wall in a tube, the
meniscus is formed. Subsequently this region can further be divided in to three sub
regions, as shown in fig. 2.2, (i) An adsorbed or non evaporating region, here liquid is
adsorbed on the tube wall where the capillary forces are negligible and disjoining
pressure plays a predominant role (ii) An evaporating thin film or transition region
where effects of long-range molecular forces (disjoining pressure) as well as capillary
forces are felt; (iii) An intrinsic meniscus region where capillary forces dominate and

there is no influence of disjoining pressure.

Looking the historical developments in the understanding of above mentioned sub
regions, Derjaguin et al. [2.1] developed an analytical theory and showed that the rate of
evaporation from a capillary does not depend on the vapour diffusion through the gas
only but also on the transport of liquid through the film caused by the film thickness
gradient and near the adsorbed region, the disjoining pressure is dominant. According
to him, the disjoining action could explain the deviation from the laws of hydrostatics
that exists in the thin wetting film. Transitioning towards the bulk region or intrinsic
meniscus, there is a changeover of dominance as disjoining pressure diminishes and

capillary pressure is more prominent.

Potash and Wayner [2.2] studied the transport processes occurring in a two-
dimensional evaporating extended meniscus where the fluid flow results from both
capillarity and disjoining pressure. They found that, the pressure gradient for fluid flow
includes the effect of disjoining pressure and the presence of an adsorbed superheated
film results in a smooth transition between the evaporating and non-evaporating

portions of the extended meniscus.
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Fig. 2.2: (a) Schematics of an extended meniscus in unit cell PHP (b) A typical
comparison of capillary and disjoing pressure obtained by numerical simulation for
meniscus formed by water in a micro-channel where x=0 is at intrinsic meniscus and

increasing when move towards higher values of x (Park et al. [2.4]).

These above two researchers set a benchmark for the further refinement of the
knowledge in the meniscus region. Later various researchers worked on this problem by
taking above work as a base and proposed the solution methods to tackle the thermo-
hydrodynamics of this region. Since the clear distinction arrived among the behaviours
of these sub regions, the knowledge is increasing day by day. By looking developments
in these defined sub regions (adsorbed region, intrinsic meniscus region and thin film
region), we can shortlist the factors which are of our interest and can directly apply in

the study of the local level governing physics of single branch PHP.
1.2.1. Adsorbed or non-evaporating region

The adsorbed region as shown in fig. 2.2 is on the nanometer scale and is governed by

several key attributes. The variation of properties in the interfacial region between two
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phases is actually continuous, and the values of the properties in this region are
generally different from those in the bulk phase. For a pure vapour in contact with solid
wall, attraction between solid and vapour molecules can thus increase the density of
vapour molecules in the interface region near solid surface. The excess vapour density
above bulk value is the amount said to be adsorbed onto the surface. Taking in to
account the size and scale of this region, it is mainly characterized by the supremacy of
van der Waals forces between the liquid and solid wall (IWee et al. [2.3]). This leads to
the inability of the superheated liquid molecules to evaporate within the adsorbed
region, as they are restrained by these overwhelming adhesive forces (Wee et al. [2.3]
and Stephane [2.5]). It is these adhesive forces that prevent evaporation that allow the
region to be considered of uniform thickness 8.q (fig. 2.2) and of unspecified length
[2.5-2.9]. This thickness however is temperature dependent. It is thus concluded that
the imposed curvature value within the adsorbed region is almost zero. The thickness of
the adsorbed region is sometimes given a constant value estimated from the size scale of

the problem, (Park et al. [2.4, 2.10]).

However, it is now known that minor changes to the adsorbed film thickness can result
in large changes in thin-film flow and evaporation rate (Lin and Faghri [2.11]). Wayner
[2.12] showed that the adsorbed film thickness varies with temperature and concludes
that using a constant value will miscalculate the total heat transport through the thin-
film. A final best guess is valid that within the adsorbed layer, considering the size and
scale of this region, it is understood that the fluid temperature is identical to that of the

solid wall /2.3, 2.9, 2.13].
1.2.2. Intrinsic meniscus region

The intrinsic meniscus region as shown in fig. 2.2, is the bulk region can be the best
identifiable part of the liquid vapour interface, and can be seen with the bare eye,
whether it is observed as a graduated cylinder or a bucket. In the many prior
representations, it is like a concave meniscus. The capillary pressure is dominant, with
an insignificant contribution of disjoining pressure /2.3, 2.4, 2.8/. It is for this reason

that the bulk region is governed by the Young-Laplace equation (explained in section 3
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of this chapter) and is often considered to have a constant curvature (Stephan [2.5]).
This constant curvature is often used as a far-field boundary condition when
determining the transition from the thin-film region to the bulk meniscus (Stephan
[2.5]). The concavity of a meniscus is determined by the cohesive interaction of the
liquid with the substrate (Polansky [2.14]). In a concave meniscus, the liquid molecules
have a greater affinity for the solid substrate than the bulk liquid. The evaporative mass
flux contribution in intrinsic meniscus region is tiny as compared to that of the thin-film
region. This has been distinguished in several works of (IWang et al. [2.13] and Buffone
et al. [2.15]).

1.2.3. Thin film or transition region

Referring to thin film region (fig. 2.2), Potash and Wayner [2.2] studied the transport
processes occurring in a two-dimensional evaporating region, where the fluid flow
resulted from both capillarity and disjoining pressure. Wee et al. [2.3] also endorsed this
concept. As mentioned in the intrinsic meniscus section constant curvature was found
for that region and the termination of this constant curvature can be called as the
beginning of the thin-film region. Defining the beginning of the thin-film region can also
be done with confidence, as it transitions to the adsorbed region when curvature is zero
Wee et al. [2.3] and Wang et al. [2.8]. Wang et al. [2.16, 2.17] defined the thin-film
region as ending at a location when the disjoining pressure drops to 1/2000th of Pais-ad,
the disjoining pressure in the non evaporating or adsorbed region. Thin-film heat
transfer is seen to increase with an increase in disjoining pressure, and decrease with

increasing liquid viscosity.
1.3. The road ahead — The meniscus region

However slope and curvature dependences of the disjoining pressure may in fact lead to
enhanced values of the heat transfer coefficient close to the adsorbed film region and
reduced values of the same for axial locations progressively towards the intrinsic
meniscus, as compared to the predictions from the more traditional considerations.
Such considerations may be potentially important for a more precise and improved

design of cooling strategies for thermal management of electronic devices with the aid of
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micro-scale heat pipes. The suggested modifications in the theoretical treatment become
progressively more significant as the disjoining pressure becomes more and more
significant, as compared to the standard capillary pressure. This is indeed the case in the

thin film region, especially towards the vanishingly thin limit of the meniscus profile.

The heat transfer is greatly influenced by hydrodynamic and thermodynamic
characteristics of contact line or triple line (three phase contact line) where liquid-
vapour interface joins the tube wall. In the case of evaporation in capillaries (PHPs) a
similar situation with a stationary or moving three phase contact line appears that is
governing the liquid-vapour meniscus evaporation. Very strong shear is required to
make these thin films flow. The flow exists only near meniscus and near contact line.
Keeping in mind the proposed analytical solutions for the typical static thin films heat
transfers, to improve or validate them for a unit cell heat transfer problem along with
coupling of heat transfer with the Taylor bubble hydrodynamics. The discussion can

majorly be divided in 2 parts;

(a) Hydrodynamics transport features of extended meniscus.

(b) Heat transfer characteristics of extended meniscus.

2, Hydrodynamic transport features of extended meniscus

As discussed earlier, this extended meniscus region normally begins with the thin film
generation in two phase flows in capillaries. To understand the phenomenon happening
at the extended meniscus region, first we need to know the origin of it and parameters
affecting the hydrodynamics of this region. We need to go through two phase flows in
capillaries. Later we will discuss the major factors involved in understanding
hydrodynamics of such flows in relation to the extended meniscus. These factors arise
from the solid-liquid mutual interactions and governing physics of this combined liquid-
solid system. These interactions are in the form of interfacial tensions and their
resulting behavior. Majorly saying in understanding hydrodynamics of an extended
meniscus, entire boundary phenomena involved in these interfacial interaction are
important like contact angle, contact line statics and dynamics. Also the contact line

motion and pressure drops occurring due to these interactions, will also influence the
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study of the extended meniscus and further to the overall local level understanding of

single branch PHP system.
2.1. Two phase flows in capillaries

When a liquid phase and a vapour or gas phase coexist in a channel, the phase
distribution can take up variety of configurations, known as flow patterns. The
particular flow pattern depends on the channel geometry, conditions of pressure, flow,
and heat flux if the channel is heated. The mechanisms of transport of heat, momentum
and mass in two-phase flow conditions are severely affected by the distribution of
phases in the channel. It is therefore desirable to detect what are the flow pattern or
successive flow patterns are present so that a hydrodynamic or heat transfer theory
appropriate to that pattern can be chosen. Various flow patterns encountered in vertical

upwards co-current flows are shown schematically in fig. 2.3 (Collier and Thome

[2.18]).

s, 5'"0&:"‘“'
[

o!

Bubbly Slug Churn Wispy-annular ~ Annular

Fig. 2.3: The flow patterns encountered in vertical upwards co-current flows (Collier
and Thome [2.18]).

In all of the flow patterns slug flow is the predominant flow pattern in the PHP
working as stated by Khandekar et al. [2.19]. It is one of the vital multi-phase flow

pattern often taking place in two-phase flow systems. In this type of flow, the motion of
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a gas/vapour bubble (entrapped between liquid slugs) is observed which are also
similar to the flow pattern found in PHPs (as shown in fig. 2.4). Slug flow belongs to a
class of intermittent flows that has very typical features. There is an inherent
random/statistical constituent for such a flow because of intermittent phase reversal
which results in fluctuations of pressure and velocity. The nose of the bubble has a
characteristic spherical cap and the gas in the bubble is separated from the pipe wall by
a slowly descending film of liquid. The liquid flow is contained in liquid slugs which
separate successive gas bubbles. These slugs may or may not contain smaller entrained
gas bubbles carried in the wake of the large bubble. The length of the main gas bubble
can vary evidently. The two-phases may be composed of an either gas-liquid two-
component system or single component, vapour-liquid system. Capillary slug flow or
Taylor bubble flow is one of the sub-classes of conventional slug flow; as noted, this

particular pattern appears when surface tension dominates over gravitational body

forcel. Due to this, capillary slug flows exist in horizontal as well as in vertical
orientations. Also, flow is essentially laminar and predominantly viscous (Khandekar
etal. [2.19]).

Fig. 2.4: Liquid slug in a PHP (Khandekar et al. [2.19]).

2.2, Taylor bubble flows

Taylor slug flow conditions are typically characterized by a sequence of long bubbles
which are trapped in between liquid plugs. The diametrical size of these bubbles is
nearly comparable to the pipe diameter while their axial length scale can be several
times the pipe diameter. A thin liquid film always separates the bubbles from the

channel wall. The thickness of this film varies from millimeter scale to micro scale

t 1l.e., in the presence of the terrestrial gravity field, when the channel diameter reduce at least down to

millimeters or u meters.
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depending upon the dimensions, geometry, flow velocity, orientation of the channel and
the thermo-physical properties of the fluid, channel used and heat flux if the channel is
heated. The intermittent liquid plugs may also have small diameter bubbles (much
smaller than the pipe diameter) entrapped inside them (Khandekar et al. [2.19]), this
tendency reduces as the Bond number decreases. Taylor bubbles are characterized by
strong geometric constraints. Bretherton [2.20] observed that a Taylor bubble does not
raise spontaneously in water-filled vertical capillary under the effect of gravity for
Bo < 1.8; this value can also be used to define small channels. Khandekar et al. [2.19]
stated that the presence of the film that separates the bubble from the wall is
responsible for the bubble velocity but is different than the liquid velocity. The
recirculation patterns within the liquid slugs improve heat and mass transfer from
liquid to wall and interfacial mass transfer from gas/vapour to liquid. Thus, Taylor flow
offers many advantages for carrying out heat mass and momentum transfer operations

compared with other patterns and with single-phase laminar flow.

The film surrounding the bubbles is the only bridge between two successive slugs, and
mostly, its thickness is very small in comparison with the tube diameter. For practical
estimation of mass transfer coefficients across the boundaries, properties such as
thickness of film that surrounds the bubbles, bubble shape and velocity, bubble and slug
length, flow patterns in the liquid slug, and pressure drop, are some of the primary focus
of interest. The flow and heat transfer are influenced by the dynamics of a very small
group of bubbles or typically, isolated slug bubbles, rather than the averaged behavior of
a large population of bubbles. This, in principle, improves the prospects of developing
mechanistic models. Such development needs to be facilitated by localized experimental
observations of slug-bubble systems with synchronized measurements of the resulting
fluctuations in local conditions such as temperature, pressure and wall heat flux. Mass
transfer characteristics are also affected by the local hydrodynamic properties of the
flow. The main forces acting on slug-bubble system are due to surface tension, viscosity,
inertia, gravity (body forces), applied tangential shear stress and the force associated
with the disjoining pressure at the molecular level. This gives rise to primary non-

dimensional numbers. For details please refer to Appendix-A.
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It has also been found that the surface energy (surface wetting capability) of the wall
may have great impact on the interfacial film dynamics when a confined bubble is
flowing along with liquid in a mini /microchannel (Aussilous and Quéré [2.21]).
Modeling multi-phase fluid flow at the micro-scale with the assumption of simple
disjoining pressure and liquid surface tension may not be accurate (Akbar and
Ghiaasiaan [2.22]). To predict the shape, length and pressure drop under Taylor bubble
flows, it is important to understand the basic physics of governing the interfacial region.
In this regard now we will discuss the various parameters involved in defining the

interfacial region.
2.3. Interfacial contact line and affecting parameters

When a gas or vapour phase is introduced in a liquid phase, a chance of formation of
three-phase contact lines between the parent fluid, the dispersed phase and the solid
channel/duct (where fluid is in contact). These three-phase contact lines are in addition
to the gas-liquid two-phase interfaces. Possibility of formation of three-phase contact
lines in a PHP is high, especially in the evaporator section where bubble formation and
growth of confined bubbles takes place. Elsewhere in the PHP, the Taylor bubbles
usually travel with a liquid film around them. In the case of unit cell approach of the
single liquid slug and single vapour slug in a single branch PHP, there is a strong chance
of formation of three phase contact line. The understanding of statics and dynamics of

three phase contact line will give us chance to look it in more insight of the problem.
2.3.1. Three-phase contact lines: Statics

Three-phase triple contact lines are said to be formed when materials in different
phases, e.g. solid, liquid and gas (or vapour) intersect. Common examples are a liquid
droplet spreading on a solid surface or a liquid meniscus in a capillary tube. The angle
between the tangents at the liquid /gas interface and the liquid /solid interface is known

as the contact angle 0 of the liquid on the solid surface.

Typically, when a liquid spreads on a solid surface in the presence of the third phase

(gas or vapour), several equilibrium states can be achieved from non-wetting state to
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(theoretical) complete wetting state as shown in fig. 2.5 (a). This wetting phenomenon
of a solid, by a given liquid, and the ultimate equilibrium state is governed by physical
chemistry, statistical physics, short and long-range forces and fluid dynamics. The
condition for static equilibrium of a triple contact line involving an ideal solid (perfectly
smooth and chemically homogeneous), liquid and a gas/vapour is stated in eq. 2.2 and

called as the Young’s equation (Carey [2.23]);

o, -Gy -G, cos(6)=0 2.2

(@ Non-wetting (b) ~nm
0 > 90°

uolfal Jauu|

Partial wetling
6 <90°

Complete wetting

\ uoiBal ajeIpawIaU|

6 —0° =i |

Fig. 2.5: (a) Contact angle of a fluid on solid substrate (b) The moving meniscus seen on

three different length scales (Khandekar et al. [2.19]).

In the case of adsorption of liquid on the solid wall, there is the retention at the interface
of solid, liquid or gas molecules, atoms, or ions by a solid or a liquid. As we know that
the film formation widely depends up on the wettability of the interface surface,
adsorption may affect the wetting of a liquid on a solid in at least two ways. First
concentration of molecules at the liquid-vapour interface can reduce interfacial tension,
and this reduced interfacial tension directly affects the contact angle, which may affect

the wettability. Second this concentration of molecules at the interface can also alter
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interfacial tension of the solid-vapour interface. Including this effect in eq. 2.2, modifies
the contact angle as (Carey [2.23)):

Oy cosez(csSV —ns)—css1 2.3

Where, nt, = (GSV - G;V)and o,, is the interfacial tension without adsorption

As we know high energy surfaces such as metals or glass have large values of interfacial
tension of the solid-vapour interface (os), which may affect the contact angle
appreciably. This indicates that adsorption on a solid surface may affect its wetting

characteristics.

The equilibrium wetting conditions of a liquid on a solid surface can also be stated in
terms of the equilibrium Spreading coefficient, S.q. The spreading coefficient
indicates the tendency of liquid to wet and spread into a thin liquid film. Which also
represents the surface free energy per unit area osv relative to its value for complete

wetting, i.e.:
Seq :Gsv _(Gsl - le): le (COSO—I) 2.4

For complete wetting, the equilibrium spreading coefficient Seq is zero while for partial
wetting conditions it is a negative quantity. As noted above, systems may not achieve
complete equilibrium, at least in the time frame of the experiments, and to deal with

such conditions, the initial spreading coefficient is defined as follows:

Si = Gso _(Gsl + le) 2‘5
The initial spreading coefficient S; is a more relevant quantity of interest,
especially under dynamical conditions of the contact line. Note that os, is the surface
tension of the dry solid surface, contrary to osv which is the surface tension of the solid

surface in equilibrium with the gas or vapour. It is known that this latter quantity is
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always lower than the former because of adsorption of gas/vapour molecules which

lowers the surface tension of the solid. Thus, S;is always larger than Seq.

For the cases where equilibrium is not reached and S; is negative (which means that Seq
is also more negative), the contact line will display a finite static contact angle 0O
which will not be the same as the earlier defined contact angle 6. When S; is positive,
although the droplet will spread and tend to flatten, there is no surety whether Seq will
necessarily be zero or negative. Thus, the drop may initially spread and if enough time is
given for achieving true equilibrium, it may either become a case of complete wetting
(Seq = 0) or it may retract back to a case of partial wetting (Seq < 0). In general, though, if
Si is large and positive, the equilibrium state is usually characterized by Seq = 0, however
there can be exceptions when Seq < 0. It is difficult to get values of Seq and even more
difficult to estimate S;; careful experiments are the only meaningful alternatives for

engineering applications.

Consequently, the contact angle depends not only on the thermo-physical properties of
the liquid, but also on the physico-chemical structure of the solid substrate. If all the
respective interfacial tensions are known, the equilibrium static contact angle can thus
be estimated. But the SV (Solid- Vapour) and SL (Solid-Liquid) tensions are not only
difficult to estimate but predictive theories are also weak. Also, validity of eq. 2.2 is

restricted to ideal surfaces, which are rarely found in engineering practices.

This makes the Young’s equation eq. 2.2 rather impractical and, frequently careful
experiments are needed to estimate the ‘static equilibrium contact angle 0.4’. It
must be noted that true ‘thermodynamic’ equilibrium (mechanical, chemical and
thermal) may be extremely difficult to achieve, especially for non-volatile fluids; at least,
mechanical equilibrium (force balance) is mandatory in the definition of O¢q. It is in this
light that Young’s equation eq. 2.2 is best derived by considering a reversible change in
contact position, using global energetic arguments, i.e. the nature of the contact line
region, over which intermolecular forces are acting, is not considered. Accordingly, Oeq is

understood to be measured macroscopically, on a scale above that of long range
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intermolecular forces. Depending on this equilibrium contact angle, solid substrates, for

a given fluid, may behave as in table 2.1;

Table 2.1: Static equilibrium contact angle 6.4 range for various types of fluids

) Static equilibrium contact angle .
Fluid type Schematic
0.q Range

Hydrophilic 0° < 0eq <90°
Hydrophobic 90° < Be¢q <150°
Super-

) 150° < Beq < 180°
hydrophobic

We know that the PHPs are also made up of tubes which are real time engineering
surfaces, both physically and chemically heterogeneous. Therefore, efforts are needed to
restore to systematic experimental work to get the real picture of actual contact angles.
In doing such experiments and subsequent post-processing of the data, there are two
more related issues which need careful consideration (i) ‘Apparent’ nature of the contact

angle and its hysteresis, and, (ii) pinning of contact lines.

The scale at which we look at the three-phase contact line manifests a dramatic change
in our perception of the contact angle, which the liquid-gas interface makes with the
liquid-solid interface. This is explained in fig. 2.5-b (Khandekar et al. [2.19]). From a
macroscopic viewpoint, wherein the length scale is of the order of capillary radius (or
the droplet radius, in case of spreading droplets), the angle which the liquid-gas

interface makes with the liquid-solid interface is termed as the apparent contact
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angle O9rr (‘apparent dynamic contact angle’, if the contact line is moving). As we
move to smaller scales from the ‘outer’ macroscopic regions, and approach towards the
contact line, we pass through an ‘intermediate’ or proximal region where there is
interplay of viscous and surface tension forces. This region is characterized by a rapid
change in the interface slope. A point of inflection is evident in this region where the
interface profile turns from concave to convex. Moving further closer to the contact line,
we eventually reach the ‘inner region’. This region is of the order of nanometers and
characterized by interaction of molecular long-ranged forces. The interface here is
constantly under thermal and diffusive fluctuations and it is not possible to uniquely
determine the contact angle. Thus, for all practical purposes, we shall use and refer to
the ‘apparent’ contact angle (and drop repetitive use of the word ‘apparent’), unless

stated otherwise.

The surfaces which are neither smooth nor chemically homogeneous require some
corrections for the contact angle theory. Under such situations, the static contact angle
turns out to be non-unique and it is observed that it depends on the way the surface was
“prepared”. Experiments involving the estimation of wettability are extremely sensitive
to physical and chemical heterogeneities of the substrate. Wenzel [2.24] has developed
correlations for ‘apparent contact angle 62rp’ by taking influence of physical roughness

(for a chemically homogeneous surface):

cos 6" =rcos6,, 2.6

Indeed usually roughness refers to an average distance between peaks and troughs
expressed in ‘um’, which is not the case here. Here 02rp is the apparent contact angle, r
is a characteristics parameter for the roughness (= 1 is a smooth surface and r> 1is a
rough surface). It embodies two types of behaviors. If 8. < 90° (hydrophilic substrate),
we will have 02pp < B¢q since > 1. Likewise, if 0¢q > 90° (hydrophobic substrate), we
will have 02rp > Oeq. It is known that these angles can be sufficiently tuned by varying
solid roughness. The same line of reasoning can be applied to a surface that is physically
homogeneous but having n chemically heterogeneous species on its surface, which gives

the Cassie-Baxter’s relation:
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cos 0 =>"" f cos,,_;; Where, D" f =1 2.7

Here, 02rr is the apparent contact angle on the chemically inhomogeneous surface, Qeq-i
are the respective contact angles on the n chemically homogeneous surfaces
respectively, f; is the fractional area occupied by the ith specie. Therefore, the apparent
angle 02rp (which is restricted to the interval (Beq-1, Oeq-n) is given by an average involving
the angles characteristic of each constituent, but the average is applied to the cosines of
these angles. Thus, we see that the contact angle of a liquid on a substrate depends on
the roughness and chemical homogeneity of the surface; the three-phase contact line of
the drop is deformed due to the physical and/or chemical topographic heterogeneities
(this is true whenever the length scale of the three phase contact line is larger than the

typical length scale of the physical/ chemical in-homogeneity).

2.3.2. Three-phase contact lines: Dynamics

Most classical work on dynamics of spreading is confined to two major arrangements;
(i) forced flow in a capillary tube and (ii) spontaneous spreading of a droplet on a
smooth horizontal surface. It is also important to note that these classical theories of
contact line dynamics are usually restricted to cases where there is (a) no hysteresis of
contact angles (b) gravitational effects are negligible (Bond number tending to zero),
and, (c) practically no inertia effects Weber number tending to zero. Another limitation
of these experiments, which have tried to isolate the interplay of purely viscous and
surface tension forces, is that most experiments have been performed on dry surfaces
for fluids with Si > 0. Furthermore, for the experiments with forced flow in capillary
tubes, the effect of capillary diameter for a given liquid, i.e Bond Number, on the
dynamics has not been extensively studied although there are clear indications that such

dependency exists.

In general, for experiments involving submersion of a solid plate in free surface of a
liquid with very slow moving constant velocity, two distinct values of the apparent
contact angles are seen. These angles are known as apparent advancing 0q.qay and

receding 0..s angles respectively, depending on the direction of motion, as shown in
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fig. 2.6-a. The difference between the advancing and receding contact angles is known
as contact angle hysteresis. It is generally acknowledged to be a consequence of
three factors: (i) surface in-homogeneity, (ii) surface roughness, and (iii) impurities on
the surface. This can be more clearly understood by considering fig. 2.6-b which shows
the sketch of the wetting behavior on a substrate with a continuously varying physical
topography (chemical texture is homogeneous) and continuously varying chemical
texture (physical topography is uniform). Fig. 2.6-b (i) shows that if the drop size is
smaller than the topography, then the drop shape is not affected by the topography. But
if the drop size is bigger than the physical topography then the global shape of the drop
will be affected due the deformation of the three phase contact line due to the
topography. Similarly, for a substrate with a gradient in wettability, as shown in fig. 2.6-
b-(ii), the drop shape will be deformed due to the variation of the contact angles around
the three-phase contact line of the drop. If, on the other hand, the substrate has sharp

topography or wettability pattern then situation is very different, as shown in fig. 2.6-c.

At such sharp discontinuities, Young’s equation eq. 2.2 becomes ill-defined. As a result,
the three-phase contact line gets locally immobilized which is known as the pinning of
contact line. The contact angle at the discontinuous boundary can have any value in
between the smaller angle 6- on the more hydrophilic part and the larger value 6+ on
the more hydrophobic part. The contact line then becomes immobilized and its position
gets fixed to the line of discontinuity as long as the contact angle falls into the free range

between 0- and 0+.

In case of an operating PHP, none of these assumptions may be valid and most
hydrodynamics is under pre-wetted conditions. Nevertheless, the available theory of
spreading provides fundamental insights into the phenomena under consideration. The
contact angle formed between a flowing liquid meniscus or a front and a solid surface is
achieved by a balance between the capillary forces and the viscous forces. These two

forces can be conveniently scaled by the Capillary number defined as:

Ca:u.H 2.8
c
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Where, u is dynamic viscosity of the fluid, U its velocity and o its surface tension. The
viscous drag force on the liquid slug inside a capillary tube and the capillary force on the

slug, scale respectively as:

Firag = [u%)[%{ j(nR2) and F, = o.(2nR) 2.9

Where R is the capillary radius and Ls is the slug length.

Thus, we deduce the scaling ratio of the drag and the capillary force as:

F
e z[ugj( L, joa( sz 2.10
Fop o \2R 2R

It is clear that increasing liquid slug length Ls increases the net drag force vis-a-vis the

capillary forces. Estimation of capillary forces require explicit knowledge of the dynamic
apparent contact angles, both advancing and receding, when a unit-cell (Taylor bubble
along with the adjoining liquid slug) train is passing through a capillary tube. One of the
earliest mention of a ‘universal’ law between the velocity of spreading and the apparent
advancing contact angle is highlighted by the work of Rose and Heins [2.25] who could
correlate cos(0.) with the velocity of the contact line. For capillary tubes which are
already pre-wetted with a thin layer of liquid, eq. 2.11 was found to be suitable
(Khandekar et al. [2.19]):

tan(0,,, )= 3.4(Ca)’? 2.11

Hoffman [2.26] did two sets of experiments: (a) with silicon oils having complete
wetting, i.e. S; > 0 and (b) with liquids having non-zero static contact angle. For the
former range of experiments and Ca — 0, he found a rather universal relation between

0.qv and Ca:
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Ca=A, (0, )" 2.12

The log (tan(Baav)) vs. log (Ca) has a slope of 1/3 but it is obvious that eq. 2.11 cannot be
valid for values of 0.av approaching 9o° .

Ores

Retraction Spreading
0 >

elocity of contact line displacement

A

(b)

Continuously varying topography Chemical texture gradient

(c)

W

Fig. 2.6: (a) Contact angle hysteresis, (b) continuously varying physical and chemical
in-homogeneity, and (c) sharp physical or chemical discontinuities at the surface

(Khandekar et al. [2.19]).
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where, q1 = 3.0 £0.5. In the experiments at low Ca, 0.4y first increases as (Ca)*/3 but
ultimately 0.qv — 7 as Ca —1. For the second series of experiments, the data could be
represented by the form:

Ca = A2 (eadv - est) 2‘13

Where, 0.4y is advancing contact angle, O is static contact angle and A. is constant.
While there are many assumptions and underlying limitations in the above ‘laws’, it is
remarkable to note that these relations hold for liquids having different spreading
coefficient S; > 0, i.e., the magnitude of spreading coefficient apparently does not have
any influence. A systematic theoretical and experimental study in a dry capillary was
conducted by Tanner [2.27] and a simple cubic relation between the apparent dynamic

advancing contact angle and Ca was established:
0, ~K,(Ca)’ 2.14

Optical observations of spreading silicone oil drops by Tanner, showed that the droplet
profile had an inflection near the edge, consistent with the existence of a pressure
gradient arising from surface tension, which caused the spreading motion. The edge
profile was predictable and the analysis showed that the edge velocity was
approximately proportional to the cube of the slope at the inflection. The relationship
given by (eq. 2.13 or 2.14) is therefore referred to as Tanner’s Law or Hoffman-Tanner
law. Fig. 2.7 shows the typical variation of the Tanner law curve by taking K; equal to
1.92. Other improved forms, by taking a somewhat stronger power law with the
exponent of Ca equal to 0.39 and constant K1 equal to 3.4 and more detailed treatment

by incorporating a weak logarithmic dependency of the constant K; which gives:
0., ~ K3(Ca.1n(K4Ca2/3)” 3) 2.15

All these variants of Hoffman-Tanner law are valid for low Ca ranging from

10°% - 1072, under the assumptions discussed earlier in this section. For dynamic systems
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with non-zero static contact angle, the Hoffman-Tanner Law can be slightly modified

and extended as:

02, —05 =A,.Ca 2.16

adv

If Ca is small, linearization of (eq. 2.16) leads to Berthier [2.28]:

1
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Fig. 2.7: Variation of apparent contact angle with Ca as per Tanner’s law. Inset shows

experimental data by Kavehpour et al. [2.29].
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These equations inform us that the advancing contact angle is larger than the static
contact angle and a receding contact angle is smaller than the static contact angle. This

observation has been frequently reported qualitatively in the context of PHPs also.
2.3.3. Initial film thickness

Characteristics of the liquid film in micro-scale two phase flows are not fully
understood, and thus designing two-phase flow systems still remains as a difficult task.
It is reported that the thickness of the liquid film is one of the most important
parameters for predicting two phase flow heat transfer in micro tubes, Thome et al.
[2.30]; Kenning et al. [2.31]; Qu and Mudawar [2.32]. The thin film thickness is of
particular interest as most of the heat transfer that takes place in PHP is believed to
occur in this region. When gas bubble displaces a wetting fluid in a capillary, a liquid
film is deposited on the capillary between the gas bubble and the inside wall as shown in
the pioneering work of Fairbrother and Stubbs [2.33]. To find the initial thickness of
this laid film is still an issue of debate between scientific communities. Many researches
have been conducted to investigate the characteristics of liquid film both experimentally
and theoretically. The classical Landau-Levich problem of dip coating, in which an
immersed plate is dragged out slowly to allow deposition of thin film of coating, has
been a long studied and understood phenomena since its inception in 1942. Since then,
various aspects of it has been investigated and well understood. Predicting the
instability of the film formed, knowing the thickness of the coating as a function of
capillary number, effects of surface tension, and many more critical aspects of dip
coating have been well researched and documented. This has paved way to numerous
industrial application of dip coating process. In this background, the idea of extending

the dip coating predictions to flow in a capillary tube is attempted here.

Early on it was known that the film thickness follows the scaling (6/R) ~ Cav/2 for Ca
ranging from 105 to 10. Seminal analytical work, with some simplified assumptions by
Bretherton [2.20] established the scaling as (§/R) ~ Ca2/3, the theory being valid for
creeping flows at low Ca ranging from 103 to 102 and bubble Weber number much

lower than 1. Although, the theory is based on low Ca assumption, it under-predicts the
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film thickness at the lower range of Ca. This discrepancy has been explained by various
mechanistic models and arguments (Goldsmith and Mason [2.34]; Schwartz et al.
[2.35]), the most convincing being the effect of variable surface tension in the film and
the bubble cap region, which in turn increases the film thickness at low Ca (Ratulowski
and Chang [2.36]). Many experiments have confirmed the scalings, some results being
close to Bretherton’s theory while some more closely following that proposed by
Fairbrother and Stubbs [2.33]. Various numerical studies, especially at high Ca, have
been done in the context of Taylor bubbles not only to predict the bubble film thickness
but also the Taylor bubble shape (Edvinsson and Irandoust [2.37]; Giavedoni and Saita
[2.38]; Heil [2.39]). The effect of inertia (average flow Reynolds number) is also felt on
the bubble shape and film thickness; it is non-monotonic but not profound. With
increasing Reynolds number, the film thickness first decreases slightly and then
somewhat increases. In addition, ripples and capillary waves can be seen on the
interface. Moreover, the Froude number also affects the bubble shape as the significance
of body forces increase; this is especially true while comparing upward and downward
Taylor bubble flows. Increasing Ca also leads the shape of the back of the Taylor bubble

to change from convex to concave (7aha and Cui [2.40]).

For low bubble velocities as in the case of very viscous fluids as in Bretherton [2.20], the
deposited film thickness is governed by momentum balance between viscous and
capillary forces. For the fluids with low viscosity which we use in pulsating heat pipes
like water, ethanol and FC72, we need to take in account higher fluid velocities so as to
take inertial forces in to account in momentum balance. Keeping in this view, Aussilous
and Queére [2.21] have taken two systems with regard to viscosity and fluid velocity
range: a visco-capillary regime for fluids with low velocity and high viscosity, using
empirical Taylor’s law: §/R = Ca2/3/( 1+Ca2/3), applicable up to Ca = 1; and a visco-
inertial regime, corresponding to higher fluid velocities with non negligible inertial
effects in the film deposition mechanisms. They introduced a correcting factor taking

into account the inertial effects by introducing the Weber number.

Recently Han and Shikazono [2.41] have performed a large experimental study of liquid

film thickness measurements for bubbles in steady motion and under acceleration. By
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applying a scaling analysis to the forces acting on the bubble to fit their experimental
data, they proposed the following relationship to estimate the film thickness in laminar

flow conditions:

[5)-m(5).. ()

— |=min|| — ,| — 2.18
D D steady D acc

Where & is the liquid film thickness at the beginning of the flat film region which follows
the bubble nose region. Values of the thickness under steady and accelerated conditions
are obtained by empirical expressions: in their experiment, when the flow is accelerated
the velocity profile in the preceding liquid slug strongly affects the liquid film formation
(the liquid film becomes much thinner as flow is accelerated). Experimental correlation
for the initial liquid film thickness under accelerated condition is proposed by
introducing the Bond number. In order to develop precise micro-scale two-phase heat
transfer models, it is necessary to consider the effect of flow acceleration on the liquid

film formation.

Fig. 2.8 shows the variation of film thickness with Capillary number by using five
commonly available correlations, as listed therein, along with their validity range. The
effect of high Ca region is well captured by the correlations of Aussilous and Quéré
[2.21], which at low Ca, overlaps with the Bretherton’s theory. For proposed correlation
by Han and Shikazono [2.41], Bo is taken equal to unity for the sake of comparison. As
seen from the figure, all of the correlations results closely match with each other and
hence it can be said that for assumption of initial film thickness by use of any of these

will not make any significant error.

In the context of a PHP, looking into the experiments available so far with common
working fluids like water, ethanol, acetone, and common refrigerants etc., typical Ca will
be ranging from 104 to 10! (Xu et al. [2.43]). Systematic PHP visualization experiments
are needed to quantify the film thickness regimes likely to be encountered in practice
under oscillatory conditions. This is especially important in the adiabatic section which

has substantial contribution in the overall pressure drop. In the evaporator and
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condenser sections of the PHP the situation is more complicated due to phase-change

processes.
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Fig. 2.8: Variation of film thickness with Capillary number, as per five correlations
mentioned therein.

2.3.4. Effect of interfacial contact line behaviour

At present, the dynamics of the fluid surrounding the contact line, and hence the contact
line motion itself, is not fully understood. Tripathi et al. [2.44] explained that,
depending on the wettability of the fluid on the solid wall, in conjunction with the
applied external surface and body forces, there can be three types of oscillatory contact
line motion of the liquid gas/vapour meniscus confined in a tube viz. (a) No pinning -

the average velocity of contact line scales with the average bulk liquid velocity, (b)
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Partial pinning - there is a phase lag in the contact line velocity and the bulk fluid
velocity, and (c) Full pinning, the contact line is motionless while the bulk liquid moves/
oscillates. Further, in cases (a) and (b), there can also be contact angle hysteresis in

advancing and receding strokes.

These possible cases are shown qualitatively in fig. 2.9 (2D axisymmetric
representation); cases fig. 2.9-a, b, ¢ show three different stages during oscillating flow
of single meniscus without pinning, partial pinning and full pinning respectively.
Similarly, fig. 2.9-d, e, f show liquid slug without pinning, partial pinning and full
pinning respectively. These different behaviors of the contact line motion will greatly
affect the functioning of the PHP. A detail study using various fluids is required to fully
understand the behaviours of the fluid solid interactions and subsequently the overall

effect on PHP working.

I N
=" =
— . N

(b) (e)

) <
—
———

DGas (c)

.Liquid i
Fig. 2.9: Possible configurations of the plugs/ meniscus under oscillatory motion
(Tripathi et al. [2.44]).

Shelchawat et al. [2.45] have studied the interfacial contact line behavior of the single

oscillating meniscus formed between a long liquid slug and air, inside a square capillary
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tube (2.0 mm x 2.0 mm). It was seen that the advancing contact angle was more than
the receding contact angle. Fig. 2.10 represents the evaluation of the meniscus velocity

and the contact angle. The contact angle and the velocity display coherent oscillations.
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Fig. 2.10: Contact angle data superimposed on meniscus velocity U vs. time graph at an

oscillating frequency of 0.5 Hz Shekhawat et al. [2.45].

Recent studies by Lips and Bonjour [2.46] and Lips et al. [2.47] on adiabatic oscillations
of menisci also brought to the fore the importance of dynamic contact angle in the
Taylor bubble flows and the dissymmetry between the advancing and receding contact
angles. Along with the contact line motions, the advancing and receding meniscus plays
an important role in the heat transfer of the thin film. Kandlikar et al. [2.48] showed
that for the stationary meniscus, the contact angle is almost independent of the wall
superheat. In the case of a moving meniscus, as the surface velocity increases, the
receding contact angle was found to vary whereas the advancing contact angle found to
remain almost constant. Mukherjee [2.49] numerically simulated a steady evaporating
meniscus on a moving heated wall in two dimensions. More than 99% of the
evaporation is found to take place through the receding interface as compared to the
advancing interface. The local wall heat transfer varies significantly along the meniscus
base. The advancing contact region shows the highest heat transfer due to transient
conduction in the liquid from the heated wall. The wall heat transfer coefficient is found

to increase with increase in wall velocity and the advancing contact angle but remains
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unaffected with changes in wall superheat or the receding contact angle. Conclusive
evidence is yet to arrive for the PHP studies for the meniscus motion inside the

capillaries.
2.3.5. Pressure drop in oscillating flows

The pressure drop inside a single unit cell oscillating meniscus can be studied as the
pressure drop in Taylor bubble train flows. The common models for pressure drop in
Taylor bubble train flows are because of two primary reasons (i) dominance of surface
tension in slug flows, which is neglected in these models (ii) additional and unique flow
field attributes in terms of velocity patterns in the liquid slug and vapour bubbles, which
is also ignored in conventional models. Chen et al. [2.50] have shown that even after the
inclusion of surface tension effects in terms of Bond number and Weber number, all the
available experimental data sets on pressure drop in slug flows cannot be
comprehensively predicted. This necessarily means that improved models should not
only include the effect of surface tension but should also address to resolve the effect of
flow fields in the unit cell on the overall pressure drop. Khandekar [2.19] showed that
all mathematical models for pulsating heat pipes use extremely simplistic pressure drop
correlations, typically the Hagen-Poiseuille model. Further, the statistical measure of
bubble/liquid slug lengths in the adiabatic section of the pulsating heat pipe is not yet
fully resolved vis-a-vis the operating boundary conditions. Unless these issues are
studied, proper pressure drop estimation in the adiabatic section of the device cannot be
achieved. The fact that the Taylor bubble flow is also oscillating, further complicates the
estimation. Very little information is available on oscillating Taylor bubble flows, and
extensive experimentation is required to incorporate the pressure drop due to oscillating

flows in the proposed models of the PHPs.

The brief state of the art we have brought in this section indicates that the friction of
Taylor slug flows like in an extended meniscus of PHP may strongly depend on the wall
property, effective dynamic contact angles and hysteresis in a mini /microchannel
(Berthier [2.28] and Taha and Cui, [2.51]). The former will depend on the interactions

between the fluid, gas/vapour, and the surface properties of the wall. Furthermore, due
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to the complexities of micro scale thermal capillary effects and the aspect ratio of the
mini/micro channel, the relationship between the interfacial liquid film thickness,
velocity profiles, friction, plug/slug menisci shape, dynamic contact angle hysteresis, is

also not well understood Chamarthy [2.52].
3. Heat transfer characteristics of extended meniscus

In order to understand the oscillatory flow pattern in PHP, it is essential to model the
simultaneous phase change heat and mass transfer in Taylor-Bubble flows in small scale
channels. Magnini et al. [2.53] stated that Taylor Bubble flow is efficient heat transfer
mechanism because of recirculating flows within liquid slugs, evaporation of thin liquid
film surrounding the bubble and presence of large interfacial area which enhance heat
and mass transfer. They performed a numerical study of the hydrodynamics and heat
transfer of elongated Taylor Bubble in a microchannel. Their numerical results reveal
that the bubble shows an exponential time-law growth which is in agreement with
theoretical models. Also, thin-film evaporation is the dominant heat transfer
mechanism in the liquid film region between the wall and bubble while convection is
found to strongly enhance the heat transfer in the intrinsic meniscus region. Recently
the importance of Taylor bubble flows in enhancing the heat transfer characteristics is
recently shown by Mehta [2.54]. He found that injection of Taylor bubbles provides an
efficient means of heat transfer enhancement, up to 1.2 to 2.0 times, as compared to
fully developed laminar single-phase liquid flow. While in many systems, capillary flows
are uni-directional in nature or are employed in this way, there are many instances
where the flow is either oscillating or pulsating in nature, as in the case of PHPs. These
oscillations/ pulsations may be externally controlled, thermally driven or alternatively
an effect of the dynamic instabilities which are inherent part of two-phase boiling/
condensation systems. There is scarcely any work on oscillatory Taylor bubble flows. So
it is important to see the factors affecting heat transfer characteristics of extended
meniscus and available solution methods. While at the scale of thin films, PHPs are
always governed by transient phenomena, most of the literature available is focused on
single Taylor Bubble growth during flow boiling without accounting for heat transfer in

the micro-layer near the liquid—gas—solid three phase contact region.
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It is well known that during phase-change heat transfer across menisci, an important
contribution comes from the extended meniscus covering the interior of the capillary.
This was primarily shown by Potash and Wayner [2.2], who studied that heat flux
profile and demonstrated that, the heat flux reached a maximum in the evaporating
thin-film portion. Wayner et al. [2.55] showed that heat-transfer coefficient at interline
region of an adsorption controlled wetting film varies from zero at interline to a value
equal to the liquid-vapour interfacial heat-transfer coefficient over a relatively short
distance. Later numerous investigations /2.8, 2.56, 2.57/ indicate that it is within this
region that high heat transfer rates occur as a result of small conductive resistance and

fluid flow driven by the capillary and disjoining pressure gradients.

Hence, Taha and Cui [2.40] stated that this liquid film formed between confined vapour
bubble and tube wall plays an important role in heat exchange, since local heat and
mass transfer is effectively enhanced at the thin liquid film region. This also justifies the
increasing thin-film thickness 8y (refer fig. 2.2) as compared to adsorbed region. It is
this increasing film thickness that allows sufficient evaporation, resulting from the
decay of disjoining pressure (Polansky [2.14]). Solving the resulting interface profile is
an important point in studying thin films. The total heat transfer resistance is composed
of the diffusional resistance of the liquid film and evaporation at vapour-liquid interface.
There are very few experimental studies available on heat transfers in thin film for such
cases. In most of the available studies, the thin film evaporation model is solved
analytically or numerically. Due to lack of experimentation, concrete conclusion is yet to
arrive. Let us now see the available solution techniques for evaluating thin film heat

transfer and how we can correlate these solutions for our extended meniscus problem.
3.1. Young-Laplace Equation

The Young-Laplace equation comes about when performing a thermodynamic analysis
of interfacial tension effects. The equation can be derived from the consideration of two
fluids (I and II) in equilibrium separated by a planar (fixed shape) interface region. If

this fixed shape restriction is relaxed and deformation of the interface is allowed, both
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the area and curvature of the interface can change. The pressure difference across the

interface can be represented as:

dA,
P, -P, :csd—VI 2.20

Eq. 2.20 can be further simplified for a curved interface like a bubble with radii r; and r.

(leading and lagging interface radii) respectively at leading and lagging face:

1 1
P,-P;, =0 —+—|=0K 2.21
r, T

1 2

Where, « is the curvature.

Eq. 2.21 is referred to as the Young-Laplace equation and relates the pressure difference
across the interface to the interfacial tension and the geometry of the interface at
equilibrium (Carey [2.23]). Tt is noted that this above equation is applicable for the

interface between two fluid phases of a pure substance.
3.2. Augmented Young-Laplace Equation

The augmented Young-Laplace equation, much like the Young-Laplace equation is used
to analyse the thermodynamic effects of the interfacial tension across the thin-film
interface. In performing this analysis, disjoining pressure, capillary pressure, liquid
pressure and vapour pressure must all be accounted for. It is the augmented Young-
Laplace equation that provides the means for a continuum analysis of an evaporating
thin-film meniscus. Wayner et al. [2.55] first used the augmented Young-Laplace

equation in analysis. The equation is presented below:

Pv - Pl = Pcap + Pdis 2.22

Eq. 2.22 is representative of the force balance present in the system. Using eq. 2.22 and
the suitable evaporation model, one can determine the thin-film profile and heat

transfer characteristics.
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Schonberg et al. [2.58] used a concept of augmented Young-Laplace model for an
evaporating meniscus in a microchannel. It was found that the heat flux is a function of
the long range Van-Der-Waals dispersion force. The apparent contact angle, which
represents viscous losses near the contact line, has a large effect on the heat flow rate
because of its effect on capillary suction and the area of the meniscus. The liquid
pressure differs from the pressure of the vapour phase due to capillarity and long-range
Van-Der-Waals dispersion forces, which are relevant in the ultrathin film formed at the
leading edge of the meniscus. Important pressure gradients in the thin film cause a

substantial apparent contact angle for a completely wetting system.
3.3. Vaporization and condensation interfacial resistances

Our primary interest is to calculate the local evaporation/condensation mass flux
associated with interfacial temperature and pressure jump that occurs across a liquid-
vapour interface. This problem can be solved when we look the problem at molecular
level. Due to motion of vapour molecules near the liquid-vapour interface plays a
significant role in heat flux limitations of vaporization and condensation processes. For
such cases, one classical approach is the use of an accommodation coefficient, which
attempts to quantify the molecular behaviour at an interface. @ Accommodation
coefficient came in to picture when molecular transport at the liquid-vapour interface

was analysed as an extension of kinetic theory of gases (Carey [2.23)).

Using Maxwell's velocity distribution from kinetic theory of gases and obtaining a
relationship for the fraction of the molecules with speeds in a specified range, regardless
of direction using a simple cubical geometry (fig. 2.11 considering the motion of
molecules). We will find the flux of molecules passing through assumed surface of S* per
unit area and per unit time in such cube. A molecule with a y-component velocity (v)
and any u and w must lie within distance vAt of the surface at the beginning of the time
interval in order to pass through it. The fraction of molecules having a y-component of
velocity between some value v and v+dv and having any u and w is found by integrating

over all possible values of u and w, obtains the following relation:
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dN, _[_m " ex —mv” dv 2.2
n \2nk,T) ° P ok, T 23

Where, N is number of molecules, m is mass of one molecule, kg is Boltzmann constant,

T is temperature in Kelvin.

Above eq. 2.23 shows that only molecules within a fraction of vAt/Ly of the total cube
volume will pass through surface S* in the time interval At. Allowing the total number of
molecules within the control volume to be represented by n, the flux of molecules with
velocity v in the y direction that will pass through S* per unit area per unit time is equal

to:
dJ, = VAt dn, ! [Lj 2.24
L, L.L \At

Where, J is the flux of molecules and L is the characteristics length

Combining eq. 2.23 and 2.24 and integrate over all values of v (0 to «), the total rate at

which molecules pass through S*:

MAEELTEIES

where, M is the molecular weight of the considered species, P is the pressure and R is

the universal gas constant.
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Fig. 2.11: Nomenclature and geometry used in molecular flux derivation (Carey [2.23]).

Applying eq. 2.25 across the liquid-vapour interface of the thin-film meniscus, giving
further insight into the molecular motion. Let us consider the case of evaporation, and

place S* at an infinitesimal distance outside of the liquid interface (in the vapour phase)
such as represented in fig. 2.12.

Interface T, P

Fig. 2.12: Modeling S* with regards to thin-film setup (Carey [2.23)).

From fig. 2.12, the net mass flux can be written as:

m,, =m; —1m, 2.26
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Now, for the case of evaporation and for a bulk velocity of the vapour wo, Schrage [2.59]
developed a relationship in which he defines the molecular flux for the vapour field

whilst incorporating the effect of the bulk velocity:

szz(s).( M JI/Q(EJ 2,27

2nRT
M (P

J, =Z(-s)] —= —j 2,28
2nRT m

where ‘s’ is a dimensionless parameter and represented as:

WO
S=7T———75 2.29
(2RT/ M)
And function Z defined as:
Z(s) = expl(s® )+ sm'/2 (1 +erf(s)) 2.30
Z(-s)= exp(s?)-sm'/? (1-erf(s)) 2.31

Where erf(s) is error function (also called the Gauss error function)

Eq. 2.27 and 2.28 represent the molecular flux with a bulk velocity in the positive and
negative y direction respectively. As seen below in eq. 2.32, in the case of vaporization,

eq. 2.27 is utilized.

In addition to the effect of bulk motion only a fraction Ve of the molecules crossing the

surface S* in the negative y direction is actually due to vaporization. The remaining

-7, is due to the reflection of the vapour molecules that strike the interface but do not

condense. The fraction of molecules crossing the surface S* in positive y direction that
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condense and are not reflected is represented as Ve If no phase change occurs at the

interface, equilibrium requires that Yo=Y, =Y. In some cases Ve and Y, are assumed to

be equal even for the dynamic case when phase change occurs at the interface (Carey

[2.23]). These Ve and Y, often referred as vaporization/ evaporation, condensation

accommodation coefficients. The portion of the mass flux m;” that actually enters
the liquid phase upon striking the liquid using concept of accommodation coefficients
can be given as:
. |my J_ . — Vaporization
m, = € . 2.32
! mch . — Condensation

Eq. 2.27 represents the evaporative mass flux in the vapour field. In essence,
considering the vaporization case, the equation represents the fraction of molecules with

a positive y-component velocity that are indeed evaporating.
Similarly, within the liquid phase, an equation representing the fraction of molecules

that successfully leave the liquid phase and are released into the vapour phase is

generated:

m, =my,J, 2.33
Now, the new net mass flux equation across the interface is written as:

—m, 2.34
Substituting 2.32, 2.33 in 2.34 we get:

— \1/2
. :[ M j (Z(S)YCPV _Yepl] 2.35

onR TV T/®
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Eq. 2.35 provides the foundation for the Kelvin-Clapeyron model used in the solution of
the thin-film meniscus, and provides a reasonable means of quantifying the pressure
and temperature jump at the liquid-vapour interface. The Kelvin-Clapeyron model,

developed by Wayner [2.12] is a linearized version of eq. 2.35.

Both of these Ve and Ve coefficients will be individually defined: Marek and Straub

[2.58] state the evaporation coefficient as originally defined by Knudsen as:

Y = molecules transferred to the vapour phase 2‘36

e  molecules emitted from the liquid phase

An evaporation coefficient less than unity imply incomplete evaporation as not all of
the molecules emitted from the liquid phase are released. A value of unity would imply

perfect evaporation (Marek and Straub [2.60]).

Marek and Straub [2.60] state condensation coefficient:

_ molecules absorbed by the liquid phase 2.37
¢~ molecules impinging on the liquid phase

Y

Much like the case of evaporation, a condensation coefficient less than one represents
incomplete condensation, with a value of one representing full condensation (Marek
and Straub [2.60]).

It is common practice within thin-film research to equate Vo= V=7 - It is important

to realize that this does not imply a zero net mass flux and thus equilibrium. The only
case where equating these coefficients implies equilibrium is when the denominator of
eq. 2.36 and 2.37 are equal, which also suggests that there would be no bulk velocity in
the vapour field (wo = 0). Carey [2.23] and Schrage [2.59] show that in such case, the
function Z(s) would tend to unity, the pressure and temperature jump across the

interface would not exist and as a result eq. 2.35 would yield a result of zero evaporative

mass flux. In the case where Vo= Vo= 7 and the denominators of the respective terms
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do not equate, there would still be a net mass flux at the interface. This assumption is
generally accepted in the absence of the knowledge of the individual accommodation
coefficients. However as Schrage [2.59] states, this assumption is suspect. Furthermore,
little experimental work has been done in quantifying accommodation coefficients given
the molecular nature of the problem. Some authors also reported that in cases of

extreme fluid purity, accommodation coefficient should tend to unity.

3.4. Experimental and modeling approaches for analyzing extended

meniscus evaporation

The bulk transport mechanisms of liquid-vapour system in a capillary tube needs
understanding of localized experimental observations of such systems, with
synchronized measurements of the resulting fluctuations in local conditions such as
temperature, pressure and wall heat flux. Very few experimental and numerical studies
are available for heat transfer in extended meniscus region. The measurement of
temperature gradient near the thin film region is always a challenging task. In such
cases to predict the liquid-vapour thermodynamics inside such systems, require the
precise dynamic measurement of the liquid-vapour temperature, which is still
challenging due to its vibrant nature and also due to the unavailability2 of the reliable
temperature measurement techniques in such small microscopic systems. In addition,
for predicting the dynamics of the liquid-vapour system in such cases of single branch
PHP, the issue of dependence of thermal response and sensitivity of the temperature
sensor will arise due to induced oscillating motion. There is strong need to develop
appropriate temperature measuring techniques for liquid-vapour system to fasten the
understanding. There are many experimental/numerical observations available for
static extended meniscus evaporation problem, but there is a strong need to extend
these studies to the moving meniscus. Let us now go through some of the
experimental/numerical approaches and observations applied to the static extended

meniscus evaporation.

? The most of the temperature measurement techniques are intrusive in nature and may influence the system functioning.
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Most of the time, it was assumed that the vapour near the extended meniscus region is
having uniform saturated temperature corresponding to the vapour pressure. Stephan
and Busse [2.61] developed a model for the radial heat transfer of a grooved heat pipe
evaporator. They showed that the common assumption of an interface temperature
equal to the saturation temperature of the vapour can lead to a large over prediction of
the heat transfer coefficient and there is presence of an inverse pressure gradient in the
liquid phase, which is necessary for transporting the liquid in the micro region to the
evaporating surface. These in turn lead to a significant decrease of the volatility of the
liquid and a corresponding rise of the interface temperature above Tsi. They also
observed that the temperature in the micro-region drastically drops and a high heat
transfer is obtained at that region; up to 50 % of evaporation takes place in this small
region. The length of the micro-region depends on the wetting characteristic which is
represented by the local apparent contact angle. Thus, the dynamic apparent contact
angle is a very important process parameter. The resulting adhesion forces cause a
steady transition of the evaporating meniscus into a flat non evaporating film of
microscopic thickness, which is adsorbed on the ‘dry’ part. Several authors /2.56-2.58]
numerically computed thickness profiles of a heptane meniscus on silicon and compared
that with the experimental data. They concluded that significant resistance to heat
transfer was present in the contact line region due to conduction, interfacial forces and

viscous stresses.

Hoffman and Stephan [2.62] measured temperatures beneath an evaporating meniscus

using thermochromic liquid crystals. They found significant temperature drop near the

micro-region3 due to presence of a high evaporative heat flux. Fig. 2.13 illustrates their
experimental setup and the temperatures at various regions of extended meniscus. The
wall temperature increase to a higher value in the adsorbed film region is due to

decreased heat transfer.

3 this “micro region” corresponds to the thin film region described in section 1.2 of this chapter.
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Fig. 2.13: (a) Experimental setup (top view) and details of capillary slot (b) Temperature
distribution at the micro-region (Hoffman and Stephan [2.62]).

Panchamgam et al. [2.63] studied physicochemical phenomena occurring in the contact
line region of an evaporating meniscus by experiments and numerical model. They
demonstrated the existence of a slip at the solid—liquid interface, which explain the high

mass flow rates in the evaporating pentane meniscus.

There was a sharp dip in the solid-liquid interfacial temperature profile in the meniscus
region demonstrating that the evaporating meniscus acts as a large heat sink. This
insight into the solid-liquid interface temperature profile was made possible by
including the effect of heat conduction in the solid substrate. The outside solid surface
temperature also shows a dip due to the presence of the heat sink. The possibility of a

non-uniform vapour temperature has been explored. It is proposed that the vapour
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temperature obtained using model, has a dip in the evaporating region. Fig. 2.14 shows

the experimental setup and few important results of their experiments and model.
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Fig. 2.14: (a) Schematic representation of the experimental set-up of the heat exchanger,
cross-sectional view of the top-corner of the cuvette showing liquid meniscus and the
adsorbed thin film region and schematic of the micro-region (b) Evaporative heat flux
profile at the liquid—vapour interface of the evaporating meniscus region, The solid—
liquid and liquid—vapour interface temperature profiles in the evaporating meniscus
region as a function of the meniscus length and surface tension variation with the

evaporating meniscus region (Panchamgam et al. [2.63]).

Using microscale infrared thermography Dhavaleswarapu et al. [2.64] demonstrated a
distinct temperature drop at the triple line, indicating the effectiveness of thin-film heat
transfer. This temperature drop was found to increase with increasing applied heat flux.
Their approximate heat balance analysis shows that nearly 70% of the heat transfer

takes place from a sub-region (extent of the meniscus adjacent to the contact line). The
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sub-region heat transfer was found to increase with an increase in heat flux and increase
in evaporation rate. Dhavaleswarapu et al. [2.65] also developed a numerical model for
evaporation from a steady, liquid—vapour interface into air. The high vapour diffusion
fluxes near the contact line demonstrate the strength of thin-film evaporation. Fig. 2.15

shows the experimental setup and few important results of their experiments and

model.
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temperature profiles near the contact line (Dhavaleswarapu et al. [2.64, 2.65]).

Ibrahem et al. [2.66] used an infrared thermography system to measure the two

dimensional temperature distributions underneath a single evaporating meniscus in the
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contact line area. Due to extremely high local evaporation rates, a temperature
difference up to 12 K between the wall temperatures at the contact line area and the bulk
liquid has been observed. High local heat fluxes could be observed at contact line area

with values up to 5.4—6.5 times higher than the mean input heat fluxes.
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distribution underneath the meniscus at different input heat fluxes and linear local heat

flux distribution for different input heat fluxes (/brahem et al. [2.66]).
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Fig. 2.16 shows their experimental setup and linear local wall temperature distribution
underneath the meniscus at different input heat fluxes and linear local heat flux

distribution for different input heat fluxes.

Within a liquid plug, the basic studies suppose the existence of a static thin film in
contact with the wall of the micro-channel. However, close to three phases contact line,
such assumption turns out to be incorrect as there are non continuous interactions
between particles. Park et al. [2.4] proposed a mathematical model which includes the
vapour region and a slip boundary condition. The implications of interfacial slip on thin
film evaporation phenomenon in a rectangular micro channel have also been studied by
Biswal et al. [2.67]. The thin film is usually assumed to be flat; however, near the three
phase line, a slope exists; such slope can affect the thin film model. They have
demonstrated that the film thickness profiles as well as the pertinent heat transfer
characteristics may indeed be sensitively dependent on the slope and curvature
dependences of the disjoining pressure. Fundamentally, such sensitive dependences
may be attributed to the disparate number densities and attractive potential strengths in
the constituent liquid and vapour phases. From their detailed analysis it has been
inferred that slope and curvature dependences of the disjoining pressure is likely to give
rise to thicker liquid films and consequently to lower local heat transfer coefficients. The

physical phenomena involved are summarized in fig. 2.17.

Slope & Curvature dependence
of disjoining pressure

Marangoni
convections

Slip boundary
condition

L)

Fig. 2.17: Schematics of physical phenomenon of slip boundary condition, Marangoni
convections and slope and curvature dependence of disjoining pressure in an extended

meniscus.
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Recently Nikolayev [2.68] stated that thin films in PHP are of different nature than
wetting films (~10 nm thickness) like in capillary heat pipes, which are much thinner
than in PHP (=10 um thickness). PHP films are of different origin and appear due to
receding motion of menisci. The startup of oscillations in a unit-cell PHP has been
studied by Nikolayev [2.69]. He assumed that strong temperature gradients exist inside
the vapour phase. While the liquid-vapour interface is at saturation temperature, the
vapour bulk temperature may deviate from it being either superheated or super-cooled.
Few attempts have been made in this regard in predicting the vapour thermodynamic

state in systems like unit cell PHPs.
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Fig. 2.18: (a) Experimental setup schematics (b) Micro thermocouple schematics

(c) Vapour temperature as compared to saturation temperature (Gully et al. [2.70]).
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Gully et al. [2.70] studied this problem in a unit branch PHP aiming at measuring and
calculating the vapour state in a horizontal single branch PHP. The experimental setup
uses oxygen at cryogenic state as operating fluid. Microscopic thermocouples were
employed for the direct vapour temperature measurement. The vapour was found
superheated and the vapour temperature oscillates around the evaporator temperature.
As this temperature measurement technique is intrinsic in nature, it may influence the
system behavior and also the issue of dependence of thermal response and sensitivity of
the sensor will arise due to induced oscillating motion of meniscus and vapour. Fig. 2.18
shows their schematics of experimental setup and the vapour temperature as compared

to the saturation temperature.

Chauris et al. [2.71] studied an experimental analysis of the heat and mass transfers
involved in evaporation of a thin liquid film deposited downstream a semi-infinite slug
flow in a heated capillary tube (Copper tube of 200 mm length and 2 mm inner and 2.4
mm outer diameters) using water as working fluid keeping the target of understanding
working of pulsating heat pipe (fig. 2.19-a). They have done temperature measurements
on the outer wall of the tube by infrared thermography, which is used to determine the
meniscus location during its passage through the heated test section, so as to ensure
that the triple line followed the thin film.

They found that the transfers through the thin liquid film are mainly driven by heat
conduction through film thickness and evaporation at its interface. Also compared to
thin film length, the meniscus radius remains very small. As a result, the cumulated heat
transfers in this zone are low (up to 10% of overall heat transfers) compared to those of
the thin liquid film (fig. 2.19-b). Experimental identification of the thin liquid length
subjected to evaporation confirmed that the latter is a primary function of heat flux
density at the inner wall (including the stored heat) and of the deposited thin film initial
thickness (through the capillary number). They also generated a generic correlation (for
water) of first-order evaluation of the thin liquid film length as function of heat flux

density at the wall, initial deposited film thickness and fluid properties.
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Fig. 2.19: (a) Experimental setup schematics (b) Experimental results for wall

temperature and % of heat transfer at various regions (Chauris et al. [2.71]).

There are hardly any experimental studies those directly focused on extended meniscus
region of a PHP without which the complete understanding of the pulsating-
evaporating-condensing systems is quite difficult. Measurement of vapour dynamics
inside the unit cell PHP system is a challenge and unfolding of such phenomenon will

lead to better understanding of the systems like PHPs.
4. Closing remarks

Looking in to the above literature it is strongly believed that a focused effort is needed to
move towards a better understanding of the functioning of the single branch PHPs and
ultimately real PHPs. Here we are giving the outcome of the literature survey and salient

points of course of action.
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» The evaporation/condensation dynamics plays a key role in the oscillations. It is
clear that the major part of mass transfer occurs via the wetting film (if it exists) or in
the vicinity of the triple vapour-liquid-wall contact line when the film is evaporated.
The evaporation rate depends strongly on the film area. However, the film dynamics

during the oscillations is poorly understood, only a preliminary study is available.

» The pressure drop in the PHP appears due to three sources of viscous dissipation in
the liquid: (i) liquid-wall shear stress (ii) the viscous dissipation at the meniscus
(wetting films and contact lines) and (iii) effect of the tube exhaust in the reservoir
and tube bends. While the first source is well studied, two others are not understood
deeply enough. The information on the second source is very scarce while the third is
studied only at stationary flow. However, the liquid motion is oscillating in the PHP

and the inertial effects play important role.

» The vapour thermodynamic state is a very important but yet not studied for
understanding the oscillation mechanism of a PHP. In some modeling approaches
the vapour is allowed to be overheated due to its compression. It is assumed in the
others to be at saturation temperature corresponding to its pressure, which is a
behavior analogous to that observed (there are many cases of non-equilibrium) in
conventional heat pipes. We think that while the vapour-liquid interface is at
saturation, the temperature of the vapour bulk can be higher than the saturation
temperature due to the compression. The strong temperature gradients in the
vapour domain may get formed near its boundaries due to the weakness of the heat
diffusion in vapour. If the vapour thermodynamic state was always at saturation
curve, it could not be compressed and thus would not play the role of a spring
providing the return force for the oscillation. The vapour compression would simply
cause the condensation. The vapour states (both its pressure and temperature) need

to be measured experimentally to verify this hypothesis.

» Another important parameter is the oscillatory instability which causes oscillations

and has not been yet understood. This issue is however critical because if the system
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is globally stable at some system parameters, the PHP might stop functioning. Such

failures have indeed been observed experimentally. A parametric study of the

instability needs to be carried out both theoretically and experimentally (different

fluids, temperatures, pressures) in order to determine the oscillation threshold.
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Chapter 3

Experimental setups and data processing

As discussed in the Chapter 1 and 2, for better understanding of PHPs it is necessary to
quantify the physical phenomena happening inside a single branch PHP using unit-cell
approach. We can divide this problem keeping two main objectives in focuses, which

need to be studied, and for which we developed two experimental setups:

(a) Thermal dynamics of the simplest version of PHP, namely the single
branch PHP: The first experimental set-up is designed to give us the
understanding of the heat transfer mechanism inside a single-branch PHP along
with the better insight to the thermally-driven self-sustained meniscus oscillations.
This insight information obtained can lead us to the dynamics of thin film and its
behaviour. This will enable to move closer to the governing physics of oscillating
phase change systems like PHPs.

(b) Hydrodynamics of the meniscus inside the capillary: The second
experimental setup is designed to obtain the hydrodynamics behavior of different
oscillating fluids inside a capillary tube by controlling the flow by external pressure
variations in adiabatic condition. Mainly this setup is designed to estimate single
phase frictional pressure drop and to observe contact line motion in oscillating

conditions for various fluids.

1. Experimental setup 1: Thermal dynamics of the simplest unit cell of
PHP

As discussed earlier in chapter 1, in 2010, Das et al. [3.1] presented the first
experimental data of the simplest ‘unit-cell’ version of a pulsating heat pipe. This system
consisted of a 2.0 mm ID capillary tube, heated on one end and cooled on the other end,

with one liquid plug and one vapour bubble. They were able to obtain thermally-driven
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auto-oscillations in such a ‘unit-cell’ system under a definite range of operating
experimental conditions. Their experimental setup was close to the theoretical
configuration previously studied by Dobson [3.2, 3.3]. Temporal variation of vapour
pressure was recorded. The passive thermally-driven auto-oscillations of the liquid plug
were observed; however, the visualization was restricted to only the condenser section.
There were some important limitations with the approach of Das et al. [3.1], which are

listed herein:

) Experiments were done without any synchronization of the internal pressure
measurements with the videography. As will be discussed subsequently, this led

to serious shortcomings in the interpretation of the results.

(ii)) The experimental setup was not fully transparent. The evaporator, made of
copper, was opaque, and therefore the internal hydrodynamic phenomena could
not be observed in totality; only, the condenser section was visible. This restricted

data interpretation.

(iii) The connection between the opaque metal evaporator and the adiabatic
section/condenser which was made of glass, presented several flow perturbations

that might have disturbed the smooth meniscus movement to a certain extent.

(iv) For modeling the internal oscillatory phenomena of the meniscus existing
between the vapour bubble and the liquid plug, they introduced an improved and
coherent ‘evaporation/ condensation’ model, as against the earlier simplified
‘superheated vapour models’ /3.2-3.5/. While this improvement could indeed
predict the large amplitude oscillations observed in their experiments, the
possibility of metastable conditions and/or non-equilibrium heat transfer of the

liquid thin film were not considered by them.

In this background, here we developed a novel experimental setup which is an improved
version of the test bench, as was originally proposed by Das et al. [3.1], overcoming all
its limitations listed above. As we know the primary objective of this study is to enhance

the fundamental understanding of the phenomena guiding the self-sustained thermally-
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induced two-phase oscillatory flows in the capillary tube of PHPs. Compared to the

previous setup of Das et al. [3.1], the new design of the experimental bench is;

) Entirely transparent made up of glass in order to comprehensively observe the
liquid film dynamics not only in the condenser, but also in the evaporator section

too.

(ii)) The capillary tube is placed in a vertical heater-up position, intentionally

providing the most unfavorable and demanding conditions for PHPs to operate.

(iii) The setup utilizes a seamless tube connection between the condenser and the
evaporator sections, thus completely avoiding any flow perturbations due to

geometrical or constructional singularities.

(iv) It is also possible to observe a thin film lay inside the evaporator in some cases of
experiments. Furthermore an additional high speed camera is used in
experimental setup for the definite understanding of dynamics of thin film with
synchronize visualization for thin film movement inside the tube, meniscus

movement and vapour pressure measurement.

(v)  The vapour pressure measurements are now fully synchronized in real-time with

the high speed videography camera.

These singular improvements of the setup has led to a drastic improvement in the
overall understanding of the complex thin-film evaporation and ensuing pressure
fluctuations inside the unit-cell. In fact, as will be explained later, some of the
interpretations are so unique that it is likely to catalyze a new perspective in

mathematical description of the phenomena.
1.1. Details of the experimental setup

The experimental setup consists of a basic single branch PHP with one liquid plug and
one vapour bubble in a vertical capillary tube of circular cross-section. The transparent
capillary tube, made of glass, is closed at one end and connected to a reservoir

maintained at a constant pressure at the other end. Its inner diameter is
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2 mm. The liquid plug oscillates between a heat source (evaporator section
length = 200 mm) located near the closed side and a heat sink (condenser section
length = 200 mm) located near the reservoir. In between, an adiabatic section separates
the condenser and the evaporator (length = 10 mm). Thermal insulations are provided
at desired places to avoid heat losses. In the following, the heat source and the heat sink
will often be termed ‘evaporator’ and ‘condenser’ from an analogy with conventional
heat pipes. One should however be aware that strictly speaking, this terminology is not
fully adequate in the present system, since condensation can also occur in the
evaporator. The basic schematic of the experimental setup with all the instrumentation
is shown in the fig. 3.7 and the details of the instruments used in the will be discussed in

next section.

Referring to the fig. 3.1, the evaporator and the condenser are transparent heat
exchangers, whose temperature is controlled by two thermostatic baths with an overall
accuracy of +1K. A third thermostatic bath is used to control the temperature of the
reservoir (+0.2K), and thus its saturation pressure. The two-phase oscillatory flow is
characterized by simultaneous vapour pressure measurements and meniscus
displacement tracking in sync with each other. An absolute pressure sensor (supplied by
Kistler®, piezo-resistive sensor type 4007B, operating range of 0-5 bar, (accuracy
+ 0.1% of full-scale reading) is located at the closed end of the tube. To avoid
condensation of working fluid due to atmospheric conditions at connections of pressure
sensor and unit cell system, this place is maintained at suitable temperature by external
heating and insulation. Two high speed cameras (PhotronFastcam® 1024-PCI and
SA-3, respectively) are simultaneously used to track the meniscus displacement and

movement of the triple-line.

A DC powered light source is used along with these two cameras for the better
illumination for capturing the clear image of meniscus and thin film movement. A
K-type thermocouple of diameter 80 um is also inserted from the top of the tube to
measure the temperature of the vapour, as shown in fig.3.1. A GRAPHTEC data
acquisition system is used for recording the data and also for triggering the cameras.

This data acquisition device also has inbuilt standard noise filtering algorithms. The
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pressure and temperature measurements are synchronized with the two video cameras
with external trigger in the data acquisition system. The photograph of the actual setup

is shown in fig.3.2.
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Fig. 3.1: Schematics of experimental setup 1- Thermal dynamics of the simplest unit cell
of PHP.

The experiments are performed using various fluids (De-ionized water, Ethanol,
Pentane and FC72) to cover the whole range of boiling points at atmospheric pressure.
These fluids are also chosen as they can be used in future cooling systems which require
an operating temperature range in between 0-100°C. The fundamental physical

properties of these fluids are given below in Table 3.1.
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Table 3.1: The basic physical properties of fluids used

Properties Pentane | FC72! Ethanol De-ionized Units
water
Boiling pt. - 1 atm 35.9 56 78.37 100 °C
Density
0] 626 1680 789 996.8 kg/ms3
at 20°C
Dynamic Viscosity
11 0.24X1073 | 0.64x103 | 1.074x103 | 0.8796x1073 Pa.s
at 20°C
Kinematic Viscosity
v 0.33x10°% | 0.38x10° 1.4X10° 0.8824x10° mz/s
at 20°C
Surface tension
o 0.015 0.01 0.0224 0.0728 N/m
at 20°C
Thermal
conductivity 0.136 0.057 0.17 0.6 W/m.K
at 20°C
Latent heat of
vaporization at 357 88 855 2260 kJ/kg
1 atm
Refractive index
at 20°C 1.358 1.251 1.3575 1.33 -

As discussed earlier the evaporator and condenser sections are made transparent to
track the meniscus and thin film movement. These evaporator and condenser which act
as heat exchangers are made up of high quality borosilicate glass with suitable
connections to accommodate the capillary tube. These two evaporator and condenser
are identical in dimensions and shape. Evaporator and condenser are joined to each
other using a specially made adiabatic section which holds these two along with the
capillary tube. This adiabatic section is made up of Plexiglas and thus provides desired

insulation from heat transfer interactions between evaporator and condenser. The

! FC72 - - 3M™ Fluorinert™ (Perfluorohexane (CeF.4) or tetradecafluorohexane) is a clear, colorless, fully-fluorinated liquid. FC-72
is thermally and chemically stable, compatible with sensitive materials, nonflammable, practically nontoxic and leaves essentially no
residue upon evaporation. This unique combination of properties makes Fluorinert liquid FC-72 ideal for many electronics
applications, including quality and reliability testing. It is used in one formulation of the electronic cooling
liquid/insulator Fluorinert for low-temperature applications due to its low boiling point of 56 °C and freezing point of —9o °C.
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capillary tube is also made up of borosilicate glass and precisely cut and cleaned for the

use.

. High speed camera for meniscus

. High speed camera for thin film

. Data aquisition system

Reservior

Condenser

. Temperature sensor for reservior

. Pressure sensor for reservior

. Adiabatic section

. Capillary tube

10. Evaporator

11. Thermocouple for vapour temperature
12. Pressure transducer for vapour pressure
13. Light source

14, To vacuum pump

15. Camera stand 1

16. Camera stand 2

CENONEONS

* Connections to thermostat baths

Fig. 3.2: Photograph of experimental setup 1- Thermal dynamics of the simplest unit cell
of PHP.
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Fig. 3.3: Dimensions of experimental setup 1- Thermal dynamics of the simplest unit cell
of PHP.
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The reservoir used for our experiments is specially designed to store the working fluid of
the PHP and also an internal jacket is integrated in it for heating and cooling of working
fluid. All the parts, tubing and capillary tubes are assembled using leak proof vacuum
fittings made of Teflon (can work in range of -50 °C to 150 °C). Fig. 3.3 gives the
dimensions of the important parts and actual photographs of evaporator, condenser and

adiabatic section.
1.2. Experimental procedure

All the parts are thoroughly cleaned and assembled, then vacuum tightness of the
complete assembly is ensured. Before the experiments starts, the system is completely
evacuated to remove the non condensable gases using a vacuum pump (< 105 mbar).
The reservoir is then filled with the working fluid. After filling the liquid, all the non
condensable gases present inside are removed. The volume of the reservoir is huge
compared to that of the tube so that the oscillations inside the tube have negligible
effects on the pressure within it. The capillary tube is always dipped inside the liquid
irrespective of level of liquid in it. The changing in level affects the hydrostatic pressure
at the exhaust of the tube, but in 314 place of decimal, since the height of liquid above the
exhaust of the tube is greater than 100 mm. Two high speed cameras, vapour pressure

sensor and vapour temperature sensor are then verified for the synchronization.

There is some volume which is present inside the system which is not contributing to the
PHP phenomenon but actually affecting its performance. This volume exists there due
to the connections of pressure and temperature sensors at the vapour space at the end of
capillary as shown in fig. 3.2 by T junction. This volume we termed as the dead volume.
To measure this dead volume, the empty weight of the connections (T junction) which is
used to connect the thermocouple and the pressure transducer was measured, with help
of a highly precise mass balance of METTLER TOLEDO. Then, the system is filled with
water and the total weight measured again. The difference of weights was then divided
by density of water to get the dead volume inside this T junction. This process was
repeated several times to minimize the error. This dead volume was then found to be

equal to 2.83 x 10-6 m3 (+ 5%).
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To get acquainted to the overall behavior of the experimental setup, it was necessary to
determine the appropriate boundary conditions such as evaporator temperature,
condenser temperature and reservoir pressure combination in which the self sustained
thermally driven oscillations are obtained. It was observed that meniscus oscillates
inside the capillary tube for certain combinations of above mentioned boundary
conditions; these oscillations are sometimes regular, irregular, repetitive or random in
nature. In some of the cases little external excitation is needed to start the first
oscillation and in some cases it is automatically started. As we know that due to
instabilities involved in the PHPs in general, several experiments were performed by
varying the condenser/ evaporator temperature and reservoir pressure combinations.
Due to imposed thermal gradient, meniscus oscillations of various shapes and size are
observed. Out of these various experimental observations it is later on found that only a

few with regular and repetitive patterns are useful to reach on logical conclusion.

With the help of vapour pressure/ temperature sensors and two high speed cameras,
vapour pressure, vapour temperature, meniscus movement and triple line movement (if
visible) are recorded in synchronization with each other. Also the respective reservoir
pressure, condenser temperature and evaporator temperature are noted. The
measurements recorded by these two cameras are in the form of B/W images. The
meniscus is clearly observable in these images. Also when the thin film is observed its
motion is observed by tracking the triple line motion, this motion is clearly
distinguished by difference in the contrasts in the raw images. To get an accurate and

reliable measurement we recorded 1000 data points per second.
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Fig. 3.4: (a) Typical image from camera 1 of the complete unit cell PHP with meniscus

(b) Schematic image from the camera 2 of the thin liquid film and triple line.

Fig. 3.4-a a typical image from camera 1 of the meniscus inside the capillary tube and
fig. 3.4-b shows a schematic image from the camera 2 of the thin liquid film and triple
line, this image is modified and represented schematically because it was quite difficult
to get recognizable contrast of three zones on paper (liquid, thin film and vapour).
Although it is difficult to represent the image of the triple line here, using the
appropriate image processing technique it is possible to distinguish between the

contrasts of various regions (thin film, vapour and liquid).

To summarize, the outcomes of the experimental measurements are the combination of

following items shown in Table 3.2.
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Table 3.2: Typical experimental measurements

Item Symbol
Evaporator temperature Te
Condenser temperature T
Reservoir pressure P:
Temporal variation of the vapour pressure Py (t)
Temporal variation of the vapour temperature Ty (t)
Images of the meniscus for each time instance
Images of the triple line ( if visible) for each time instance

1.3. Data processing

The pressure and temperature data are filtered using inbuilt standard noise filtering
algorithms embedded in the data acquisition system. There are two cameras used for
capturing the photographs of complete capillary tubes for meniscus movement tracking
(Camera 1), photographs of evaporator capillary tube for tracking thin film movement
(Camera 2) by observing the triple line (if visible) movement. These images are
processed with code developed in MATLab image processing tools. The code is available
in Appendix-B for the purpose of archival. The outcome of this image processing is the
position of meniscus inside the capillary tube in terms of pixel coordinates and later
converted in actual distance by using appropriate scaling. Same is done for the case of

triple line movement.

A schematic is shown in fig. 3.5 for represents thermodynamic state of typical
experimental results. Instantaneous vapour temperature Ty(t), vapour pressure Py(t)
and vapour volume V,(t) are measured. Referring to fig. 3.5, the experiment provides
the instantaneous location of the meniscus inside the capillary tube during its oscillatory
motion. In other words, the instantaneous volume of vapour V.(t) can be estimated,
neglecting the microscopic volume which the liquid film occupies. This volume is
composed of the volume of vapour inside the tube and the constant dead volume which,
which explained previously in section 1.2 of this chapter, is due to the connections of

measuring instruments.
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Using these data, the vapour mass dynamics m(t) can be estimated using an adequate
equation of state: as a first approximation, it will be convenient to adopt the simple
assumption of ideal gas equation, when taking for granted Tv(t) is always above the
saturation temperature. The argument in support of using this hypothesis is that, the
thermodynamic state of the system is far away from critical point and the and also has
moderate AP and AT.

mv(t)z_—V()t)xM 31

where, R is the universal gas constant and M is the molecular weight of the fluid.
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Fig. 3.5: Thermodynamic state of unit cell PHP.

Later this information coupled to the temporal movement of the triple line, enables to
estimate the time-dependent thinning of the liquid film in the evaporator section.
Finally, a simple mass balance equation in the evaporator provides an estimation of the

initial thickness of the film. Hence, the dynamics of the film in the evaporator can be
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completely derived. This part of the data processing will be discussed during the detail

discussion about the meniscus dynamics and thin film dynamics in the chapter 4.

2, Experimental setup 2: Hydrodynamics of the meniscus inside the

capillary (adiabatic experiments)

As discussed earlier in chapter 1 and 2, the singularities and friction play an important
role in modeling the single branch PHPs. To overcome these problems, ideal solution is
to obtain two-phase frictional pressure drop for a single branch PHP. But as tt is quite
difficult to build such experimental system to measure two phase pressure drop, also at
same time modeling is also quite difficult as discussed in section 2.3.5 of chapter 2.
Keeping this in mind, Das et al. [3.1] have incorporated the single phase frictional
pressure drop for the oscillating flow inside the capillary tube in their model. Hence it
will be interesting to verify this approximation using frictional pressure drop
experiments for single phase oscillating fluids. The key is to develop an experimental
setup which has similar in dimensions to setup 1 (as discussed in section 1 of this
chapter) and then measuring the pressure drop in adiabatic conditions for oscillating
fluid within similar frequency range. This verification will give clues either to verify the
assumptions used in the model developed by Das et al. [3.1] or may lead to totally new
findings. Also it will be interesting to see the contact line behaviour of the thin film laid
by the fluids (if visible) during the oscillations inside the capillary tube (as discussed in

section 2.3.4 of chapter 2).
2.1. Details of the experimental setup

Keeping above objectives in focus we built a new experimental setup using the same
dimensions as of setup 1, as discussed in the previous section. The size of the capillary
tubes is kept 2 mm internal diameter and 6 mm outer diameter. The length of this
capillary tube taken as 700 mm. This tube is dipped inside the same reservoir used in

the setup 1 described above.

A KELLER made (model PD23 measuring up to 1000 mbar with accuracy of 0.1% of full

scale) differential pressure transducer is connected at one end of the capillary tube and
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other end to the reservoir, so as to measure the pressure difference during the
oscillations of the meniscus. This differential pressure transducer is capable of
measuring the dynamic signal with a maximum output capturing frequency of 1000 Hz.
The differential pressure transducer requires an external power supply of appropriate
DC voltage. Experiments have been done in vertical orientation as to see influence of

this pressure drop on the results obtained from experimental setup 1.

The liquid inside the reservoir-capillary tube system is externally excited using a
pressure function generator (made by Elveflow model AF1) connected at the reservoir to
move the meniscus in desired oscillating pattern. Elveflow® provides the microfluidic
flow control system using piezo technology and enables a blazing fast flow change in our
system. It gives a stable and pulse less flow while remaining extremely reactive. The exit
of the Elveflow pressure function generator is connected to the reservoir tank in which
the capillary tube is dipped, the connection (tubing) from Elveflow to the reservoir is
kept long enough to obtain smooth pulse. These external excitation to the liquid,
generated similar conditions of meniscus oscillations of the thermally induced
oscillations inside the capillary tube similar to as we find a typical single branch PHP.

Teflon vacuum fittings are used to connect all the tubing’s of the experimental setup.

Similarly to previous experiments a high speed camera (SA-3) is simultaneously used to
track the meniscus displacement. Also a DC powered light source is used along with this
camera for the better illumination to capture the clear images during meniscus

movement.

A GRAPHTEC data acquisition system is used for recording the data. This data
acquisition device also has inbuilt standard noise filtering algorithms to filter the
unnecessary noise. The pressure measurements are synchronized with the video camera
with external trigger in the data acquisition system. The schematic of the actual setup is
shown in fig. 3.6. These experiments are done in adiabatic conditions and without
evaporator and condensers to facilitate the better view of the meniscus and thin film.
Fig. 3.7 shows the actual photograph of the experimental setup. To quantify the validity

of standard frictional pressure drop correlations in such case of oscillatory motion of
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fluid oscillating inside the capillary, Pentane and FC72 are used at atmospheric

conditions in typical range of frequencies of a PHP.
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Fig. 3.6: Schematics of the experimental setup 2: Hydrodynamics of the meniscus inside

the capillary.
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1. High speed camera
2. Elveflow pressure function generator
3. GRAPHTI|EC data acquisition system

4. KELLER PD23 differential pressure transducer
5. Reservoir

6. Glass capillary tube of 2mm internal diameter
7. Background DC white light source
Fig. 3.7: Actual photograph of the experimental setup 2: Hydrodynamics of the

meniscus inside the capillary.

2.2. Experimental procedure

All the parts are thoroughly cleaned and assembled with ensuring for leakages. The
reservoir is then filled with the working fluid (Pentane and FC72). The volume of the
reservoir is huge compared to that of the capillary tube so that the oscillations inside the
tube have negligible effects on the frictional pressure drop within it. The capillary tube is
always dipped inside the liquid in reservoir. The external pressure function generator

excites the fluid inside the reservoir in desired pattern which intern transferred to
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oscillate it inside the capillary. Thus the liquid level in reservoir is maintained at highest

level to get smooth oscillations.

The pressure function generator device is then connected to the reservoir. This
connection (tubing) should not come in contact with liquid in reservoir to avoid entering
of liquid in pressure function generator device. With the help of pressure function
generator we can generate various types of pressure signals, e.g. sinusoidal, triangular,
square or flat with various frequencies and amplitudes. For the purpose of uniformity
we have chosen the sinusoidal pressure function for all of the experiments so that the
meniscus oscillates in regular periodic motion. The frequency of these excitation signals
is kept in the range of the frequencies found typically in the case of our single branch
PHP experiments (0-2 Hz). The meniscus movement is in the form of B/W images
recorded along with in synch temporal variation of differential pressure. The outcomes

of the experimental measurements are the combination of the items shown in Table 3.3.

Table 3.3: Typical experimental measurements

Item Symbol
Fluid

Images of the meniscus for each time instance

Frequency f
Temporal variation of differential pressure AP

2.3. Data processing

The differential pressure measured is then converted to calculate the actual differential
pressure across the two ends of the capillary tube (as the other end of differential
pressure transducer were connected to the reservoir) using suitable calculations.
Camera used for capturing the capillary tube for meniscus movement tracking and for
tracking thin film movement by observing the triple line (if visible) movement gives the
B/W images. These images are processed with code developed in MATLab using image
processing tools. The method is similar to as discussed in section 1.2 of this chapter. The

detail data processing of this part will be discussed further in chapter 5 while analyzing
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the results as it involves some acquaintance with the terminologies involved in modeling

such phenomenon.

3. Closing remarks

> These experimental setups leads us to encouraging results which we feel are
helpful to enhance the understanding of the singe branch PHP, are discussed in
chapter 4 and 5.

> Uncertainties involved and calibration of some of the instruments in these
experiments are discussed separately in the Appendix-C.
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Chapter 4

Results and discussions - Single branch PHP
experimentation and thin film dynamics

The scientific objectives of this work are to investigate the main physical effects that
govern oscillations of a meniscus in both theoretical and experimental approach of a
single branch PHP. Energy 1is supplied to the system mainly via
evaporation/condensation, which occurs mainly through the wetting films. In this
context a holly collaboration of CETHIL, France and IIT Kanpur, India with the help of
CEFIPRA! came in to existence a few years ago to contribute the march towards
decoding the physics of a PHP. This work is also a part of such journey. The film
dynamics is studied in two different ways viz. first by experiments and then second by

the theoretical modeling. In this sense, chapter 4 compromise of mainly two parts;

(i) In the first section, we will be discussing the experimental results obtained using
setup 1 and setup 2 as explained in the section 1 and section 2 of the chapter 3. This
will give an opportunity to discuss the overall thermo-hydrodynamics involved in the
studied systems of a single branch PHP.

(ii) In second section a simplified theoretical analysis of unsteady heat transfer in the
liquid thin film in context of single branch PHPs will be performed using analytical

models.

The results presented here are already published (Rao et al. [4.1, 4.2]) in peer reviewed

journal in previous years.
1. Experimental results of single branch PHP

As discussed in chapter 1 and 2 self-sustained thermally-induced oscillations of a

meniscus in a two-phase system consisting of a liquid plug and a vapour bubble in a

' CEFIPRA joint project between CETHIL, France and IIT Kanpur, India # 4408-1
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capillary tube are needed to be studied to understand the working of single branch PHP

and ultimately, of full scale PHP. In this respect as explained in chapter 3 we developed
two experimental setups. In this section we will be discussing the heat transfer
mechanism inside the single branch PHP along with present our overview on thin film

contribution to working of a single branch PHP.
1.1 Experimental boundary conditions

As discussed in chapter 3, the experiments are performed using various fluids
(De-ionized water, Ethanol, FC72 and Pentane). The exact starting conditions of such
systems cannot be determined using the available knowledge. Therefore for all of the
fluids, we have tried various combinations of reservoir pressure, evaporator
temperature and condenser temperature to find the correct combination of above three
for obtaining self-sustained-thermally induced oscillations of the working fluid inside
the system. We were successfully able to find such suitable combination for the FCy72
and pentane but with de-ionized water and ethanol, we were not able to find any
combination of reservoir pressure (0.2 to 1 bar), evaporator temperature (-10 to 120°C)
and condenser temperature (-10 to 120°C) that would result in visible oscillations. Later
on, analyzing the results for FC72, we found that the thin film laid by the meniscus on
evaporator wall during receding motion towards the condenser plays an important role
in maintaining the oscillations (refer section 1.4 below). So the non functioning of our
system with de-ionized water and ethanol can be due to the phenomenon assumed by
Tripathi et al. [4.3], they explained that, depending on the wettability of the fluid on the
solid wall, in conjunction with the applied external surface and body forces, there can be
three types of oscillatory contact line motion of the liquid gas/vapor meniscus confined
in a tube viz. (a) No pinning - the average velocity of contact line scales with the average
bulk liquid velocity, (b) Partial pinning - there is a phase lag in the contact line velocity
and the bulk fluid velocity, and (c) Full pinning, the contact line is motionless while the
bulk liquid moves/ oscillates. Fig. 4.1 represents schematics of the possible cases of
contact line behaviour for various fluids. In this figure temporal meniscus movement is
plotted along with the relative temporal movement of triple line (thin film is laid when

meniscus moves downwards). In first scenario when fluid exhibits full contact line
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pinning, the triple line is shown by red colour which doesn’t move at all with respect to

the meniscus and believed to be pinned to the wall. For no pinning case the triple shown
by green colour moves along with the meniscus and hence have zero relative velocity
with meniscus movement. In the case of partial pinning which is represented by blue
line the triple line movement behaviour will lay in the zone in between green and red
dotted lines. The slope of this blue dotted line will depend upon the interfacial
properties of the fluid and solid.

Meniscus location

Fig. 4.1 Schematics of the various possible cases of contact line behaviour.

To verify this hypothesis we have done the experiments in adiabatic conditions (refer
section 2 of chapter 3) to observe the relative film motion with meniscus. It is found
that, it possible to observe the motion of triple line in the case of de-ionized water. Fig.
4.2 represents the adiabatic experimental results of the motion of the triple line with
respect to meniscus motion in a capillary and thus corresponds to the partial pinning of
contact line as described by Tripathi et al. [4.3]. Looking into fig. 4.1 we can say that the
contact line is not pinned and also the de-pinning rate is not that high. So this can be a

case of partial pinning.
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Fig. 4.2: Represents the adiabatic experimental results for de-ionized water, motion of
the triple line with respect to meniscus motion in a capillary and thus corresponds to the

partial pinning of contact line.

We believe that this movement of the contact line may be responsible for the non
sustainable oscillations in the case of de-ionized water. Similarly in the adiabatic
experiments of the FC72, Ethanol and Pentane it is not able to visualize the triple line
movement; hence it will be difficult to comment on the contact line behaviour of these
fluids. But as in the heat transfer experiments we saw the motion of the triple line for
the FC72 (refer section 1.2 below), so we feel it is can be a case of full pinning, and also
although the movement of triple line is not visible for Pentane heat transfer experiments
but it sustains thermally-induced oscillations, hence it may be a case of full pinning. As
we described earlier that neither the self-sustained thermally-induced oscillations are
obtained for the Ethanol, nor we able to see its triple line movement in adiabatic
experiments, so it can be a case of partial pinning or no pinning. This invisibility of the
triple line movement (thin film) in the case of Ethanol and Pentane may be due to either
the very thin film formation which is not observable using the camera or refractive index

is not favorable to capture.
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Although this contact line behaviour may not be the only cause of non self-sustained

thermally-induced oscillations, it may be affected by physical properties, interfacial
behaviour or tube material in the case of water and ethanol. In this respect a model is
developed and solved to incorporate such parameters to know their relative influence on

oscillations, which will be discussed in chapter 5.

So here onwards only results of FC72 will be discussed for a set of parameters to
understand the governing mechanism of the single branch PHP. Similar kinds of results
are also obtained for the Pentane but without the recording of the thin film location,

these results are presented in the Appendix-D for the purpose of archival.

In the following, experimental results are discussed for various operating boundary
conditions of FC72 as working fluid. The reservoir is maintained at a constant pressure
of 0.5 bar, corresponding to a saturation temperature of 37.2°C. The evaporator
temperature Te is kept constant at 46°C while the condenser temperature T. is varied
from 0°C to 32°C. It is observed that when T. is kept below 16°C (large temperature
difference between the evaporator and condenser) or above 28°C (low temperature
difference between the evaporator and condenser) the meniscus moves rather randomly
and hence, it is very hard to obtain repeatability in such results. For the condenser
temperature in between 16°C to 28°C systematic repeatable oscillations of vapour
pressure and meniscus movement and thin film movement are observed. Therefore, the
results presented in the next sections are taken in this range to arrive at meaningful

conclusions which can contribute in attaining the objectives of this research.

Note: For the figures (fig. 4.3 to 4.8) presented in this section, the location X = 0 corresponds to the
bottom of the adiabatic section. Locations defined by X > L, are in the evaporator section (represented
by red line on primary Y-axis) while those defined by X < o0 are in the condenser section (represented by

blue line on primary Y-axis).
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1.2 Meniscus oscillation with pressure variation

Fig. 4.3 shows the temporal variation of vapour pressure in the vapour bubble, along
with the location of the meniscus and the triple-line, for four cases of the experimentally
applied boundary conditions (Te = 46°C and T. = 16°C, 20°C, 24°C and 28°C,
respectively). Three complete meniscus motion cycles are presented for each condenser
temperature. It is observed that meniscus movement and pressure variation are quasi-
periodic and nicely repeatable for all of the cases. When the meniscus moves towards
the condenser (downward motion), a thin liquid film gets drained or laid on the tube
wall. As it will be explained later, this film drainage by the moving meniscus is
responsible for the large amount of vapour generation at the evaporator, which, in turn,
leads to the oscillation of the liquid plug. By looking at the video of meniscus motion, it
is possible to distinctly observe three different zones inside the tube: a dark zone
corresponding to the liquid plug, a clear zone corresponding to the vapour slug, and an
in-between zone where the contrast is neither dark nor clear that corresponds to this

thin liquid film, which gets laid down during meniscus downward motion.

Furthermore, under proper lighting conditions and controlled focus, it is also possible to
clearly observe the liquid film vanishing with time, i.e., evaporation of the film from the
glass surface is unmistakably recorded. The movement of the triple-line towards the
condenser is also clearly observable. We consider that the liquid film vanishes when the
contrast value observed on the video is similar to the contrast value due to the vapour.
However, as the contrast depends on the thickness of the liquid film, the sensitivity of
the camera is probably not able to distinguish film-remnants which are extremely thin.
Therefore, subsequent analysis is based till the location where the difference of contrast
is just vanishing. However, one should keep in mind that the absence of explicit
quantitative data points does not mean with certainty that the liquid film has indeed
totally vanished; a few monolayers of liquid may still be remaining. Nevertheless, the
recorded information certainly enables to bring some essential information for

qualitative interpretations.

Manoj RAO - PhD Thesis: CETHIL, INSA de Lyon, France - 2015 112

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0080/these.pdf
© [M. Rao], [2014], INSA de Lyon, tous droits réservés



RESMIEEL RS0 Ml | Chapter 4

---------------- Triple line location ——— Meniscus location -------Vapour pressure
(a) (b)
160 06 160 06
T. =46°C T. =16°C AT =30K T, =46°C T. =20°C AT=26K
120 055
B B
k<3 05 L
Lz g
S E 045 3
n
o X 7]
o ’ 0a @
o o
0.35
e o5 1 1s 2 25 s as 4 o 0s 1 s 2 25 2 as 4 as
Time (S) Time (S)
(©) (d)
160 0.6 160 0.6
T, =46°C T. =24°C AT=22K T, =46°C T, =28°C AT=18K
120 120 | "¢ ¢
085 _ 0.55
S 80 =
05 L 05 (\_(g/
B o E ‘o
E 045 5 E 045 5
x @ X 2
04 9 04 ‘ 2
o o
035 0.35
120
-160 0.3 -160 0.3

45 0 0.‘5 1 . 115
Time (s)

5 é 25 :‘3
Time (s)

Fig. 4.3: Temporal variations of pressure (right ordinate axis) in the vapour bubble
along with location of meniscus (left ordinate axis, solid line) and triple-line (left
ordinate axis, dotted line) for experimental condition of T. = 46°C and (a) Tc = 16°C,
(b) Tc = 20°C, (c) T = 24°C and (d) T, =28°C and P; = 0.5 bar.

For T. = 16°C (fig. 4.3-a), Tc = 20°C (fig. 4.3-b) and T. = 24°C (fig. 4.3-c), the meniscus
cycle consists of one full stroke inside the evaporator followed by two smaller strokes in
the condenser section. During the downward stroke of the meniscus, as noted earlier, it
lays down a thin liquid film. Evaporation of this film adds mass to the vapour space and
helps in increasing the vapour pressure. Until the time the liquid film laid down by the
downward moving meniscus is completely evaporated, the meniscus is not able to re-
enter the evaporator, and thus moves back again twice into the condenser. Thus, two
strokes are seen to occur in the condenser section. The meniscus re-enters the
evaporator section, after the second stroke in the condenser is over, and then the quasi-
periodic cycle continues. The maximum high level reached by the meniscus inside the
evaporator is rather constant and close to X = 80 mm for the different condenser

temperatures. This tends to suggest that the amount of vapour generated during one
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cycle at the evaporator is rather constant, since it is proportional to the length of the

liquid film drained by the meniscus in the evaporator.

Conversely, the maximum level reached by the meniscus inside the condenser increases
with the increase of T. during the first stroke inside the meniscus. Indeed, for smaller
condenser temperatures (larger temperature difference), a smaller heat exchange
surface area is necessary to condense the vapour generated by the evaporation of the
liquid film. The second stroke in the condenser is always shorter than the first one,
which can be explained by a smaller amount of vapour generated in the evaporator (the
last remnant of the disappearing liquid film), as the remaining liquid film length is
much smaller at the end of a cycle. One can also observe that the cycle time-period

slightly increases with the increase of T..

The qualitative behaviour of the meniscus oscillatory motion is quite different for
T. = 28°C; the meniscus oscillation cycle consisting of a single to-fro stroke in the
evaporator (fig. 4.3-d), followed by one stroke in the condenser section. Therefore, the
net time period of one oscillation cycle is also smaller than for the other condenser
temperatures. One can also observe that the amplitude of the signal is much smaller in
both the condenser and the evaporator. Above a condenser temperature of 28°C, the
energy of the system is not sufficient to maintain the oscillations. It was not possible to
distinguish clearly the triple-line evaporation in that case because the length of the film
formed due to drainage was very short, compared to other condenser temperatures.
Lastly, comparing the pressure signal for the four graphs (fig. 4.3-a to d), shows the
decrease of its amplitude with the decrease of the difference between T. and T.. The
maximum of amplitude varies from 0.16 bar to 0.06 bar, when T, varies from 16°C to

28°C, respectively.

The oscillatory behaviour of the meniscus can be directly and definitely linked with the
nature of the liquid film laid by the meniscus while coming down from evaporator. This
phenomenon is explained in details in fig. 4.4-a where the boundary conditions are
Te = 46°C and T. = 20°C. Time evolution of the meniscus from the evaporator (Stage A)

as it passes towards the condenser (Stage J) and comes back to the evaporator (Stage T)
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is shown. Fig. 4.4-b is a typical temporal variation of pressure in the vapour bubble and

movement of triple-line depicting several steps of the meniscus motion along with

different stages in one cycle (A to T).
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Fig. 4.4: (a) Schematic explaining the events during one cycle of the meniscus motion.
(b) Time evolution of the meniscus from the entrance in the evaporator (Stage A) as it
passes towards the condenser (Stage J) and comes back to the evaporator (Stage T), is

shown. The four zones are also highlighted (will be used in section 1.4.1).

Manoj RAO - PhD Thesis: CETHIL, INSA de Lyon, France - 2015 115

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/20151SAL0080/these.pdf
© [M. Rao], [2014], INSA de Lyon, tous droits réservés



REN RN RS 0l | Chapter 4

From points A to E, the meniscus is moving upwards in the evaporator and is in the

process of approaching the top-most position in the evaporator. During that stage, the
vapour space is getting compressed and the pressure of the vapour bubble is
simultaneously increasing. At point E, the meniscus reaches the topmost position of
evaporator and dwells there for a very short time. This dwelling can be observed both in
meniscus location and pressure variations (fig. 4.4-b). After point E, the meniscus starts
its downward journey. It is observed that a film of liquid is laid on the wall of the tube
and the triple-line location coincides with point E. As the meniscus starts moving
downwards, this triple-line also starts following it but with a different speed. At point J,
the meniscus is about to exit from the evaporator, as it enters the condenser section. It is
clearly visible in the figure that at this stage the liquid film still exists in the evaporator
section. The maximum value of vapour space pressure is not reached when the meniscus
is at its topmost location in the tube, but just before it enters into the condenser. Indeed,
the evaporation of the liquid film during the downward movement of the meniscus
towards the condenser contributes to the increase of the pressure during the descent of
the plug. From points K to M, the meniscus keeps on moving downwards in the
condenser and the pressure begins to decrease, due to both, expansion of the vapour
bubble and simultaneous condensation. At point M, the meniscus reaches the first
bottom-most point in the condenser. The liquid film, albeit thinner, is still in the
evaporator. From point N to point P, the vapour-pressure stills decreases, and the

meniscus moves towards the evaporator.

During this upward motion of the meniscus in the condenser section, the pressure
increases again, clearly indicating that the rate of vapour condensation process is not
sufficient to overcome the mass addition rate due to the evaporation of the remaining
liquid film. Therefore, the meniscus is not able to reach the adiabatic section, but
changes its direction to move downwards again instead of entering the evaporator. This,
as explained, happens due to the continued presence of the liquid film in evaporator,
which is still continuously evaporating, thus restricting the upward motion of the
meniscus. From points P to R the meniscus again re-travels till the bottom-most point of
the condenser and very quickly thereafter, the vapour pressure decreases again.

Meanwhile, no sooner the liquid film vanishes in between point R to T in the evaporator,
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subsequent variation of the mass of vapour is only due to condensation and therefore

the pressure of the vapour decreases until a very low value that enables the meniscus to
be pulled up into the evaporator section yet again. This process then repeats itself,

starting from A to T, with regular repeatable cyclic oscillations.

As has been appreciated, during one complete cycle of meniscus motion, the variation of
the vapour pressure is due to both, evaporation and condensation of the fluid and
compression or expansion phenomena of the vapour. During the ascent of the meniscus
in the evaporator (upward stroke), no thin liquid film is present ahead of the meniscus.
Hence during this part of the motion, there is practically no mass addition to the vapour
space due to evaporation and the pressure change is directly attributable to compression
effect, which results in a small variation of the pressure during that stage. This result
undoubtedly highlights the importance of the thin film evaporation and vapour
condensation phenomena in the ensuing meniscus oscillations, as compared the purely

compression and expansion effects.

Fig. 4.4-b represents the time-evolution of the meniscus location and corresponding
variation of vapour pressure during a period of 1.6 seconds. In addition, the location of
the moving triple-line, i.e., the edge of the liquid film on the channel wall, is also
displayed on this figure. It is clearly visible that the liquid film motion always lags
behind the meniscus and takes finite time to evaporate. However, as mentioned earlier,
it was not possible to record the variation of liquid film thickness until the very end of
the evaporation process, due to photographic limitations. Nevertheless, it is clear that
the film lifespan in the evaporator is rather long as compared to the total time period of

the oscillation.

Therefore, until the meniscus completes the first part of the cycle of travelling through
to the bottom-most point of condenser again coming back to the entrance of evaporator,
remnants of the evaporating liquid film still exists in evaporator, thereby restricting the
entry of the meniscus into evaporator and pushes it back to the condenser. This
behaviour of the meniscus movement is responsible for small and big amplitude

oscillations, respectively. As soon as the liquid film completely disappears from the
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evaporator, the meniscus is able to re-enter the evaporator again during its return

motion from condenser. In this way, regular and repeatable self-sustained thermally
driven oscillations go on in the tube at the imposed thermal gradient. With reference to
the fig. 4.3, it can be said that the film life, i.e., the time period between the film
appearing and subsequently completely getting evaporated and vanishing, is of the

order of typically between 1.0 s to 1.4 s.
1.3 Actual vapour temperature versus the vapour saturated temperature

Fig. 4.5 presents temporal variations of vapour pressure and temperature in the vapour
bubble depicting several cases of the experimentally applied boundary conditions (Te =
46°C and T. = 16°C, 20°C, 24°C and 28°C). The saturation temperature of the working
fluid corresponding to the measured pressure is also plotted along with the measured
vapour temperature. The measurement of temperature by this micro-thermocouple is
critical and requires close scrutiny. Indeed, even if the size of the thermocouple is rather
small (bead diameter is 80 um), its frequency response, although much faster than the
oscillating frequency of the system, is still finite and non-zero. Furthermore, the micro-
thermocouple also exchanges heat by thermal radiation with the inner wall of the
capillary tube (although emissivity of both the surfaces is expected to be quite low),
which will introduce a non-vanishing bias in the temperature measurement. The
precision of the temperature sensor would be lower than + 0.5 K if it was only based on
a calibration process, but the previous described experimental biases increase this
uncertainty and make it difficult to estimate properly. However, even with these
limitations, the temperature information given by this micro-thermocouple provides

some very useful information for qualitative interpretations of the system dynamics.

Secondly, and more strikingly, one major conclusion is that the vapour temperature is
always higher than the saturated temperature derived from corresponding vapour
pressure measurement, which corroborates the recent results obtained by Gully et al.
[4.4] in cryogenic conditions. Their study also brings out the existence of superheated
conditions of the vapour space during meniscus motion. This is a quite an important

conclusion for the proposed modeling of the unit-cell PHP system. The fact that vapour
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is seen to be always superheated throughout the cycle of meniscus oscillation provides

the first-order justification for using the ideal gas equation for modeling the vapour
space, in conjunction with the film dynamics in the evaporator and film condensation in
the condenser; the latter two models providing the respective sources and sinks for
vapour mass, corresponding to the evaporation and condensation rates, respectively. In
the subsequent section, this idealization is used to find the temporal mass variation in
the system, and as will be demonstrated, this exercise does provide important insights
into the thermal-fluidic behaviour of self-sustained thermally driven oscillatory

meniscus motion.
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Fig. 4.5: Temporal variations of pressure (right ordinate axis) along with temperature in
the vapour bubble and saturation temperature Tsat = f(P), for experimental boundary

condition of T. = 46°C and T. = 16°C, 20°C, 24°C, 28°C, respectively and P = 0.5 bar.

Firstly, it is seen that the measured vapour temperature is somewhat lower than the
maintained evaporator temperature. The variation is extremely small, which can be due

to the dampening of the signal due to the non-zero time response of the system.
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1.4 Dynamics of the liquid film

The vapour mass dynamics can be estimated using simple assumption of ideal gas
equation and the different measurements made via the sensors placed in the vapour
space. This information, coupled to the temporal movement of the triple-line, enables to
estimate the time-dependent changes of the liquid film thickness. Finally, a simple mass
balance equation in the evaporator provides an estimation of the initial thickness of the
film. Hence, the dynamics of the film in the evaporator can be completely derived; this

procedure is detailed below.
1.4.1 Experimental estimation of the vapour mass dynamics

As discussed in data processing section 1.3 of chapter 3, instantaneous mass of the

vapour can be calculated using the following equation.

P, x V,(©) _ _
Rx T,(0

mv(t) = 4.1

Where, R is the universal gas constant and M = 338 g/mol, the molecular weight of
FC72.

Fig. 4.6 shows the temporal variations of meniscus location and triple-line locations,
respectively, along with the mass of vapour calculated using ideal gas, eq. 4.1, depicting
several cases of the applied boundary conditions (Te = 46°C and T. = 16°C, 20°C and
24°C). Vapour mass variation inside the system is a combined effect of evaporation and
condensation, respectively, which may be occurring simultaneously. Therefore, any
combination of evaporation and condensation rates can produce this variation of vapour
mass. One has to develop a heat transfer model to extract these parameters from the
experimental data. It is also observed in fig. 4.6-d that even a + 10°C variation in vapour
temperature measurement affects only £3% of instantaneous vapour mass calculations.
Therefore, even if the temperature measurement by the micro-thermocouple is not
highly accurate, the validity of the estimation of the vapour mass certainly remains

rather reasonable.
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Fig. 4.6: Temporal variations of location of meniscus (left ordinate axis, solid line),
triple-line (left ordinate axis, dotted line) and mass of vapour (right ordinate axis)
calculated using ideal gas equation (ref. and eq. 4.1) (at Te = 46°C and (a) Tc = 16°C, (b)
Tc = 20°C, (¢) Te =24°C,, and (d) Tc =24°C, and P: = 0.5 bar, showing the sensitivity of

the vapour temperature on the mass of vapour).

To analyse the experimental data, the oscillation cycle is divided into four different
zones that are earlier depicted in fig. 4.4-b. In Zone #1, between points A and E, there is
no liquid film on the tube wall as the meniscus is moving up in the evaporator.
Simultaneously, we observe a decrease of the mass of vapour that can be explained by
condensation on the meniscus due to compression of the vapour (ref. fig. 4.6-b). From
point E to J, referred to as Zone #2, the meniscus is moving down in the evaporator tube
section and is laying a liquid film on the evaporator wall. Hence, the length of the liquid
film in the evaporator increases due to the downward movement of the meniscus and
decreases due to simultaneous evaporation. Zone #3 commences from Point J onwards
and terminates when the liquid film cannot be observed anymore. In this operational

zone, it is assumed that the length of the liquid film in the evaporator is only decreasing
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due to its evaporation at the triple-line. The last zone is Zone #4, where the vanishing

liquid film cannot be observed due to the lack of camera resolution. Nevertheless, a few
monolayers of liquid film remnants may still remain which will subsequently evaporate.
While condensation of vapour occurs primarily on the liquid film in the condenser, it
can also be observed on the liquid film in the evaporator. Indeed, the temperature of the
liquid plug coming from the condenser region and entering into the evaporator section
in the upward stroke (A to E) is much lower than the vapour temperature already
present there. Since diffusion time scales in the bulk liquid region are large, the
temperature of the liquid film that is laid by the meniscus during its journey towards the
condenser is much lower than the adjoining vapour mass, which leads to condensation

on the film surface.

After a while, the liquid film temperature increases due to heat conduction from the
wall. Then, evaporation of the liquid film begins at the liquid vapour interface. All these
physical mechanisms have to be introduced in the heat and mass transfer model to
understand the dynamics of the liquid film. The mass transfer interactions due to the
liquid film at the evaporator section are complex and its understanding is the key to this

analysis.
1.4.2 Modeling of vapour mass dynamics

The variation of vapour mass is estimated from the raw experimental data, as per

fig. 4.6. This variation is due to four different contributions:

¢ Condensation of vapour on the liquid film portion in the condenser section.

e Condensation of vapour on the meniscus formed between the vapour plug and the
liquid slug.

e Evaporation at the triple-line formed between the liquid film, the wall and the vapour
phase.

e Mass transfer (evaporation or condensation) between the liquid film and the vapour

in the evaporator section.
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The condensation rate due to the first two terms can be obtained by the energy

equation:
1
M AhT (hc,lfTCDinth,lf (t)ITsat (t) - Tc ]+ Kc [Tsat (t) - TC ] 4-2

Iv
Where, Kc is the overall thermal conductance of condensation occurring on the
meniscus and hcj;, the condensation heat transfer coefficient between the vapour and
the condenser; the justification for taking these two terms separately and their relative
importance will be clear in the subsequent analysis which follows. In eq. 4.2, Tsat is the
saturation temperature corresponding to the pressure of the vapour, which will apply at
the interface and T. the temperature of the heat sink, which is controlled by the
thermostatic bath. L (t) is the instantaneous liquid film length in the condenser. In
order to simplify the model, we assume that the liquid-vapour interface at the condenser
is hemispherical with diameter Din. In reality, the interface area is somewhat smaller
due to the thickness of the film on the wall, but based on present experimental evidence
too, we can safely assume that this thickness is negligible as compared to the tube

diameter.

The overall thermal conductance of condensation, K. can be estimated by comparison
between the mass of vapour (eq. 4.1) calculated from the experimental data during the
upward motion of the meniscus inside the evaporator (Zone #1) and eq. 4.2. Indeed, in
Zone #1, the vapour mass variation is only due to this term (and therefore, term #1 in
eq. 4.2 vanishes in Zone #1 from A to E). The heat transfer coefficient for condensation
in the condenser section, h¢f is linked to the thickness of the liquid film and its order of
magnitude can be estimated as ~ Ki/diti, where K is the thermal conductivity of the
liquid and &x; is the initial thickness of the film which is a key parameter for discerning
the dynamics of the film /4.4-4.6]. We assume that the variation of the film thickness
due to the condensation of the vapour in the condenser is small enough to be neglected;
also, the temperature of the wall at the condenser is constant and equal to Tc. The
temperature of the liquid plug inside the capillary tube is also taken to be very close to

the condenser temperature.
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The mass transfer due to the liquid film in the evaporator is more complex and cannot

be obtained by the same approach. Two mechanisms have to be taken into account, i.e.,
the evaporation at the triple-line and the mass transfer at the liquid-vapour interface of
the thin film. The temperature of the inner wall of the evaporator cannot be considered
as constant, equal to the heat source temperature in this experiment. Indeed, during one
cycle, the upper part of the inner tube is always in contact with the vapour plug while the
bottom part of the tube is in contact either with vapour or with the liquid film, or with
the liquid plug. Furthermore, as the material of the tube is glass, it has a small thermal
diffusivity and therefore its time scale is higher than the oscillation period. For all these
compelling reasons, the inner temperature of the wall is an unknown function of time
and space. Therefore, the modeling of the dynamics of the film cannot be estimated

using an evaporating heat transfer coefficient as was possible in the condenser section.

The thickness of the film in the evaporator is varying from a constant value 8i; - when
the meniscus begins its journey towards the condenser - to zero at the end of the cycle.
This variation is due to two different phenomena: the evaporation at the triple-line and
the mass transfer at the liquid-vapour interface of the film. Let us assume that §(t) is not
a function of the location inside the evaporator, but only a function of time. This
hypothesis is reasonable as the temporal variation of the location of the triple-line is
much slower than the temporal variation of the meniscus location. Therefore, the mass

transfer rate between the liquid film and the vapour plug can be expressed as:

. dX.. (t dé(t
my = _plnDint|:8(t) dlf[( )+ Loy (O%} 4.3

Where, Xif(t) is the location of the triple-line and Le ¢ (t) is the length of the liquid film in
the evaporator, which are outputs of the experiments. The minus sign in eq. 4.3 is due to
the negative sign of the derivative of Xir and & during evaporation. The mass variation of

the vapour can be expressed as:
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m, =—"—=1m; —1m, 4-4

The mass of vapour is known at each time by eq. 4.1, therefore the variation of the film

thickness can be estimated by:

dS(t) __ 1 mv + Iilc 4 S(t)Xmf(t) 4.5
dt Ly (t) PiTDy dt

Finally, the equation of §(t) can be written as:

s(t):alfﬁdfl_(tt)m 46

This model enables to estimate the complete dynamics of the liquid film by comparison
with the experimental data. The initial thickness &; can be calculated by integrating the
mass balance equation for the liquid film over a complete period of time:

_[mlf :Imv +1m, :plnDintslf,iLlf,max 4.7

One can note that even if one part of the triple-line is not recorded by the high speed

camera, eq. 4.7 enables to estimate the initial value of film thickness d.
1.4.3 Comparison of model predictions with experiments

Fig. 4.7 shows temporal variation of the location of meniscus/triple-line and the film
thickness calculated using the described model, for different boundary conditions

(keeping T. = 46°C constant and T, varying from 16°C, 20°C and 24°C, respectively).
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Fig. 4.7: Temporal variations of location of meniscus and film thickness variation
calculated using the analytical model as per eq. 4.7 (at T. = 46°C and T = 16°C, 20°C
and 24°C, respectively, and P: = 0.5 bar).

The mean estimated initial liquid film thickness is estimated to be equal to 75 um, 69
um and 67 pum for T. equal 16°C, 20°C and 24°C, respectively. The thickness is nearly
constant in Zone #2, while at the same time, the triple-line moves towards the
condenser; this clearly indicates that two different processes of evaporation occur inside
the system, one at the triple-line and the other at the liquid-vapour interface of the
liquid film. In Zone #3, the liquid film thickness in the evaporator section decreases
rapidly as the meniscus recedes deep into the condenser section towards the reservoir.
When the meniscus reaches back to the evaporator section during its first upwards
journey, a small increase of the film thickness is observed in some conditions, which is

attributed to condensation of compressed vapour on the film. In Zone #4, the thickness
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of the film cannot be estimated as the location of the triple-line is not recorded.

Nevertheless, the extrapolation of the thickness profile shows that it decreases to zero

when the meniscus enters the evaporator in the next cycle.

The initial film thickness estimated by the model described above in section 1.4.3 can
also be independently verified by empirical scaling correlations available in the
literature; four such correlations are compiled and compared by Khandekar et al. [4.7].
These correlations predict the initial thickness of liquid film laid down on a wall by a
moving meniscus as a function of the Capillary number (defined as Ca = pU/o) under
adiabatic conditions. While most correlations are applicable to steady motion of the
meniscus of wetting fluids at low Capillary numbers, Han and Shikazono [4.8] have
developed a correlation for a meniscus moving with a constant acceleration also. The
effect of the Bond number (defined as Bo = p-a-D2/ o), is also accounted for in this
correlation, which is given as:

% -0.414
i:z 0.968 xCa’3 xBo 4.8

R 1+4.838 ><Ca%B0‘°'414

The assumptions and conditions under which the above correlation was developed by
Han and Shikazono et al. [4.8] is probably the closest which we can get from the
literature, to the conditions of the present experiments. Needless to say, the assumption
of adiabatic flow and constant meniscus acceleration are not applicable to the present
experiments. However, as will be demonstrated, application of eq. 4.8 does provide
reasonable order-of-magnitude comparison of the initial film thickness laid down by the

downward moving meniscus in the evaporator section.

For demonstrative purpose, the time varying Capillary number of the oscillating
meniscus in the present experiment is plotted for one complete cycle (for Te = 46°C and
T. = 20°C) in fig. 4.8. Fig. 4.9 compares the classical correlations of estimating the film
thickness, including eq. 4.8; the correlations are noted on the figure itself. As can be
observed, all the correlations are fairly consistent with each other. The most appropriate
region to apply eq. 4.8 is when the meniscus commences its downward journey, laying

the thin liquid film in the evaporator section. In this zone, as marked by the shaded gray
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area in fig. 4.8, the average value of Ca is 0.021. With average value of Bo = 1.72 in this

zone, the initial film thickness estimated by eq. 4.8 comes out to be equal to ~ 90 pum.
This is within reasonable range of what was earlier predicted by the model described in

section 1.4.3, i.e., ~ 69 um.

T. =46°C T. =20°C AT =26°C

160 0.06
--------- Triple line location ——Meniscus location ---Ca
120 0.045
80 0.03
40 0.015
€ ®
E O o O
> 40 -0.015
-80 ) -0.03
zone for estimating
initial film thickness
-120 -0.045
-160 . . . . . — -0.06
0 0.25 0.5 0.75 1 1.25 1.5

Time (s)

Fig. 4.8: Variation of Capillary number of the meniscus motion during one complete

oscillation cycle.

Table 4.1 compares the value of the initial film thickness, as obtained by eq. 4.8 and the
model described in section 1.4.3, for the other two boundary conditions of T. and T.
used in the present work. As noted earlier, given the limitations of assumptions under
which the empirical correlations were developed, and the fact that eq. 4.8 has itself an
accuracy of +15% (Han and Shikazono et al. [4.8]), it is encouraging to find that
reasonable estimates of the initial film thickness can be independently verified, as can

be clearly seen in Table 4.1.
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Fig. 4.9: Comparison of the empirical scaling correlations for predicting the initial film

thickness lay down by a moving meniscus inside a tube

Fig. 4.10 presents the four different explicit contributions to the vapour mass variation
during one complete cycle (Te = 46°C and T. = 16°C). Qualitatively similar results are
obtained for the other boundary conditions also. The mass due to condensation on the
meniscus region is varying nearly linearly because the vapour saturation temperature,
which exists on the meniscus, does not vary much during the experiment and therefore,
the difference between Tsat and Tc remains nearly constant (eq. 4.2). In any case, the
amount of condensation on the meniscus is negligible compared to the amount of
condensation on the liquid film. This latter component of condensation, which is due to
the large variation of the liquid film length in the condenser, is much more critical and

important. When the condenser section is full of liquid, its contribution is equal to zero,
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while it is maximum, when the meniscus is at the bottom of the condenser section. The

evaporation process is more complicated.

Table 4.1: Comparison of initial film thickness

2

BC Te Te Ca Bo Siti — eq. 4.8 | 8iti — Section 1.4.3
O | O (nm) (um)

#1 46 16 0.0198 | 1.452 03.1 75

#2 46 20 0.0210 | 1.720 90.1 69

#3 46 24 0.0175 | 1.782 81.7 67

Fig. 4.10 shows that the amount of vapour generated at the triple-line is significant and

equal to more than 1/3 of the contribution of the liquid film evaporation. Furthermore,

the evaporation rate at the triple-line can almost be considered as constant during the

entire life of the liquid film while the evaporation on the liquid film is highly dependent

on the location of the meniscus inside the tube. The net evaporation rate is maximum

when the meniscus is at the bottom of the condenser, while it tends to zero or become

slightly negative (i.e., condensation occurs on it) when the vapour is being compressed

by the upward moving meniscus.

Values of average Ca and Bo are calculated at mean temperature of T. and Te.
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Fig. 4.10: Cumulated variation of vapour mass during one cycle separating four different
contributions: Evaporation on the triple-line or on the liquid film in the evaporator and
condensation on the liquid film or on the meniscus in the condenser
(Te = 46°C and T, = 16°C, first cycle).

2, Theoretical analysis of unsteady heat transfer in the liquid thin film

Looking in the broader prospective of this work is to open way to the predictive
modeling of the PHPs. Looking towards the history of the modeling, the joint work of
the CEA/ESEME/PMMH and CETHIL teams (Das et al. [4.5]) showed that such a
simplified model conserves the main features of the multibubble PHP, the most
important of which is the existence of self-sustained oscillations. This work showed a
strong sensitivity of the modeling results to several parameters (or rather physical
phenomena), on which the information is not yet available in the scientific literature. It
is believed that the existing theoretical approach of Das et al. [4.5] needed to be
compared to the experiments for its model validation. As a final step the single bubble
model should be integrated into the multibubble approach under development by
Nikolayev and his collaborators /4.9-4.12].
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It has been conjectured that non-equilibrium states of liquid and vapour are quite likely

to exist during the operation of PHPs /4.5, 4.13-4.16]. Conclusive experimental evidence
is yet to come; it requires very precise and repeatable dynamic temperature
measurements of local vapour and fluid film temperature so as to ascertain non-
equilibrium condition and/or metastability. On one asymptote is the assumption that
vapour and liquid in the Taylor bubbles are always under thermodynamic equilibrium.
This essentially means that the relaxation time-scales of the phase-change by heat
addition/subtraction are much faster than the typical characteristics time-scales of

internal fluid flow and heat transfer through the walls in the PHP system.

However, the essence of the entire PHP thermal phenomena lies in its transient
characteristics. While one can talk about a ‘quasi-steady’ state in a global or lumped
sense, nothing is, in fact, steady on the local level inside an operating PHP. Several
experimental studies exist which indicate that the typical oscillating frequencies of the
self-sustained thermally driven oscillations of a PHP are of the order of 0-5 Hz, which
corresponds to fastest time scales of approximately 0.05 s or 0.1 s (Khandekar et al.
[4.17]). Statistically speaking, given the fact that the local thermodynamic quantities are
changing continuously at this characteristic frequency at any given spatial location
inside a PHP, the pertinent question to ask is, how different sub-constituents of the

unit-cell respond to these changing thermodynamic conditions?
2.1. Scaling arguments

To answer this question, consider a typical PHP made up of copper tube of inside
diameter 2.0 mm and outside diameter 3.0 mm, filled with water as the working fluid.
Another example can be the glass tube PHP of the previous experiment (ref. section 1.2)
with tube ID 2.0 mm and tube OD 6.0 mm, filled with FC72. For such a PHP, the unit
cell may look, as depicted in fig. 4.11. The four basic constituents of the unit cell, as

depicted in the figure are as follows:

1. the vapour bubble

2. the liquid film surrounding the vapour bubble
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3. theliquid plug adjacent to the vapour bubble
4. the tube wall of the PHP

3,979,

Unit Cell

Fig. 4.11: Unit cell of single branch PHP.

Referring to fig. 4.11, the characteristic length scale of the liquid slug (&) and vapour
bubble &y, scales with the radius of the PHP tube, as a first order approximation. The
characteristic length scale of the liquid film (8if) surrounding the vapour bubble can be
estimated from any of the available popular correlations /4.18, 4.19/. The characteristic
length scale of the PHP tube (6w) scales with the tube thickness.

The thermal response of a material to a change in temperature is indicated by its
thermal diffusivity. Fig. 4.12 compares the thermal conductivity to thermal diffusivity
for a wide range of materials on a log-log scale (Salazar [4.20]). The data points noted
as condensed matter (liquids and solids) can be described as being near a straight line.
As it can be noted, with respect to thermal diffusivity, gases are quite different as
compared to the condensed matter. With respect to the transient nature of heat transfer
in a PHP, it is worthwhile to note that all the three phases, viz. vapour phase, liquid
phase and the solid phase (tube material), having drastically different thermal
diffusivities are interacting with each other at all times. In fact, the difference in their
respective thermal response, as against the inertia of the working fluid, eventually leads

to the oscillating motion inside the device. Estimating the typical characteristics time
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scales of these three interacting sub-systems of the unit-cell will be of interest. Table 4.2

summarizes the typical values of the characteristic time scale and the corresponding
characteristic frequency of response of the different elements of the unit-cell, as
estimated for a copper tube filled with water and for the glass tube filled with FC72, as in

the present experiment.
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Fig. 4.12: Thermal conductivity versus thermal diffusivity for a wide variety of
homogeneous materials (closed circles-metals; squares-ceramics; triangles-glasses;

open squares-polymers; open circles-liquids; and crosses-gases) (Salazar [4.20]).

If the frequency of any external thermal change imposed on the boundary of these
elements exceeds the respective characteristic frequency of the element under
consideration, such perturbation information will, in principle, remain largely isolated
from the concerned element of the unit-cell. Considering the fact that typical PHPs

operate with dominant oscillating frequencies between 0-5 Hz (Khandekar et al. [4.17]).
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Table 4.2: Order of magnitude of important time scales of the unit-cell elements

. Typical _— . .
Typical Characteristics | Characteristics
L h | h thermal G i "
en en ime scale requenc
8t B diffusivity dquency
scale (m) (s) (Hz)
(m2/s)
01 (FC72) 1073 3x10-8 33 0.03
61 (H20) 1073 1.5X1077 6.5 0.15
Oif (FC72) 104 3.10°8 0.33 3
61t (H20) 1074 1.5X1077 0.065 15
Ov 1073 2X10°5 0.05 20.0
6w-copper 0.5X10_3 1.1X104 0.002 500
Sw-glass 2.0X1073 3.0X107 12.0 0.08

Several observations can be made by looking at the frequency estimates of Table 4.2:

The liquid plug is the most sluggish in its response to any change in the external or
internal thermal perturbations.

The liquid plug response will be quite slow as compared to the liquid film
surrounding the vapour bubble.

The vapour space temperature change will be relatively quite fast and will largely
follow the external imposed frequencies.

The liquid thin film, as it thins down by evaporation or grows up by condensation,
will respond extremely fast to the external stimuli of changing temperatures.

There is a considerable difference in operating a PHP with glass tubes (representing
low thermal conductivity materials) than metal tubes (high conductivity materials).
This aspect has been neglected during data interpretation, in many of the earlier

experimental studies.

Several other subtle issues get highlighted due to the order of magnitude difference in
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the characteristic time-scales of the constituents of the unit cell. For example, in a

typical journey from the evaporator to the condenser, while the vapour will quickly
respond to the change in temperature of its new colder surroundings, the liquid plug
adjoining the vapour bubble will be much slower in loosing the sensible heat. From a
thermodynamic standpoint, this essentially means that the probability of a temperature
difference occurring between the liquid plug and the vapour bubble is quite high. In
addition, there is considerable difference between the time response of the vapour and
the surrounding liquid film. Thus, the very premise of the assumption of
thermodynamic ‘equilibrium’, in the context of PHPs is rather misleading and
inappropriate. In spite of the fact that explicit experimental evidence of non-equilibrium
in PHP systems is yet to appear, the arguments presented above clearly indicate that the
very nature of PHP heat transfer is guided by this inherent non-equilibrium existing

between the vapour bubbles and adjoining liquid plugs.

The system always tries to come to equilibrium locally by either exchanging heat/mass
with the wall, or by exchanging heat/mass with the surrounding elements of the unit-
cell with which a temperature difference exists so as to rearrange the respective
chemical potentials of the two phases. Any change in the respective specific Gibbs free
energy, due to a temperature or a pressure imbalance at the interface will lead to a
driving potential for local phase-change. Moreover, change in temperature of the vapour
can also take place by compression of its volume experienced via the movement of the
adjoining liquid plugs. This local compression of a particular unit-cell can be an
outcome of events taking place at other locations in the device. If such an event takes
place in the adiabatic zone, the temperature of the vapour bubble will rise, depending on
the adiabatic index of compression. In such a situation, if the process is fast enough,
then there is more likelihood of the liquid film responding to the change in the vapour

temperature than the adjoining bulk phase of the liquid plugs.

Considering the fact that non-equilibrium conditions exist inside the system, it is
worthwhile to compare the heat transfer resistances experienced by the liquid film
surrounding the bubble in getting the required heat of evaporation (or vice-versa). In

general, the liquid thin-film essentially interacts with two elements, the vapour bubble
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and the tube wall. In the adiabatic zone, it can exchange heat/mass to/from the vapour

bubble. Inside the evaporator and the condenser, transport of heat can occur either with
the wall or with the vapour bubble. As pointed out earlier, possibility of vapour bubble
to have a higher temperature than the tube wall exists due to compression of its volume
by the adjoining liquid plugs. In an analogous way, the vapour bubble can become
cooler than the adjoining wall due to expansion3. This discussion suggests that, a
situation where in a gradient between the wall temperature T. and the vapour
temperature T, is generated, with the liquid film existing at a different temperature Ti,

should be occurring routinely in the transient operation of the PHP system.
2.2. Thermal response time of liquid thin film

Let us consider the temperature in a cross-section of the tube between point states E
and I (fig. 4.4), wherein the downward motion of the meniscus has just commenced
from the evaporator. As has been clearly seen in the experiments and explained in the
previous section, a thin liquid film is laid down and remains on the tube wall as the
meniscus moves in the downward stroke. The liquid film is bounded by the tube wall on
one side and compressed vapour on the other side, as detailed in the unit-cell

description of fig. 4.11.

Let us assume that the initial temperature of this film is equal to the temperature of the
meniscus, which, in turn, can be considered as equal to the condenser temperature T. as
a first approximation, since the time response of the liquid slug is very small compared
to the frequency of the meniscus motion. At this very first moment, the liquid film is
bounded by the wall at temperature T and the vapour at temperature Ty. From the wall
side, the liquid film is heated by thermal diffusion due to the strong temperature
gradient between the wall and the liquid film. This diffusional heating is not
instantaneous, but depends on the thermophysical properties of the liquid film and is
guided by the unsteady heat diffusion equation. On the other side of the liquid film, the

strong temperature gradient expected between the vapour and the liquid is likely to

3 While in the adiabatic zone, the adiabatic index of compression and expansion can be assumed to be valid for the vapor, it is not
possible to ascertain the index of compression under diabatic conditions, in the evaporator or the condenser, wherein compression
and/or expansion can take place simultaneously with heat addition/removal.
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induce instantaneous heat transfer between the vapour and the liquid film. While

thermodynamic considerations are trying to push the system to local equilibrium, there
is a strong interplay of kinetic transport limitations which induces heat and mass
inertia, thereby creating or sustaining local non-equilibrium conditions. Whether the
vapour will condense on the interfacial boundary with the thin liquid film or alternately,
the liquid film will evaporate into the vapour space will also be guided by the local
degree of superheating/ subcooling vis-a-vis the instantaneous saturation pressure. For
example, under a dynamic situation of meniscus motion in the downward stroke in the
evaporator, the liquid film may receive thermal energy from the wall as well as the
vapour, if the latter is condensing on it. Alternately, the heat received from the wall can

evaporate the liquid thin film thereby adding additional mass to the vapour space.

In real time operation, it is indeed possible that due to local distribution/variation of
liquid film temperature and vapour temperature respectively, while part of the liquid
film experiences condensation, another part gets subjected to vaporization. Such an
interfacial transport process suggests that individual fluxes for condensation and
vaporization must be derived from kinetic theory considerations, wherein fluxes in each
direction are derived separately and results superimposed to obtain the net flux. A
simple kinetic model as proposed by Schrage (as reviewed in /4.21]), assuming that both
incoming and outgoing molecular fluxes have distinct temperatures and have a
Maxwellian distribution, provides the heat transfer between the vapour (at temperature

Ty) and the liquid-vapour interface (at temperature Tlv), as given by:

: ~ [ M [P, P,(T,)
R Ah — v _ “sat\"lv .
qult ’Y 1V|:2TCR:| |:T‘(I)5 Tl(\),5 } 4 9

Where, yis the accommodation coefficient. Following the sign convention of (Carey

” . o e . . . .
[4.21]), Q" is positive when condensation occurs and negative when vaporization occurs,

which depends on the initial temperature of the liquid film. Due to the large difference
of state between the vapour and the liquid when the liquid film is laid on the wall,
considerably large heat transfer is expected to occur between the liquid film and the

surrounding vapour. This relatively large energy exchange at the interface leads to
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increase or decrease of temperature in its vicinity, depending on whether local

condensation or evaporation occurs. As the time response of the bulk liquid film is
constrained by the heat diffusion equation, heat is stored or removed at the liquid-

vapour interface until Tiy reaches the equilibrium state given by:

Psat (Tlv ) — { Pv :| 4.10

0.5 0.5
Tlv Tv

If the initial temperature of the liquid film is lower than Ty, condensation of vapour
occurs as soon as the meniscus moves toward the condenser. Condensation process is
replaced by vaporization when the heat coming from the wall reaches the liquid-vapour
interface, enabling to change the temperature gradient at the interface. If the initial
temperature of the liquid film is higher than T}, the temperature gradient enables the
evaporation as soon as the liquid film is deposited on the wall. In both cases, the
evaporation time is principally controlled by the heat diffusion equation in the liquid
film, with two Dirichlet boundary conditions on each of its sides. Let us consider the

one-dimensional unsteady state heat transfer equation in the liquid film:

0°T dT
o - 4.11
ox* ot
With the following boundary conditions:
T, =T, 4.12
T|X:X(t) - Tlv 4.13

Where, X(t) is the location of the liquid-vapour interface. Let us assume that the
pressure and the temperature of the vapour are constant, which as a first approximation
does not change the essence of the thin film evaporation. Thus, Ty can also be
considered as a constant. The location of the liquid vapour interface is given by the

following boundary conditions:
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A dX(t
=—Ahp, —()

X=X(t) d

dr
X

-K 4.14

The initial conditions for thin film are the initial thickness &ir; and the initial

temperature field:
T(X,0)=T, 4.15

The method of separation of variables leads to the following solution for eq. 4.11:

= ol ) T, - T
TX,H)= A e (s sin| 2 1L 2w T Sw g p 16
X.0=2.4, xm)" xm v N
where,
T, -T T -T
An:—2( I c)cos(n7t)+—2( .~ T.) 4.17
nT nw

From eq. 4.14, it is possible to derive the time variation of the thickness of the liquid
film:

dT _Ahyp, dX(1)

4.18
dX|y_x k dt

Where, the temperature gradient at the moving boundary is calculated from eq. 4.16.

Thus, the variation of the film thickness can be expressed as:

XM _ K |&, ) nn T
= A o v w )
i b nz:; e X0 cos(nm)+ 4.19

Eq. 4.19 is a non-linear first order differential equation of the location of the liquid-

vapour interface. A time t = 0 s, the initial thickness of the film 0i; is the inlet parameter
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of the model. It has to be noted that the model can also be used in the condenser area to

estimate the time scale of condensation. In that case, the temperature of the wall Ty, is

equal to Te.

2.3. Film thickness variation during phase-change

In this section, we present simulations obtained with the analytical model presented
above for the experimental conditions, namely T. = 55 °C, T¢ = -3 °C and P: = 0.42 bar,
with FC72 as the working fluid in experimental setup as described in section 1 of chapter
3. Let us assume that the pressure of the vapour is equal to P; as a first approximation.
In reality, the vapour pressure fluctuates around this value during one cycle (fig. 4.4).
There are two main unknowns in the model: the initial thickness of the liquid film and
the temperature of the vapour Ty, which is needed to calculate the liquid-vapour
interface temperature Tlv. Let us assume that Ty ranges between Tw and Tsa: (Pv). Within
this range of vapour temperature, the interface temperature Tiv (eq. 4.10) is ranging
between 33.2°C and 34°C. Thus, the superheating of the vapour does not have a strong
influence on Tiy and we assume that Ty is equal to Ty in the following. Let us also assume
that the temperature of the wall is equal to the temperature of the evaporator; the wall

poses no thermal resistance.

Fig. 4.13 presents the temperature field of the liquid film at different times assuming an
initial film thickness equal to 50 um. The vapour initially condensates until time t = 24
ms, after which the temperature gradient inside the film becomes negative enabling the
evaporation of the liquid thin film to begin. Till that time, the thickness of the film has
increased to 58 um due to mass addition due to condensation of vapour. At time t = 93
ms, the thickness of the film reaches the initial thickness again, as a result of
evaporation. Thus, a time delay of about 100 ms is necessary before the net evaporation
of the film begins. This is not at all negligible since it represents 1/5th of the meniscus
oscillation period. The liquid film gets totally evaporated at time t = 0.25 s, which

represents about one half of the period.
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Fig. 4.13: Temporal variation of the liquid film thickness (6it; = 50 um) and its
corresponding temperature at the conditions existing in the evaporator section of the

present experiment for FC72 (Te = 55 °C, Tc = -3 °C and P: = 0.42 bar).

Fig. 4.14 shows the variation of the liquid film thickness as a function of time in the
same conditions corresponding to fig. 4.13. One can clearly see two phases: the film
thickness increases rapidly due to the large condensation rate which is initially
prevalent. When the overall temperature of the film is close to Ti, the thickness
stabilizes until the evaporation of the film begins, the heat being now supplied from the
elevated wall temperature. With the decrease of the film thickness, the thermal
resistance decreases and therefore the evaporation rate increases, until the film

completely disappears.
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”

Fig. 4.14: Temporal variation of liquid film thickness (8it; = 50 um) at the conditions
existing in the evaporator section of the present experiment for FC72 (T. = 55 °C, T = -3

°C and P:= 0.42 bar).

Fig. 4.15 shows the major influence of the film thickness on the time required to
evaporate the film. Three initial liquid film thicknesses are compared: 8iri = 50 pum,
Siti = 75 um and 8ir; = 100 um. Obviously, the time required to evaporate the film
increases with the increase of 8iti. The time period for which the initial phase of
condensation prevails is equal to 24 ms, 54 ms and 100 ms, and the time period before
net evaporation begins is equal to 93 ms, 210 ms and 390 ms for initial film thickness
Siti = 50 um, &iri = 75 um and &ii = 100 um, respectively. For the two last film
thicknesses, the delay induced by the condensation is not compatible with the present
experiment for FC72 (T. = 55 °C, Tc = -3 °C and P: = 0.42 bar) as the frequency is equal
to 2 Hz. The next meniscus cycle will commence before the liquid film fully evaporates.
The results show that when the thickness of the film is doubled, the delay is multiplied
by four. Thus, a very precise estimation of the initial liquid film thickness is required to

accurately modeling the PHP behavior.
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Fig. 4.15: Influence of the initial thickness of the liquid film on its evolution from initial
condition to the final state of complete evaporation. During the initial period the film

becomes thicker as it experiences condensation of vapour on it.

The physical mechanisms that control the thickness of the liquid film are similar to that
encountered into dip coating problems, in which a substrate is withdrawn from a bath,
to deposit a liquid film. In the case of a PHP, the tube is stable and the liquid moves but
the principles are similar. These kinds of films are described as the Landau-Levich flows
(Mayer et al. [4.22]) from the names of the two authors who first reported on this
problem in 1942. It has been shown that the thickness of the film depends on several
non-dimensional numbers like the capillary number and the capillary length (Mayer et
al. [4.22]). The geometry of the substrate as well as its wettability is also important
parameters. Dip coating problems are still an active field of research nowadays. This is
the literature that has to be explored to increase the knowledge on such films inside a

PHP, but this is beyond the scoop of the present work.

The model presented in section 1.4.3 can also be used to study the heat transfer
phenomena at the condenser. In that case, the temperature of the wall is set to the

condenser temperature (e.g. -3°C in the conditions of the experiment). Fig. 4.16
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presents the temperature of the film for different times assuming an initial thickness of

50 um. One can clearly see that the condensation rate is intense in the early stages and
decreases subsequently as the film thickness increases. As the thermal resistance of the
film increases, the condensation rate is lower than the evaporation rate. Nevertheless, as
there is no delay at the condenser, at time t = 0.25 s (which corresponds to the time
needed to evaporate a film of thickness 50 um), the increase of the film thickness is
equal to 50 um at the condenser. Thus, the mean rate of condensation is equal to the
mean rate of evaporation, but the dynamics of both heat transfer processes are different,

condensation process being more regular.
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Fig. 4.16: Temperature of the liquid film (8iti= 50 um) at different time in the

conditions of the experiment at the condenser.

This simple analysis can obviously not describe the entirety of the complex process of
heat and mass exchange during the cycle of the vapour bubble - liquid slug interface in
an operating PHP. For instance, the above analysis tends to show that during any
portion of the cycle, when the meniscus is in the evaporator, the thinnest portion of the

liquid film is subject to evaporation while the thickest portion of the film is
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simultaneously subjected to condensation (from the vapour) and evaporation (due to

the heat flowing from the wall) that eventually results in net evaporation. Taking this
observation into account, and the thermally thick character of the liquid film, it is
imperative that a comprehensive treatment of the unit-cell is required for deeper
understanding of the involved spatio-temporal phenomena. Alternately, just considering
evaporation of the film is not sufficient, as part of the film may also be experiencing
condensation due to the local spatial thermal non-equilibrium. From an experimental
viewpoint, it is now clear that at least two new parameters should be measured as a
function of time to describe quantitatively the mechanisms involved in the studied
system: the time evolution of the vapour temperature and either the film shape/size or
the time required for its evaporation. Proper video-recording could allow characterizing
the film geometry and its time-dependant evolution, but measuring the vapour
temperature with high time-resolution and with minimal perturbation certainly remains

a challenge to be addressed in the future.

3. Closing remarks

» Self-sustained thermally-driven oscillations of a single meniscus can be obtained and
efficiently sustained inside a capillary tube over long periods of time by maintaining
a step thermal gradient over its length. Associated phase-change processes lead to
thermo-mechanical instability in the system which generates continuous auto-
oscillations of the meniscus. The amplitude of the oscillations not only depends on
the temperature difference between the condenser and the evaporator, but also on
their absolute temperature levels. Oscillations are quasi-periodic in nature for a
range of imposed temperature gradients; they become more regular and periodic as
this gradient decreases. In line with the recent literature (by this group of authors
and others), maximum pressure in the vapour space does not occur when the liquid
meniscus is at top of evaporator section; it occurs when the meniscus reaches the
adiabatic section in the downward stoke while going from the evaporator to the
condenser. During this downward motion of the meniscus, a liquid film is laid down
on the tube wall and the very high net evaporation rate of this film contributes to
rapid increase of the pressure in the vapour space.

» The two processes of evaporation and condensation of vapour to/from the liquid film
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and the meniscus respectively, may occur simultaneously during parts of the cycle.
Net vapour mass flux is determined from the dominant mechanism out of these two.
Condensation of vapour mostly occurs on the liquid film inside the condenser
section. A small amount of condensation is also observed on the moving meniscus.
For a given boundary condition, the film thickness and its length at a given time
determines the overall dynamics of the meniscus. The results show that evaporation
takes place at both, the triple-line and the liquid film interface, the continuation of
the former mechanism being somewhat higher than the latter. The amount of vapour
generated at the triple-line is significant and equal to more than 1/3 of the
contribution of the liquid film evaporation. At the triple-line, the evaporation rate is
nearly constant during one complete cycle while it depends strongly on the location
of the meniscus inside the system for the liquid film evaporation. With average value
of Capillary and Bond numbers, the initial film thickness estimated by Han and
Shikazono [4.8], is in the range 80 um to 90 um. This is in reasonable agreement
with the range predicted by our model (65 um to 75 pm).
» Most of the existing mathematical models fall short of predicting the entire thermo-
hydrodynamics of pulsating heat pipes. While some do not include evaporation and
condensation processes, others do not appreciate the dominant role of the liquid film
in obtaining self-sustained oscillations. The intricate dependency of the net vapour
pressure on simultaneous occurrence of evaporation and condensation is also not
included by any of the models reported till date. Too, the occurrence of superheated
vapour and the possibility of the existence of metastable phase behaviour need
further exploration. The experiments reported here helps in understanding these
critical issues and will contributed towards improved mathematical modelling of the
entire PHP systems. Nevertheless, a predictive theoretical model of both the triple
line and thin film evaporation is not easy to develop. It has to include the thermal
inertia effects in both the wall and the liquid film, since the thermal problem is
highly non stationary. Furthermore, the physics of the triple line - that has been
widely studied in the literature - includes several unknown parameters that have to
be taken into account (accommodation coefficient, disjoining pressure, contact
angle).

» The evaporation mass flux experienced in the vapour space is not only due to the
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heat flow by conduction from the wall to the interface, but also to the thermal non-
equilibrium between the vapour and the liquid. If the vapour temperature is greater
than the liquid temperature, the net mass flux of evaporation will be lower than
conduction-induced evaporation mass flux, as the thermal non-equilibrium leads to
condensation. Otherwise, the mass flux is due to both conduction through the film
and thermal non-equilibrium.

The simplified analysis of unsteady heat transfer in the liquid thin film shows the
importance of measuring the time-evolution of the temperature of the vapour with a
high time-resolution and a good accuracy, which remains a challenge today under

such experimental conditions.
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Chapter 35

Modeling of single branch PHP

This section presents the thermo-hydrodynamic modeling of the system consisting of a
vapour plug and a liquid slug oscillating in a tube closed at one end and connected to a
reservoir at a constant pressure P; at the other end (Fig. 5.1). The equations of the model
were already presented in Das et al. [5.1]. Some modifications are introduced in this
chapter to take into account the peculiarities of the new experimental set-up and
improve the liquid film evaporation model in the light of the experimental results. In
particular, the equations of the model are developed for the system being in vertical
orientation, while in Das et al. [5.1], the system oriented horizontally. Later, we will
discuss the results obtained using this model in comparison with the experimental
results obtained in chapter 4. Also, a parametric study is carried out to understand the

implications of the various factors on the working of such system.

F Y
¥
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Evaporator Condenser
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— > “ >
Xir Ly Lv, cond
X —J
Fig. 5.1: Geometrical properties considered in the model.
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1. Modeling of the different components of the unit-cell system

Basically, the system can be divided in 7 main components: the liquid slug, the vapour
plug, the liquid film, the reservoir, the tube, the condenser and the evaporator. The
liquid slug confines the vapour plug at the closed end of a cylindrical tube of diameter d
and cross-section area A = nd2/4. The x axis reference is located at the closed end of the
tube and the x axis was the orientation as the gravity acceleration (g). The length of the
tube is Li. A dead volume is introduced in the model to take into account the volume of
vapour trapped between the evaporator and the end of the tube. This dead volume is due
to the presence of the pressure sensor and the connection to the vacuum reservoir. It is
modeled by an equivalent length La. The evaporator and the condenser length are L. and
L. respectively. The condenser and the evaporator are separated by an adiabatic length
La. A part L: of the capillary tube extends beyond the condenser until the reservoir at a

constant pressure P;.

The pressure of the vapour bubble inside the tube P is a function of time. When the
liquid plug leaves the evaporator, a small liquid film is left on the wall. The evaporation
of film is responsible for the addition huge amount of vapour in the vapour plug. The
location of this film inside the evaporator is xir and its thickness is . When the liquid
slug is pushed into the condenser, a part of the condenser wall of length Ly cond is in
contact with the vapour and condensation occurs. The behavior of each of the different
components of the system is described in the next section and the equations and

hypotheses of the model are discussed.

Note: For developing the model we have taken x from top of the dead volume as shown in fig. 5.1. Later
capital letter X is used to present the results rather than x, with the following relationship between both
parameters: X= -x+Lg+Le+Lq. X has for origin the boundary between the condenser and the adiabatic

area, following the formalism used in chapter 4 to present the experimental results.
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1.1. Reservoir

The volume of the capillary tube is more than 1000 times lower than the volume of the
reservoir. Therefore the variation of the reservoir properties during the experiment can
be considered as negligible and a constant and known pressure P: can be applied as one
of the boundary conditions of the system, which is verified experimentally with the

pressure sensor.
1.2. Liquid slug

The liquid slug moves during the experiment due to the pressure difference existing
between the reservoir and the vapour plug. Its velocity u is linked to the location x(t) of

the meniscus:

dx

u=—
dt

5.1
u is positive when the meniscus moves towards the condenser and negative when it
moves towards the evaporator. The movement of the liquid slug inside the tube is

described by the momentum balance equation:

d I
—(r(;ltlu) = (Fp +m,g —sign (u)FT) 5-2

Where, mi is the mass of liquid inside the tube, which is derived from geometrical

considerations and pj, the density of the liquid, A is internal cross sectional area:
m, =p,A(L, —x(t)) 5.3

We assume that the mass balance of the liquid slug depends only on the velocity. Indeed
the evaporation and condensation rates are small compared to the velocity of the
meniscus. F, is the difference of pressure acting on the liquid slug at each of its
extremities. F, is composed of four components. The various components of this

analysis are shown schematically in fig. 5.2.

* The sign of the F.is depends up on the direction of the meniscus velocity.

Manoj RAO - PhD Thesis: CETHIL, INSA de Lyon, France - 2015 153

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0080/these.pdf
© [M. Rao], [2014], INSA de Lyon, tous droits réservés




Modeling of single branch PHP P®it]i o

x=0

P()

(2o0cose/d)
x(t)
u = (dx/dt)

Diff. Pressure
Transducer

(AP measured)

mig Lt

Elveflow
function generator

Xr

APmeas = Pr(t) - P(t)

AP exp= APmeas+ P19Xr
AP+ = Theoreticalpressure difference across Lt

Fig. 5.2: Pressure drop measurement and various components involved in it.

26c0s0

F, = A(P(t)— .

Pr(t)—pngrj 5.4

Where, P(t) is the vapour plug pressure above the meniscus, 26cos6/d is the capillary
pressure component due to the curvature of the liquid-vapour interface inside the tube,
which depend on the diameter of the tube and the contact angle 6 between the triple line
and the tube. P(t) is the pressure of the reservoir, which is measured in the vapour
phase. Therefore, the pressure at the outlet of the tube into the reservoir has to be
increased by the hydrostatic component due to the level X; of the liquid-vapour interface

in the reservoir compared to the tube outlet.
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F: is the sum of regular and singular friction forces between the liquid slug and the tube,

Fr,reg and Fr,sing respectively:

F.=F ., +F

T 1,188 1,8in g 5'5

Its sign depends on the direction of the meniscus movement. F. always acts to
counterweight the movement, contrary to the weight of the liquid slug mig that
contributes to accelerate the meniscus when it moves towards the condenser and on the
contrary, prevent its motion back towards the evaporator. Therefore, if the meniscus
moves towards the condenser, F; is negative, while when the meniscus moves towards

the evaporator F; is positive.

In the model of Das et al. [5.1], regular friction forces are calculated assuming the flow
inside the tube as fully developed. F::es can therefore be expressed by the following

expression that depends on the Reynolds number Re:

1

Fr,reg = ;Cfdpln(l‘t - X)u2
o ifRe=0 5.6
16 if Re<1

) B p1|u|d

With C; =4 16 . and Re=——
—if 1<Re<1180 u
Re
0.078 Re ™ ** if Re>1180

A singular pressure drop exists at the outlet of the tube in the reservoir due to the
contraction or the enlargement. As the diameter of the reservoir can be considered as
infinite compared to the diameter of the tube, the following expressions can be used to

calculate singular pressure drops:

lApu2 if u>o0 (enlargement)
2

F sing — 57
R | . .
—Apu?if u<o (contraction)
4
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One has to be aware that the flow being oscillating by nature, it cannot be considered as
fully developed. Nonetheless, to our knowledge, no correlations are available to calculate
the regular pressure drops in these conditions. Therefore, a pure hydrodynamic
experiment has been developed to evaluate the validity of the classical correlation in the
present experiment. A comparison with the results of the experiment is presented in

section 2 of this chapter.

The temperature of the liquid slug is difficult to estimate properly. Indeed, during the
experiment, the liquid slug is in contact with the reservoir, the evaporator and the
condenser at the same time. Therefore, a temperature gradient certainly exists inside
the liquid slug and depending on its location inside the tube. In eq. 5.2, the temperature
of the liquid slug is considered as homogeneous to calculate the properties of the liquid
(u and p). Both these parameters depending on the temperature, this can lead to an

uncertainty on the results of the model.
1.3. Vapour plug

Contrary to the liquid slug, the mass balance of the vapour plug is strongly dependent
on the evaporation and condensation phenomena due to the difference of density. The

mass balance equation for the vapour is therefore written as:

‘e_mc) 58

with m_ and m_the flow rates of evaporation and condensation respectively. As it has

been shown in chapter 4, the accurate calculation of these flow rates requires the
resolution of the transient heat transfer equation in both the tube and the liquid film.

The numerical resolution of such a problem will be discussed in the following sections.

Nonetheless, the flow rate of condensation can be simplified, with a reasonable
accuracy, using eq. 4.2, developed in chapter 4. The same approach was used in
Das et al. [5.1]. The flow rate of evaporation is given by the dynamics of the liquid film

which is derived in the next section.
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The saturation temperature of the vapour is smaller than its temperature since the
vapour has been proved experimentally to be superheated. Tsai(t) is a function of the
vapour pressure P, which is assumed to be homogeneous inside the vapour plug. Indeed,
the frequency of the oscillation is not high enough to create an important pressure
gradient inside the vapour plug. The vapour pressure is defined by the equation of state

which is assumed to be that of ideal gas:

P=— 5.10

The calculation of the vapour pressure requires the knowledge of the vapour

temperature, which is obtained by writing the energy balance equation for the volume of

vapour:
ar 1 (5 Rrio, —pau »
dt m,.C,, M 5

Where, Cyy is the vapour specific heat at constant volume. The sensible heat flux ®gens is

given by:

(I)sens :hsensnd(Le _Llf XTe _T) 5.12
Where, hsens is the sensible heat transfer coefficient between the tube and the vapour in
the part of the evaporator not wetted by the liquid film. Let us assumed that sensible
heat is so small compared to latent heat transfer, that it can be neglected as a first

assumption.
1.4. Liquid film dynamics

In the model of Das et al. [5.1], the thickness of the film is supposed to be constant while
its length Lis varies due to evaporation or rewetting of the liquid slug, when it enters into
the evaporator. However, we have seen in chapter 4 that the thickness of the film also

increases or decreases in the evaporator and represents an important contribution to the
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total evaporation rate. Therefore, the temporal variation of the thickness &(t) shall be
introduced in the model. The length of the liquid film Lis is defined only in the
evaporator section since no evaporation is supposed to occur in the adiabatic section. It

is expressed by considering the mass balance equation at the triple line:

0 ifL;=0and u<0
dL, | 1
dt pidd, ()

me,tl if x> Le + Ld 5.13

m,_, otherwise

u —_——
prdo, (t)

As it has been explained above, the flow rate of evaporation on the triple linem_,
depends on the transient heat transfer equation in both the tube and the wall. In
Das et al. [5.1], the same simplified expression as for the condenser was used,
introducing a heat transfer coefficient hey at the triple line supposed to be constant:

h,  nddy (T B

Ihe,tl = Tsat (P))

5.14

v

The thickness of the liquid film & can be expressed in the same manner, introducing a
heat transfer coefficient her at the liquid vapour interface of the liquid film, supposed to

be constant:

oifL;=0o0rd,=0

do, B )
dt |-—— ., otherwise
plndLlf(t) .
5.15
- h, ,mdL
n’le,lf :M(Te _Tsat(P))

Iv

dif is supposed to be equal to dir; at the moment the liquid film is deposited on the wall.
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1.5. Tube, evaporator and condenser

In the model of Das et al. [5.1], the tube is supposed to be a perfect thermal conductor
and the evaporator and the condenser are considered as two perfect heat sources having
a constant temperature Te and T.. Therefore, the temperature of the tube is supposed to
be constant in both the evaporator and the condenser and equal to the temperatures of

the heat sources.

In the experiment, the temperatures at the evaporator and at the condenser are
controlled by two heat exchangers connected to a thermostatic bath of controlled
temperatures T. and T.. Therefore, the real boundary condition at the outside periphery
of the tube is a Fourier boundary condition between the wall and the heating fluid at
temperature T. or the cooling fluid at temperature T.. The heat transfer coefficients
depend on the cooling or heating fluid properties inside the two heat exchangers as well
as the heat exchanger geometry and the velocity of the fluid within it. Inside the tube,
the saturation temperature is imposed at the liquid-vapour interface and the liquid film
thickness and the temperature of the film are both functions of time. Therefore, the
temperature field inside the tube is also a function of time and the transient heat
transfer equation has to be solved to take into account both the heat transfer within the

tube and the liquid film and the thermal inertia of the system.

A thermal model has been developed in order to evaluate the influence of the nature of
the tube and of the heat exchanger on the temperature of the tube and the rate of
evaporation. This model does not take into account the triple line, but only the liquid
film. It is an extension of the analytical model developed in chapter 4 for the liquid film,
which takes into account the tube, the heat exchanger and a variable saturation

temperature at the liquid vapour interface of the liquid film.

Fig. 5.3 shows the equivalent electrical representation of the transient thermal model of
the system at time j. The tube and the liquid film are discretized in ng and nir nodes of

temperature Tin, and Tir, respectively and are separated by equivalent thermal
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resistances and equivalent thermal capacitors. A perfect contact is assumed between the

liquid film and the tube.
hHS' THS , I sat {P}

Heat Source or Tube Liquid film
Heat Sink (HS) :

Fig. 5.3: Thermal model of the tube, the evaporator or the condenser.

The conductive thermal resistance (in K.m/W) of the tube is expressed in cylindrical

coordinates at node z:

1)Ax
e
R oy = ext_ZAth
cond,tb,z
2nK,, 5.16
. D_.-D.
Wlth Ath — ( ext 1nt)
n, -1

where, Dint and Dext are the internal and external diameters of the tube respectively, K,
is the thermal conductivity of the tube and Axg, the distance between two nodes in the

tube. A similar expression is derived for the liquid film.

The thermal capacitance per unit length of the tube Cy, (in J/m.K) is expressed as:
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.Y RS
ptbCpthE (Dext _Ath (Z_2)j _(Dext _Ath (Z +2)) :|
Co. = i forz#1andz#n,
| 4
I 2 Ax b )2 |
ptbCpthc Dext _(Dext _Tt) 1
Ctb,1 = = -
4
AX 2 2 1 2 AX 5
ptbCPth{(Dint +—)* =Dy, plfcplfn|:Dint —(Dyy _Tlf) }
Ctb,n = =+
4 4

where, pw, and p1 are the density of the tube and the liquid, respectively, Cp» and Cpr are
the thermal capacity of the tube and the liquid film, respectively. Similar expressions are

derived for the liquid film.

At the contact between the heat exchanger and the tube, a convective heat transfer

resistance (in K.m/W) is considered:

- 1
R, -1
conv hHSTCDext 5.18

where hys is the convective heat transfer coefficient between the tube and the heat
source or the heat sink at temperature Tus = Te or Tus = T. respectively. At the liquid
vapour interface, a temperature Tsa:(P) is imposed. The mass flow rate of evaporation or

condensation at the liquid-vapour interface m  is calculated as:

j j
m o 1 ’I‘lf,lllf _’I‘lf,nlf -1
Vo R 519
hlv Rcond,lf My -1

If m_ is negative the liquid film evaporates while if it is positive vapour condensates.

The energy balance equation is written at each node of the system using an explicit

scheme. We obtain the following expression for the tube at node z:
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J ) j )
Ttb,z—l - Ttb,z Ttb,z - Ttb,z+1
R = R + Ctb,z

thtj,; - Tt]t:;
At 5.19

cond,tb,z—1 cond,tb,z

Where, At is the time step between time j+1 and time j. Similarly expressions can be
derived for the other nodes of the model. We obtain a set of ns+ nir -1 equations with

nw+nis - 1 unknowns at each time step.
1.6. Resolution of the equations of the model

Eq. 5.1, 5.2, 5.8, 5.11, 5.13 and 5.15 form a set of six coupled differential equations with
six unknowns x, u Li, &1, my and T. These equations are solved using a fourth-order
Runge-Kutta method following the same resolution process as in Das et al. [5.1]. The
heat transfer coefficients hen and hejr being unknown, they are adjusted to fit with the
experimental data. A known initial thickness 8i;i (from experimental results obtained in
section 1.4.3 of chapter 4) is applied when the meniscus location has reached at top
most location inside the evaporator and moves towards the condenser. To begin the
resolution, initial conditions are chosen for the six unknowns with value close to the one
measured experimentally. Several oscillations are recorded until a stable solution is

reached.

The thermal model of the tube and the liquid film at the condenser and the evaporator is
solved by considering an a priori initial condition for the entire temperature field in the
liquid and in the tube. The heat sink or the heat source temperature is set to Te or T
while a constant or a varying saturation temperature is applied at the liquid-vapour

interface.

At the evaporator, when the liquid film is totally evaporated, an adiabatic boundary
condition is applied at the inner of the tube during a known delay chosen by the user.
Then, a new liquid film is deposited on the wall with a known initial thickness di;,i and a
temperature equal to T.. The process is repeated several times until a repeatable

solution is obtained.
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At the condenser, condensation occurs during a time fixed by the user. Then a constant
temperature is applied at the inner of the tube during a known delay chosen by the user
corresponding to the presence of the liquid slug inside the condenser. Then, a new liquid
film is deposited on the wall with a known initial thickness dit,; and a temperature equal

to Te. The process is repeated several times until a repeatable solution is obtained.

The thermal model has been validated by comparison with the analytical model
developed in chapter 4, especially for choosing the time step, the spatial step being

limited by the maximum acceptable Fourier number for an explicit scheme (Fo < 0.5).

A coupling between the thermal model of the tube and the liquid film with the system of
differential equations can be considered in the future, but a thermal model of the triple
line has to be developed and heat transfer within each section of the tube has to be

introduced.
2. Comparison with the experimental data

Let us now compare the results obtained using the model and the experiments to have
an idea of the validity of model and also to know the affecting parameters in such single
branch PHP system. First we will discuss the single phase pressure drop obtained using
model and compare it with the experimental pressure drop measured using
experimental setup 2 as described in section 2 of the chapter 3. Later we will discuss the

results of thermal model.
2.1. Single phase pressure drop comparison with experiments

As discussed above in section 1.2, a pure hydrodynamic experiment (refer to chapter 3
section 2) has been developed to evaluate the validity of classical correlations for
pressure drop calculation in the present experiment. For the sake of comparison the
fluids FC72 and Pentane are used at adiabatic conditions (room temperature). The
experiments have been performed for 2 frequencies of oscillation (1 Hz and 1.5 Hz) so as
to compare to the frequencies obtained in self-sustained thermally-induced oscillation
as discussed in chapter 4. The meniscus oscillations recorded during the experiment

enable to calculate the temporal variations of liquid slug velocity and its instantaneous
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mass. Referring to the eq. 5.2 and then merging it with eq. 5.3-5.7, it is possible to find

out the instantaneous differential pressure between reservoir pressure P:(t) and

pressure above the liquid slug in capillary P(t).

The meniscus location and the experimental instantaneous differential pressure drop
(P:(t) — P(t) + pigXs) are plotted for FC72 (fig 5.4 (a) and (b)) and for Pentane (fig 5.4

(c) and (d)). On the same figure, the theoretical pressure drop including all components

for whole tube length L is also plotted.
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Fig. 5.4: Comparison of temporal variation of analytical and experimental pressure drop

for the single phase liquid oscillating inside a capillary tube of 2mm along with the
meniscus movement, where (a) for fluid FC72 oscillating at 1 Hz (b) for fluid FC72

oscillating at 1.5 Hz (c) for fluid pentane oscillating at 1 Hz (d) for fluid pentane

oscillating at 1.5 Hz (here X-axis represents the location of meniscus in capillary tube,

o corresponds to the closest location to reservoir during the oscillation).
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A good agreement is observed between the theoretical and experimental data, which

shows that classical correlations used to calculate pressure drops inside the liquid plug

are relevant in the case of an oscillating flow. A closer look in to the results reveal that

the pressure drops adds a time delay to on the extremum of the pressure oscillations

and slightly increases the amplitude of the pressure variation.
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Fig. 5.5: Comparison of three components contributing in theoretical pressure drop

across the tube length L: by dividing them with internal cross sectional area A,

(i) Instantaneous momentum of the liquid slug (dmu/dt), (ii) Gravitational term (mg)
and (iii) Shear term (F.) for (a) For fluid FC72 oscillating at 1 Hz (b) For fluid FC72

oscillating at 1.5 Hz (c) For fluid pentane oscillating at 1 Hz (d) For fluid pentane

oscillating at 1.5 Hz.
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We can note that the contribution of capillary pressure component due to the curvature
of meniscus (26cos0/d) is negligible as compared to other components. Indeed, let us
consider the maximum value of this component for cos6=1. For FC72 it is equal to 10 Pa
(0.1 mbar) and for Pentane it is 15 Pa (0.15 mbar), which is very less than other
components which are in the range of 10 to 100 mbar. As we know from eq. 5.5, F-is
summation of regular and singular friction forces, we found that in our arrangement
(experimental setup 2, as described in section 2 of chapter 3) the singular frictional
forces contributes only about 5-10% of total F.. This shows that the singular frictional

component is not important as compared to the regular frictional component.

Referring to eq. 5.2, the momentum equation of the system is mainly conserved by three
components F, (due to pressure difference across the liquid slug), mig (due to the mass
of the liquid slug) and F: (due to wall shear stress and singularity at the end of capillary
inside the reservoir). Let us compare three components contributing in theoretical
pressure drop (Fp/A) across the tube length L: by dividing them with internal cross
sectional area A to see their relative contribution in overall pressure drop, (i)
Instantaneous momentum of the liquid slug ((dmu/dt)/A), (ii) Gravitational term
(mig/A) and (iii)) Shear term (F./A) for the cases discussed in fig. 5.4. This
representation gives the idea of the relative influence of these components on the overall
pressure drops. Fig. 5.5 shows the temporal variation of these components for the cases
of FC72 (1-1.5 Hz) and Pentane (1-1.5 Hz). By looking at these figures, it is clearly visible
that the effect of gravitational force is predominant on other two components. This
conclusion may lead to the requirement of performing these experiments in horizontal

orientation to increase the accuracy of the measurement.
2.2. Thermal model of the evaporator

In this section, the results obtained with the thermal model developed in section 1.5 for
the evaporator are presented with the same geometrical and boundary conditions as in
the experimental bench presented in chapter 3 and 4 , FC72 being the working fluid. The
temperature of the heat source and of the heat sink are equal to 46°C and 20°C
respectively, and the saturation temperature is fixed at 35 °C, which corresponds to a

mean experimental value with these boundary conditions. The tube is made of
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borosilicate glass (p = 2230 kg/m3; K = 1.2 W/m.K; C, = 830 J/kg.K) and is 2 mm thick
with an inner diameter equal to 2 mm. The initial thickness of the liquid film is equal to

70 um.

Fig. 5.6 shows the effect of the transient heat transfer between the heat source and the
liquid film on the inner tube temperature, at the contact with the liquid film. Three
different heat transfer coefficients are considered between the heat source and the tube
(has = 200 W/m2K; hus = 600 W/m2K and hus = 1000 W/m2K). The estimation of the
experimental heat transfer coefficient — calculated using a classical correlation of forced
convection on a flat plate having a length equal to the length of the evaporator - is close
to 200 W/m2K. At time t=0 s, the film is supposed to be deposited by the meniscus on
the inner of the tube with a temperature equal to the condenser temperature; at the end
of the simulation, it is totally evaporated and a new cycle begins. At the beginning of the
cycle (time t = 0 s) , the temperature of the wall decreases brutally due to the presence of
the cold liquid film and progressively increases to reach a maximum value varying from
38°C to 39.2°C depending on the value of hus. For the heat transfer coefficient
hus = 200 W/m2K, the mean temperature of the wall is equal to 37.5 °C, which is much

smaller than the temperature of the heat source.
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Fig. 5.6: Inner wall temperature of the tube at the contact with the liquid film.
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The time required to evaporate the liquid film is equal to 3.2 s, while it lasts about 1.2 s
during the experiment. Nonetheless, in the experiments, the film also evaporates at the
triple line, which increases the amount of evaporation. Furthermore, one can see that
the effect of hus on the evaporation period is important. Yet, in the condition of the
experiment, hys varies all along the tube. It is higher at the bottom part of the
evaporator, close to the adiabatic section than at the top of the evaporator. Indeed, in
the experiments, the heating liquid arriving from the thermostatic bath enters into the
evaporator heat exchanger perpendicularly to the tube, at the bottom of the evaporator.
Therefore, at this location, the heat transfer coefficient is probably much higher than
200 W/m2.K. Then, the liquid goes through the heat exchanger in parallel with the tube
towards the top of the evaporator and as a consequence, the heat transfer coefficient
decreases. Therefore, the liquid film evaporation is more efficient near the adiabatic

section than inside the evaporator.

Fig. 5.7 presents the flow rate of evaporation of the liquid film versus time for the three
value of hgs. Initially, the liquid film thickness increases due to the condensation of the
vapour on the cold liquid as it was already observed in the analytical model developed in
chapter 4. Then, the evaporation of the liquid film increases with the increase of the

time. This result confirms that liquid film evaporation is not a linear function of time.
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Fig. 5.7: Flow rate of evaporation of the liquid film.
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One can conclude from this section that an accurate modeling of the liquid film requires
a complete 2D modeling of the thermal system, taking into account the heat transfer
between the heating fluid in the evaporator heat exchanger and the tube, and the heat
diffusion in the tube and the liquid film. Indeed, both the thermal diffusivity of the tube
and the heat transfer coefficient between the heat exchanger and the tube have an
influence on the dynamics of the liquid film. In a real PHP, usually made of copper, the
thermal diffusivity ( and in relation also the effusivity) of the tube would be much

higher, leading to a different behavior as it will be explained in section 3 of this chapter.

Anyway, in the next section, the model of the liquid film is simplified using eq. 5.14 to
reach some conclusions on the liquid plug, vapour slug and liquid film dynamics. The
wall is supposed to be at a constant temperature T. with a constant heat transfer

coefficient between the heat source and the saturation temperature of the vapour.
2.3. Liquid plug, vapour slug and liquid film dynamics

In this section, eq. 5.1, 5.2, 5.8, 5.11, 5.13 and 5.15 are solved and the results compared to
the measurements of the vapour pressure, the meniscus oscillation and the liquid film
dynamics presented in chapter four. The unknown heat transfer coefficients hey and het
are chosen so that the dynamics of the liquid film thickness and length fits with the
experimental data presented in chapter 4. The sensitivity of the model to these

parameters is important, as it will be shown in the parametric study.

Fig. 5.8 shows the meniscus location v/s time for different temperatures of the wall:
(Te = 37.5 °C, Te = 38 °C, Te = 40 °C and Te = 46 °C), the temperature of the condenser
being equal to 16 °C. The fluid is FC72 and the pressure of the reservoir is equal to 0.5
bar. The geometrical parameters are the same as in the experiment. The heat transfer
coefficient at the condenser is supposed to be equal to 800 W/m2.K, following the same
assumption as in chapter 4. One can see that the oscillation pattern obtained by the
model is close to that measured experimentally. Depending on the temperature of the
evaporator Te, the frequency of the oscillation and its amplitude are different, both the
frequency and the amplitude increasing with the increase of Te. For a temperature of the

evaporator Te = 37.5 °C, the frequency and the amplitude are similar to that observed
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experimentally. This temperature is also the mean temperature of the wall calculated

with the thermal model, which confirms the conclusions reached with this model.

0.2

]
— T =375C
- T =38C

m= T =40°C

Time [s]

Fig. 5.8: Meniscus movement depending on the evaporator temperature.

Fig. 5.9 shows a comparison of meniscus and triple line dynamics and vapour pressure
between the model with T. = 37.5°C and the measurements. There is a good agreement
between the experimental and numerical results for both the liquid film and oscillation
dynamics. The mean vapour pressure on one cycle is similar numerically and
experimentally but the time variations are slightly different, which can be explained by
the very simple modelling of the dynamics of the liquid film. For example, the numerical
vapour pressure increases abruptly as soon as the liquid film is deposited on the wall,
while experimentally this growth is smoother. This can be explained by the modelling of
the liquid film evaporation. Numerically, evaporation of the liquid film begins as soon as
the film is deposited on the wall, while the thermal model shows that there is a delay
during which condensation on the film occurs. Therefore, during this delay, evaporation
at the triple line is counterbalanced by this condensation phenomenon, which explains

why the pressure does not increase so sharply in the experiments.

Note: For the figures (fig.5.8 to 5.13) presented in this section, the location X = 0 corresponds to the
bottom of the adiabatic section. Locations defined by X > L, are in the evaporator section (represented

by red line on primary Y-axis) while those defined by X < o0 are in the condenser section (represented by

blue line on primary Y-axis).
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Fig. 5.9: Comparison of meniscus movement, triple line movement and vapour pressure

for Te = 37.5°C (in thermal model) and Te = 46°C (in experiments) for FC72 with

T.=16°C, P: = 0.5 bar, for similar dimensions as described in chapter 3 experimental

setup 1. hen = 7.348 %106 W/m2K; he s = 7.273x103 W/m2K.
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Fig. 5.10: Comparison of vapour temperature and saturation temperature corresponding

to the vapour pressure with Te = 37.5°C, for similar conditions as experimental data

presented in fig.4.5-a.

Fig.5.10 presents the vapour temperature, the vapour pressure and its corresponding

saturation temperature in the same conditions as in fig.5.9. This figure has to be

compared to the experimental results presented in fig.4.5-a. One can see a good
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agreement between the numerical and experimental results. It is clearly visible that the
vapour is always in superheated conditions and the hypothesis of using ideal gas
equation is within reasonable limits (this holds well as at given Py, it is very less than the

critical point for FC72 and we also have moderate AP and AT).

Fig. 5.11 to fig. 5.13 present the temporal variation of the meniscus and triple line
dynamics, and vapour pressure for three cases of Tc (Tc = 16 °C, Tc = 20 °C and T, =
24°C) for the sake of comparison with the experimental data presented in fig. 4.6-a-b-c.
The unknown heat transfer coefficients hen and hef are chosen so that the dynamics of
the liquid film thickness and length fit with the experimental data. One can observe the
same behavior as in the experimental data: the amplitude of the oscillation in the

condenser and the frequency of the oscillation increase with the increase of T..

As it was not possible to record the liquid film evaporation in the case of the
experimental data of Fig. 4.6-d, with T, = 28 °C, it is also not possible to identify the
unknown heat transfer coefficients heu and hejr using the same procedure. Nonetheless,
a parameter study is provided in the next section to show the influence of the heat

transfer coefficient on the dynamics of the system.
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Fig. 5.11: Meniscus movement, triple line movement and vapour pressure with
Te=37.5°C and T. = 16 °C, for similar conditions as experimental data presented in

fig.4.6-a.
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Fig. 5.12: Meniscus movement, triple line movement and vapour pressure with

Te=37.5 °C and T. = 20 °C, for similar conditions as experimental data presented in

fig.4.6-b.
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Fig. 5.13: Meniscus movement, triple line movement and vapour pressure with
Te=37.5 °C and T. = 24 °C, for similar conditions as experimental data presented in

fig.4.6-c.
3. Parameter study

This section presents a parameter study to show the influence of the main parameters
on the different models and try to reach some other conclusions on the fundamental

mechanisms of Pulsating Heat Pipes.
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3.1. Influence of the properties of the fluid and of the tube

The time required to evaporate a liquid film of thickness &ir depends on the properties of

the fluid and can be estimated using an approximation of eq. 5.15:

Meyr _ PirdLy8y _ h, mdLy (T, -

m ., =
el = A At

Tsat (P)) 5.20

Iv

Let us assume that hejr is only function of the liquid film thermal conductance (the

thermal inertia of the fluid is neglected):

h .= Klf _ 2Klf
elf =78 S
If i If i 5.21
2

In this expression, the conductance is calculated by considering a mean value of &«
which varies from & = dir; at time t = 0 s to dr = 0 when the liquid film vanishes.

Introducing eq. 5.21 into eq. 5.20 leads to the following estimation of At:

_ P Ahy, 0o
2Klf (Te - Tsat (P)) >

The thermal properties (K and Ahy) of FC72 are very poor compared to fluids like water
or ethanol. Nevertheless, the comparison of the times required to evaporate both types
of fluids shows no major differences since the low value of latent heat of FC72 is
counterbalanced by its low thermal conductivity in eq. 5.22. On the contrary, the huge
latent heat of water is counterbalanced by its high thermal conductivity. As a result, in
the conditions of fig. 5.6 (with has = 200 W/m2K and Te-Tsat(P) = 2.5 K), At = 2.6 s for
FC72 and At = 3.3 s for water (with Tsat = 81°C corresponding to a saturation pressure of

0.5 bar as for FC72).
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Using the analytical model developed in chapter 4 (eq. 4.16), the time required to
evaporate the liquid film with the same condition and a condenser temperature equal to
T. = 20 °C leads to an evaporation time of 3.05 s for FC72. The difference with the result
obtained with eq. 5.22 is due to the thermal inertia of the fluid. For water (with
T.= 66 °C), the same model leads to At=3.35s, which is very close to the result

obtained with eq. 5.22. This result is due to the high thermal conductivity of water.

Therefore, this time of evaporation, calculated by considering only the thermal
properties of the fluid cannot explain why it was not possible to obtain oscillations with

water.

Let us now consider the entire thermal problem and introduce the thermal properties of
the tube. Fig. 5.14 shows the inner temperature of the tube, calculated with the thermal
model, the working fluid being water at Tsat = 81°C. For the sake of comparison, let us
consider a condenser temperature T.= 66 °C and an evaporator temperature Te= 92 °C.
Therefore, the temperature differences between Tsa: and Tc and Tsa: and Te are similar as
the experiment with FC72. The heat transfer coefficient of the heat source has been
voluntarily fixed to (hus = 20000 W/m2K) so that the results show only the effect of the
tube properties since the convective resistance between the tube and the heat source can
be considered as negligible. The results show that the time of evaporation is much
higher with water than with FC72 (15 s for water and 2 s for FC72) in these conditions.
With eq. 5.22, this time of evaporation is obtained for Te-Tsat(P) = 0.55 K, which is close
to the mean temperature difference observed in Fig 5.14. This result is due to both the
properties of the fluid and the tube, and can be understood by comparing the thermal
effusivity (K.p.Cp)*/2 of the different materials given in table 5.1.

Table 5.1: Thermal effusivity (K.p.Cp)*/2 of different substances in W.K-1-m-2-s1/2

Substance Value
glass 1490
FC72 296
water 1690
pentane 355
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By looking at these numerical values, the conclusion is yet to arrive. Water’s effusivity
tends to impose its temperature to the inner of the tube, which in turn drastically
increases the time of evaporation (eq. 5.22). As a result, the dynamics of evaporation is
not sufficient to enable the oscillation of the system. On the contrary, for FC72 or even
for pentane ((K.p.Cp)V/2 = 355 W-K1m=2s'/2), the effusivity of the fluid is small
compared to that of glass, which provides a sufficient difference between T. and Tsat(P)
to evaporate with a high flow rate the liquid film and therefore to generate the

oscillation of the meniscus.

83
82.54
8 o N gy -
o, 82{f  TTTmeall
) [] .§.~
5 . Tan,
= 815 ..'§
E n ""...l
g 8l r
— L
80.5 nl
| |
| |
80 - :
0 5 10 15

Time [s]

Fig. 5.14: Inner wall temperature of the tube made of glass at the contact with the liquid
film for water (Tsat = 81 °C; Te = 92 °C; T = 66 °C; hus = 20000 W/m2K).

In most of the applications, Pulsating Heat Pipes are made of copper whose thermal
effusivity is always huge ((K.p.Cp)¥/2 ~ 37000 W-K-1-:m2-s/2) compared to the fluids.
Therefore, the difference between Te and Tsat(P) is less dependent on the nature of the
fluid and we can conclude that the time required for the liquid film evaporation is
similar for most of the fluids. As an illustration, fig. 5.15 shows the same study as

fig. 5.14, but with a tube made of copper.

Manoj RAO - PhD Thesis: CETHIL, INSA de Lyon, France - 2015 176

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0080/these.pdf
© [M. Rao], [2014], INSA de Lyon, tous droits réservés



Modeling of single branch PHP | ®itiid5

90
o N . gy
P »* »==" - .."\.
_ 89 T ,4.“' \
Q ’ .
s .
2. ,' |
© 881 ll
=
"é |
2,87 .
g
S .
n
86 '
.
85 ‘ ‘ .
0 0.5 1 1.5

Time [s]
Fig. 5.15: Inner wall temperature of the tube made of copper at the contact with the

liquid film for water (Tsat = 81 °C; Te = 92 °C; Tc = 66 °C; hus = 20000 W/m2K).
3.2. Influence of heu and heir and he on the dynamics of the system

Fig. 5.16 presents the effect of hen and heyr on the dynamics of the meniscus. The
conditions are the same as in fig 5.9 (Te = 37.5°C; T = 16°C; P: = 0.5 bar, fluid FC72).
The black curve is the meniscus oscillation calculated with heat transfer coefficients
(he,n = 8.638x10° W/m2K; hejr = 3.212x103 W/m2K) chosen so that the dynamics of the
liquid film thickness and length fits with the experimental data presented in chapter 4.
The blue and red curves are the meniscus oscillations obtained nullifying her and he g,
respectively. Therefore, the effect of each component on the shape of the oscillation can
be evaluated. One can see that each phenomenon taken individually leads to an
oscillation shape totally different with a frequency two times lower than the black curve.

This result shows that the dynamics of the film fully controls the oscillation parameters.

For the triple line, the heat transfer coefficient is huge. It however corresponds to
standard values available in the literature (Stephan and Busse [5.2]). The heat transfer
coefficient for the liquid film is twice the one calculated using the liquid film thermal
conductance (heir ~ 1600 W/m2K with equation 5.21). It has to be noted that it is not

possible to fit the experimental data using a smaller heat transfer coefficient for the
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liquid film. This result can be explained by the temperature of the wall which is probably
underestimated. With a wall temperature T. = 38.4 °C, the same pattern (fig. 5.17) as
with Te = 37.5 °C is obtained but the heat transfer coefficients are lower (hy = 5.579x10°
W/m?K; heje= 1.605x10° W/m?K) and more coherent with the heat transfer model. A

higher wall temperature leads to a smaller heat transfer coefficient.

|
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I = triple line + liquid film
: = = = triple line
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Fig. 5.16: Meniscus dynamic for Te = 37.5 °C and T. = 16 °C; hey = 8.638x10 W/m2K;
hejf = 3.212x103 W/m2K; he =800 W/m2K.

Fig. 5.18 shows that it is possible to find another pair of heat transfer coefficients
(hen = 7.348%10° W/m2K; hejf = 7.273x103 W/m2K) that fit with the experimental data.
By comparison with fig 5.16, the shape of the oscillation is similar, but the heat transfer
at the triple line is lower to compensate for the higher value of the heat transfer

coefficient for the liquid film. This result also shows the complexity of the model.
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Fig. 5.17: Meniscus movement, triple line movement and vapour pressure with
Te=38.4 °C; Tc = 16 °C; hen = 5.579%10 W/m2K; heif = 1.605%103 W/m2K;
h. =800 W/m2K.
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Fig. 5.18: Meniscus dynamic for Te = 37.5 °C and Tc = 16 °C; he = 7.348%x106 W/m2K;
het = 7.273%103 W/m2K; hc =800 W/m2K.
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Fig 5.19 shows the effect of the condensation heat transfer coefficient on the oscillation
shape. Increasing the condensation heat transfer decreases the frequency and the

amplitude of the oscillation inside the condenser and increases the amplitude inside the
evaporator.

0.25

0.151

Fig. 5.19: Meniscus dynamic depending on the condensation heat transfer; T. = 37.5 °C,

Te = 16 °C; het = 7.348%106 W/m2K; hef = 7.273x103 W/m2K.

4. Closing remarks

In this last chapter, numerical simulations have brought some new insights of the

fundamental nature on the single branch Pulsating Heat Pipe, especially following:

» The results show that the classical correlations used to calculate pressure drops

inside the liquid plug in the model are relevant in the case of an oscillating flow.

» The results confirm that the dynamics of the film is the most important parameter of
the system and has to be modeled by taking into account the nature of the liquid but
also the nature of the wall. Therefore, the heat transfer equation in the wall has to be

solved and coupled to the hydrodynamic behavior of the system.
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Chapter 6

Conclusion and future scope

Now it is time to conclude a work that is hoped to be a substantial contribution to the
pioneering efforts to develop a literature relevant to single branch PHP. Hence a
summary of historical work was presented and the unit-cell of the PHP was looked from
a point of extended meniscus theory in general. Das developed the first experimental of
such kind which later became the basis of my work. One of the important experimental
limitations was addressed; the new experimental setup now fully transparent. Also now
the connection between evaporator and the condenser section is smooth so that it does
not induce flow perturbations. Furthermore, experiments are done with synchronization
of the internal pressure measurements with the videography. The experiments were
performed to analyse the behavior of the wetting films, in particular their thickness and
length. Das also developed a simplified model based on the balance equations. Some
modifications were introduced in this work to take into account the peculiarities of the
new experimental set-up and improve the liquid film evaporation model in the light of
the experimental results. Parametric study was also carried out to understand the
implications of the various factors on the working of such system. Lastly, the pressure
drop for single phase oscillating liquid was measured and compared it with which was
taken by the model of Das.

1. Conclusions

o The self-sustained thermally-driven oscillations of a single meniscus can be
obtained and efficiently sustained inside a capillary tube over long periods of
time by maintaining a step thermal gradient over its length. Associated phase-
change processes lead to thermo-mechanical instability in the system which
generates continuous auto-oscillations of the meniscus.The amplitude of the
oscillations not only depends on the temperature difference between the

condenser and the evaporator, but also on their absolute temperature levels.
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o Oscillations are quasi-periodic in nature for a range of imposed temperature
gradients; they become more regular and periodic as this gradient decreases.

o Maximum pressure in the vapour space does not occur when the liquid meniscus
is at top of evaporator section; it occurs when the meniscus reaches the adiabatic
section in the downward stoke while going from the evaporator to the condenser.
During this downward motion of the meniscus, a liquid film is laid down on the
tube wall and the very high net evaporation rate of this film contributes to rapid
increase of the pressure in the vapour space.

o The two processes of evaporation and condensation of vapour to/from the liquid
film and the meniscus respectively, may occur simultaneously during parts of the
cycle.

o Net vapour mass flux is determined from the dominant mechanism out of these
two. Condensation of vapour mostly occurs on the liquid film inside the
condenser section. A small amount of condensation is also observed on the
moving meniscus.

o For a given boundary condition, the film thickness and its length at a given time
determines the overall dynamics of the meniscus. The results show that
evaporation takes place at both, the triple-line and the liquid film interface, the
continuation of the former mechanism being somewhat higher than the latter.
The amount of vapour generated at the triple-line is significant and equal to
more than 1/3 of the contribution of the liquid film evaporation. At the triple-
line, the evaporation rate is nearly constant during one complete cycle while it
depends strongly on the location of the meniscus inside the system for the liquid
film evaporation.

o The evaporation mass flux experienced in the vapour space is not only due to the
heat flow by conduction from the wall to the interface, but also to the thermal
non-equilibrium between the vapour and the liquid. If the vapour temperature is
greater than the liquid temperature, the net mass flux of evaporation will be
lower than conduction-induced evaporation mass flux, as the thermal non-
equilibrium leads to condensation. Otherwise, the mass flux is due to both

conduction through the film and thermal non-equilibrium.

Manoj RAO — PhD Thesis: CETHIL, INSA de Lyon, France - 2015 184

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0080/these.pdf
© [M. Rao], [2014], INSA de Lyon, tous droits réservés



Conclusion and future scope [N®E:1s){= &

The simplified analysis of unsteady heat transfer in the liquid thin film shows the
importance of measuring the time-evolution of the temperature of the vapour
with a high time-resolution and a good accuracy, which remains a challenge
today under such experimental conditions.

The results show that the classical correlations used to calculate pressure drops
inside the liquid plug are relevant in the case of an oscillating flow.

The results confirm that the dynamic of the film is the most important parameter
of the system and has to be modeled by taking into account the nature of the
liquid but also the nature of the wall. Therefore, the heat transfer equation in the
wall has to be solved and coupled to the hydrodynamic behavior of the system.
Considering that no comprehensive model of PHP system is available, the
conclusions and directions provided in this study are important for building a

broad understanding.

2, Future scope

. Evaporator wall temperature measurement needs to be performed to understand
the PHP phenomenon critically.

o In this experimental setup the vapour temperature is measured only at one point,
it will be interesting to know about the existence of temperature gradient in it.

o Measurement of film thickness experimentally will also verify the thin film
dynamics given in this work.

o Parametric study with varying the evaporator, condenser and adiabatic
dimension may also give some insight in to the physics.

o Developing a method to dynamically calibrate temperature sensor would give
more reliability to results.

o There is also a need to perform experiments in various orientations to see the
effect of gravity on working of such PHP systems.

o This setup can be further modified to incorporate two tubes with two bubbles, so
that it can reach closer to actual PHPs.
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Appendix A

Dimensionless numbers

Dimensionless number Ratio Formula
— Inertia forces UD
Reynolds number ‘Re i it
Viscous forces u
. P Viscous forces U
Capillary number ‘Ca - Lot
Surface tension forces o
Bond number ‘Bo’ or Surface tension forces D [Pi=p)e
Eotvos ‘Eo’ Body forces o,
o s Inertia force UL
Webber number ‘We _ b~
Surface tension o
. Surface tension f do LAt
Marangoni number ‘M’ 4 h 10 forces —
Viscous forces dt ap
. — diffusive transport rate at
Fourier number ‘Fo —
heat storage rate 12
Poiseuille number ‘Po’ Ct.Re
Length
Diameter
Geometries aspect ratio
Perimeter of shape
Perimeter of circle
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When dealing with additional time scales in the system, for example arising due to

externally imposed oscillations, Strouhal or Womersley number need to be considered

for appropriate scaling. Additional non-dimensional numbers appearing for non-

isothermal cases, without phase-change, are Peclet number (Re-Pr) and Nusselt

number. If the axial conduction in the substrate is important under given boundary

conditions, the Biot Number of the wall material also needs to be considered.

The issues become more complicated with phase-change phenomena of evaporation and

condensation occurring simultaneously in the Taylor bubble system. Above non-

dimensional numbers are shown in below table;

Dimensionless number Ratio Formula
. heat transfer resistance in body hL
Biot number 8 —
heat transfer resistance on surface K
Strouhal or Womersley transient inertia forces OJ_L
number viscous forces v
viscous diffusion rate C
Prandlt number — a4
thermal diffusion rate K
advective transport rate
Peclet number - - Re.Pr
diffusive transport rate
convective heat transfer hL
Nusselt number i —
conductive heat transfer K
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Appendix B

Image processing algorithm

9% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
% %
% MATLab program of image processing of meniscus B/W images for oscillations %

% %
9% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %

clear

close all

cle

Y%emplacement fichiers

fileFolder = fullfile('E:\ ');

dirOutput = dir(fullfile(fileFolder,"™.jpg" ));

fileNames = {dirOutput.name}’;

Nbrelmages = numel(fileNames);
cd(fileFolder);

Image = imread(fileNames{1});
[NbrePixelY NbrePixelX] = size(Image); %Nbre de pixel en x des images

%%%% Boucle de traitement des images

Num = 1;

for Numimage = 1 : Nbrelmages-500;

Image1 = imread(fileNames{NumImage});

Image2 = imread(fileNames{NumImage+3});
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Diffimage = ((Image2-Image1)+(Image1-Image2))*5;
Diffimage = im2bw(Difflmage);

se = strel('diamond’,1);

Diffimage = imerode(Diffimage,se);

Diffimage = imdilate(Difflmage,se);

Profile = sum(Difflmage(:,:)');

[Max location] = max(Profile);

12 = sum(Image2(:,)");

Numlmage

if Max >0 ;
Savelocation(Num)=location;
Savet(Num)=NumImage;
Num=Num+1;

end

image(1)
subplot(1,4,1)
imshow(Difflmage)
subplot(1,4,2)
imshow(Image2)
subplot(1,4,3)
plot(Profile)
subplot(1,4,4)
plot(12)

end
figure

plot(Savet/1000, SavelLocation)

xlswrite('Name.xls', [Savet' SavelLocation'])
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Appendix C

Uncertainty Analysis and calibration

C.1 Experimental uncertainty analysis

All the scientific and engineering experimental observations are prone to different types
of error. The degree of inaccuracy, also called total measurement error is the difference
between measured value and the true value. The total error is the summation of the bias
error and precision error. Bias error is the fixed, systematic and constant component of
the total error and precision error (also called repeatability error) is the random
component of the total error. Experimental data are generally of two types, single
sample and multi-sample data. The single sample experiments are those where a single
instrument is used to measure a certain property, then some of the error present will be
sampled only once, no matter how many times the reading is repeated. However, if
several numbers of instruments are used for the same total set of observation, then it
called multi-sample experiment. Then the success of the multi sample experiment will
be determined by the number of observation made in accordance with applied statistical
principle. Due to the financial and time constraint, most of the scientific and
engineering observations are of single sample type. Hence a single sample uncertainty
analysis proposed by Kline and McClintock [C.1], are applied to data acquired in this
work. Considering a general case, where the desired result R of the experiment is a

function of Xiand can be represented as:

R= R(Xl, Xg, X3, X4 ..... Xn) C.l

Where, X; is the measured variable in the experiment. Then the uncertainty in the
results can be expressed with good accuracy in terms of the effects of each individual

input by a root-sum-square combination:
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RPA
= JR
Uy :{Z(UXZEJ } C.2

UX; is the uncertainty of the measured quantity X; and each term in the above equation
represents the contribution in uncertainty in the result by each measured variable. It is
assumed that the given relationship in eq. C.1 is continuous and has continuous
derivative in the domain of interest, that the measured quantities are independent of

one another and the uncertainty in each quantity are independent of each other.

For the vapour mass dynamics, using the eq. 4.1 of chapter 4, the uncertainty (Amy(t)) of

vapour mass dynamics can be estimated using eq. C.1;

Am, (t)_{(amv(t) APV(t)jQ +[amv(t) AVv(t)T +{amv(t)ATv(t)J2} C.3

Similarly for dynamics of the thin film using eq. 4.5 of chapter 4, the uncertainty of the
film thickness (A8(t)) can be estimated using eq. C.1;

y
2 2

i)~ 22810 gm0 O, 0 o 2, )

+m, (t))mv (t 0Xy (t)
C.4

C.2 Estimation of uncertainties

While calculating the uncertainty of various experimental measurements, we need to
assume that the hypothesis used here (Ideal gas equation) is still valid and all these
uncertainties are based upon this. For the estimation of the uncertainties, we have
neglected the error occurring due to the change of physical properties of fluids in spite
of variation of system temperature. Table C.1 represents the uncertainties and

maximum output speed in various quantities.
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Table C.1 Uncertainty in the measured variables

Max.

Measured reliable

S. No. quantity Range Accuracy reading per

second
1 Meniscus location 0-200 mm +5 mm 1000
2 Film location 0-200 mm +5 mm 1000

3 Vapour temperature | -200 to 1000 °C +0.3K Unknown
4 Vapour pressure 0-5 bar + 0.3 % of FS 5000
5 Differential pressure 0-1 bar + 0.1 % of FS 1000

While calculating the uncertainty in the mass, the uncertainty due to the meniscus
tracking by high speed camera is calculated by the resolution of the image and the
limitation of image processing software which could not differentiate the intensity in
about 10-15 pixels around the meniscus. This in turn, contributed in uncertainty of

vapour volume calculation.

Using eq. C.3, we found that there is uncertainty of £5% in the calculation of the vapour
mass dynamics. Similarly using eq. C.4 the uncertainty in film thickness calculation is
believed to be 15%. For the pressure drop calculation there is no other variable involved
in estimating it, hence the accuracy of the differential pressure transducer itself depicts

the uncertainty in this case.

One more important observation is that all of these calibrations are being performed in

static conditions. Two examples of calibration curves are given on fig. C.7 and fig. C.2
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however, in the future, dynamic calibration of these instruments may also differ the

results in amplitude as well as phase.

C.3 Calibration curves of measuring devices

Capteur de pression absolue
KISTLER

Type 4007BASF n° 1814157
2000
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= &
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Fig. C.1: Calibration curve absolute pressure transducer
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Fig. C.2: Calibration curve differential pressure transducer
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Appendix D

Pentane results

In the following, experimental results are displayed for various operating boundary

conditions of Pentane as working fluid using experimental setup 1 as discussed in

section 1 of chapter 3. The reservoir is maintained at a constant pressure of 0.5 bar,

corresponding to a saturation temperature of 37.2°C. The evaporator temperature Te is

kept constant at 42°C while the condenser temperature T.is varied from -4 °C to -16 °C.

For these condenser temperatures systematic repeatable oscillations of vapour pressure

and meniscus movement and thin film movement are observed.
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Fig. D.1: Pentane results (meniscus location cannot be tracked completely because it was

beyond the range of camera)
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